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Foreword

The opening chapter of this book is titled “Global aging and health determinants in a
changing world.” The world is of course always changing, but events of the recent
past have brought fresh perspective to the traditional Spanish saying “que no haya
novedad” (may no new thing arise). The COVID-19 pandemic has changed so much,
particularly as it concerns the health of older people, whose increased susceptibility to
the SARS-CoV-2 coronavirus has been alarmingly apparent. The implications of this
emergency are properly considered in the book, but the majority of its chapters reflect
the fact that the societal impacts of global aging have been and will remain a continu-
ing challenge for life scientists, health experts, and those involved in social organiza-
tion. Of course, there are crises to distract us, such as pandemics, the climate
emergency, and geopolitical upheavals, but in the background the demographic
changes caused by a combination of improved survival into old age and reduced birth
rates mean that there are inevitable shifts still to come, for which we need to be better
prepared.

A global scan of flagship initiatives for healthy living and active aging provides a
good grouping of four chapters (on Europe, North America, Asia and Oceania, and
Central and South America), which collectively set a positive tone to provide context
for the rest of the book. The direction of travel is from fundamental biological
mechanisms to aspects of age-related health and disease. The coverage is impressively
comprehensive. For the reader with focused interests, the selection of chapters should
offer the opportunity to dig in detail into the latest research. In addition, the collection
as a whole might provide the impetus to think about connections. Aging is a process
characterized by exceptional complexity, where not only is there the need for the best
of reductionist enquiry but also it is essential to appreciate how the parts fit together.
Mechanisms interact, often synergistically and with consequences at various levels of
physiology. The subtitle of the book—From Fundamental Biology to Societal
Impact—is therefore a call to arms as much as a description. We need to work
together in interdisciplinary initiatives that span the traditional silos.

One of the fastest growing areas of science at present is that involving artificial
intelligence technology—robotics, machine learning, and the exploitation of “big
data.” Some hints of what is to come from these areas is described in two contrasting
chapters on socially assistive robots and on machine learning to improve healthcare in
aging. Further work, ongoing but not yet examined here, concerns the extension of
machine learning to aid the exploration of these mechanisms.
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Another traditional saying, this time an English one, tells us “a stitch in time saves
nine.” Everything we are learning about the intrinsic biology of aging reinforces the
idea that prevention is better (and probably more easily attainable) than a cure within
the context of age-related diseases and frailty. Thus the focus on integrated care and
preventive medicine toward the end of the book makes perfect sense, as does a well-
informed assessment of myths and realities of potential antiaging interventions.

Returning to the COVID-19 pandemic, there are many important lessons still to
be observed about how older people fit within our experience and management of
what has hit us. Those involved in aging research have long appreciated how age is
the single largest risk factor for so many illnesses, and how the presence of underlying
multimorbidity makes the outlook worse. The harsh statistics of COVID-19 mortality
have made everyone more clearly aware of this. At the same time that we work to
protect older people from the virus, we must not fall into the age-old trap of simply
regarding old people as being frail and vulnerable. The emphasis of this book, as a
whole, is to display how aging is proving to be a scientifically tractable challenge, the
solutions to which will create great benefits for individuals and across society.

Tom Kirkwood is an emeritus professor in aging at Newcastle University and affiliate profes-
sor in the Center for Healthy Aging at the University of Copenhagen.

Tom Kirkwood
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Preface

In recent decades, research in biomedicine has been delivering massive information
about health determinants that are of utmost importance to inspire individuals and
decision makers to fine-tune behaviors and public policies supporting healthy living.
Science-based practices are the stepping stones to build healthier societies and support
increased healthy life span expectations for all.

Population aging brings together the challenges and the opportunities to fight dis-
ease and to support healthy lifestyles, decreasing inequalities and delivering health.
Population aging is a global growing phenomenon which is a major challenge creating
the urgent need to deliver healthy aging opportunities for individuals and families,
contributing to decrease the burden of aging and delivering sustainability of social and
health-care support systems. Population aging is also an opportunity because it opens
new windows for individuals to live longer and healthier and also because it brings
opportunities for innovators and entrepreneurs to deliver new services and products
for a growing silver market. Aging research and increases in a healthy life span are a
new horizon for human kind, creating an entire new perspective for the deterministic
view of health/disease dichotomy, broadening horizons for health maintenance as the
default biological and societal program for all citizens. In fact, we are born to be alive
and should be in good health until the last day of our life.

In this interdisciplinary book, we bring together a panel of highly recognized aging
experts in different research and business fields, which tackles challenges and opportu-
nities in an interdisciplinary and multisectoral perspective approaching the quest for
healthy aging in a holistic manner.

Different elements of “Aging: From Fundamental Biology to Societal Impact”
approach include the socioeconomic angle of aging, the role of collaborative innova-
tion networks and their societal impact in different macroregions, the role of funda-
mental research and research-based knowledge to better understand molecular,
metabolic, and cellular determinants of aging, cell reprograming and increased healthy
life span, the burden of chronic diseases and multimorbidity restricting healthy life
span, the use of innovation and technology assistance in delivering health and inde-
pendent living technology-based support systems, the role of science awareness and
health literacy to support behavioral changes in society, and inspiring citizens to adopt
healthy lifestyles practices during the entire life course. At the end, the reader can find
a very nice comic, which will guide them through a summary of the book’s contents.

We hope that the readers of this book will find the content accessible, informative,
and useful. This book is part of the mission for science to pursue the limits of
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knowledge, opening new windows in our understanding of human life and its limits.
By providing a collection of excellent chapters written by some of the best-known
aging researchers, we expect to inspire students, young researchers, and citizens to join
hands and support the aging research community.

Paulo J. Oliveira
João O. Malva
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SECTION 1

The societal burden of aging
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CHAPTER 1

Global aging and health determinants
in a changing world
Miguel Padeiro1,2, Paula Santana1,2 and Marcus Grant3,4
1Centre of Studies in Geography and Spatial Planning (CEGOT), Coimbra, Portugal
2Department of Geography and Tourism, Faculty of Arts and Humanities, University of Coimbra, Portugal
3Environmental Stewardship for Health of People and Planet, Bristol, England
4Cities & Health, Bristol, England

1.1 Introduction

Never before have humans lived as long as they do today. Life expectancy has more
than doubled since 1900. Aging is rapidly accelerating worldwide and by 2050, the
number of people aged 65 and older will have more than doubled to reach 1.5 billion
and represent 16% of the global population.1 While this trend is more intense in devel-
oped countries, with 26% of the population in Europe and North America aged 65 and
older, it has now become a global phenomenon affecting developing countries as well.

With improving living conditions and an overall, yet patchy, improvement in health-
care, demographic aging has been accompanied by an increase in healthy life years. This
has, in many cases, extended working life and provided new modalities of consumption
and a flourishing age-related technological and service industry, the so-called “silver econ-
omy.” However, as the limits of human life are extended, aging is also characterized by an
increasing number of older adults with socially and spatially-patterned frailty and chronic
diseases and mortality and morbidity burdens, raising many health equity questions.

This chapter offers an overview of how the environment shapes health and well-
being in later life. After briefly presenting the global demographic trends associated with
aging, we examine how health and well-being in later life are related to the physical,
social, and service environments in which older adults are embedded, and discuss how
place of residence acts as a health determinant in later life. In the last section, we discuss
four key stressors and their influence on health inequities in old age, including the
changing role of welfare state, climate change, migrations, and discriminations.

1.2 The geographies of a global trend

1.2.1 Global patterns and projections
While 6% of the world population was aged 65 and older in 1990, that proportion
grew to 9% in 2019.2 Until recently, societal problems associated with new patterns of
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aging were frequently viewed as an issue only in western countries. In a United
Nations Department of Economic and Social Affairs (UNDESA) report in 2015, the
proportion of people aged 65 and older was 17.5% in UNDESA-defined more devel-
oped countries, and only 6.3% in less developed countries.3 When assessed by sustain-
able development goals (SDG) region, the countries with the largest proportion of
people aged 65 and older were found in Europe, with the notable exception of Japan,
the country with the longest life expectancy, 84.4 years in 2019.4 It is tempting to
draw conclusions based on the world map (Fig. 1.1) and on general data (Table 1.1).
Estimates for 2020 show that Europe and North America have the largest proportions
of people aged 65 and older (18.3%), followed by Australia and New Zealand
(16.2%). The lowest proportion is found in Sub-Saharan Africa (3.0%).

These figures, however, should not obscure that, in absolute numbers and along-
side the estimated 143 million people aged 65 and older living in Europe and the 62
million in North America, in 2020 there are estimated to be more than 60 million
in Africa, 60 million in Latin America and the Caribbean, 124 million in Central
and Southern Asia, and 272 million in Eastern and South-Eastern Asia. This brings
the global total estimate of people aged 65 and older in 2020 to 727.6 million
(Table 1.1).

Figure 1.1 Estimates of people aged 65 and older in 2020. Data from standard population projec-
tions (UNDESA. World population prospects 2019 (dataset). United Nations; 2019).
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Table 1.1 Population aging estimates in 2019 by Sustainable Development Goals region (2020�50).

SDG region 2020 2050 2020�50

People aged
65 and older
(millions)

% Total
population

People aged
65 and older
(millions)

% Total
population

Change
(millions)

% Change

Sub-Saharan Africa 32.9 3.0 101.4 4.8 68.5 208.3
Northern Africa and

Western Asia
30.6 5.8 95.8 12.7 65.2 213.4

Central and Southern Asia 123.6 6.1 328.1 13.1 204.5 165.4
Eastern and South-Eastern

Asia
271.6 11.6 572.5 23.7 300.9 110.8

Latin America and
Caribbean

58.7 9.0 144.6 19.0 86.0 146.6

Australia and New Zealand 4.9 16.2 8.8 22.9 3.9 79.0
Oceaniaa 0.5 4.2 1.5 7.7 0.9 178.6
Europeb 142.9 19.1 199.9 28.1 57.0 39.9
North Americab 61.9 16.8 96.3 22.6 34.4 55.5
Total 727.6 9.3 1,548.8 15.9 821.2 112.9
aHere Oceania does not include Australia and New Zealand.
bHere Europe and North America are considered separately, contrary to SDG regions.
Source: Data from UNDESA. World population prospects 2019 (dataset). United Nations; 2019.



Current forecasts indicate that population aging will continue to grow (Table 1.1).
Globally, the proportion of people aged 65 and older is expected to reach 16% by 2050.
By that time, 1.5 billion people are expected to be aged 65 and older, representing a
113% increase in 30 years. Reviewing absolute numbers is fundamental to assessing
needs and determining future policies. In 2050, almost 200 million people aged 65 and
older will be living in Sub-Saharan Africa, Northern Africa, or Western Asia; 900 mil-
lion in Asia (Central and Southern Asia, Eastern and South-Eastern Asia); and almost
150 million in Latin America and the Caribbean. This totals 1.25 billion people aged 65
and older, compared to 200 million in Europe and 96 million in North America.2

Demographic aging has not only resulted from increased life expectancy, but is also
related to fertility decline, with fertility rates declining in almost every country. In devel-
oped countries, total fertility rates (TFRs) are below the replacement level: 1.66 in
Europe and North America for the period 2015�20, 1.84 in Australia and New
Zealand, and 1.83 in Eastern and South-Eastern Asia (Fig. 1.2).2 Other regions show
higher numbers, but they also are declining. For example, the TFR in Sub-Saharan
Africa was estimated at 4.72 for 2015�20 (vs. 5.88 in 1995�2000) and is expected to
decrease to 2.67�3.66 in 2045�50 based on low and high variants projections.2

At the same time, life expectancy is increasing in all parts of the world (Table 1.2).
While Europe (78.3 years), North America (79.1 years), Australia and New Zealand

Figure 1.2 Predicted population growth of people aged 65 and older (2020�50). Data from standard
population projections (UNDESA. World population prospects 2019 (dataset). United Nations; 2019.
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Table 1.2 UNDESA estimates of total fertility rate and life expectancy, by Sustainable Development Goals region (2015�20 and 2045�50).

SDG region Total fertility rate Life expectancy at birth Life expectancy at age 60

2015�20 2045�50 2015�20 2045�50 2015�20 2045�50

Sub-Saharan Africa 4.72 3.17 60.5 67.1 16.1 17.8
Northern Africa and Western Asia 2.93 2.28 73.4 77.6 19.9 22.5
Central and Southern Asia 2.41 1.91 69.5 74.0 18.2 20.4
Eastern and South-Eastern Asia 1.83 1.79 76.3 79.8 21.07 23.9
Latin America and Caribbean 2.04 1.75 75.2 79.7 21.95 24.8
Australia and New Zealand 1.84 1.72 83.0 86.2 25.57 28.4
Oceaniaa 3.46 2.65 66.3 70.4 15.98 17.4
Europeb 1.61 1.72 78.3 82.0 22.6 25.6
North Americab 1.75 1.78 79.1 82.7 23.7 26.9
Total 2.47 2.21 72.3 76.8 20.7 22.9
aHere Oceania does not include Australia and New Zealand.
bHere Europe and North America are considered separately, contrary to SDG regions.
Source: Data from UNDESA. World population prospects 2019 (dataset). United Nations; 2019.



(83.0 years) are leading in projected life expectancy at birth in 2015�20, other SDG
regions are expected to see their life expectancy at birth approach 80 years by 2050.
Northern Africa and Western Asia had a life expectancy at birth in 2015�20 of 73.4
years, which is projected to increase to 77.6 years by 2045�50, Eastern and South-
Eastern Asia are projected to increase from 76.3 years to 79.8 years, and Latin America
and the Caribbean are projected to increase from 75.2 years to 79.7 years.2 Other
regions are also expected to make significant gains in life expectancy at birth: Sub-
Saharan Africa is projected to increase from 60.5 to 67.1 years, and Central and
Southern Asia are projected to increase from 69.5 to 74.0 years.2 Increasing longevity
also means that the number and proportion of people aged 80 and older is projected
to dramatically increase in the next decades (Table 1.3). While 5.3% of people living
in Europe and 4.0% in North America are aged 80 and older in 2020, their proportion
is projected to reach 10.1% and 8.7%, respectively, in 2050. In Eastern and South-
Eastern Asia, this proportion is projected to rise from 2.1% to 7.3% in the same period.
On a global scale, the projected proportion of people aged 80 and older is expected to
increase from 145.5 million in 2020 to 426.4 million in 2050.

1.2.2 Multiscale intraregional variations of the aging process
Beyond these global figures, it is important to bear in mind two kinds of spatial varia-
tions: within regions and within countries. The first one concerns the existing diversity
of drivers and situations across countries located in the same SDG region. These intrar-
egional variations are explained by differences in fertility levels, quality of healthcare
provision, socioeconomic development, social conditions, and population policies. In
Europe, for example, the proportion of people aged 65 and older varies from 12.5%
(Moldova) to 23.3% (Italy). In Eastern and South-Eastern Asia, the proportion ranges
from 4.3% (Laos) to 28.4% (Japan), and in Latin America and the Caribbean from
5.0% (Honduras) to 21.7% (Martinique, an Overseas department of France).2

The second kind of variation exists between urban and rural areas within an indi-
vidual country. Aging has traditionally been associated with a demographic decline in
low-density rural areas, because there is a trend for younger adults to relocate to cities
in search of jobs.5,6 This trend is frequently accentuated by a parallel relocation of
retired people, who often leave cities and move to the countryside or coastal areas.7

While these processes still exist and are likely to increase in absolute numbers,8�10 and
in many countries proportions of people aged 65 and older are higher in rural areas
than in urban areas, increasing urbanization rates anticipate an increase in the number
of older people in urban areas where they have been settled for several years or dec-
ades. This is already apparent in the proportion of urban dwellers in the total. Of peo-
ple aged 65 and older, globally 58.8% of them lived in urban settings in 2015 versus
48.3% in 1990. The proportion is even higher in UNDESA-defined more developed
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Table 1.3 UNDESA projected population of people aged 80 and older, by sustainable development goals region (2020�50).

SDG Region 2020 2050 2020�50

People aged
80 and older
(millions)

% Total
population

People aged
80 and older
(millions)

% Total
population

Change
(millions)

% Change

Sub-Saharan Africa 3.7 0.3 12.4 0.6 1 8.8 1 238.9
Northern Africa and Western

Asia
5.2 1.0 20.3 2.7 1 15.0 1 286.5

Central and Southern Asia 18.7 0.9 62.6 2.5 1 43.9 1 234.3
Eastern and South-Eastern Asia 49.7 2.1 177.0 7.3 1 127.3 1 255.9
Latin America and Caribbean 12.4 1.9 41.4 5.4 1 29.0 1 234.6
Australia and New Zealand 1.2 4.1 3.3 8.5 1 2.0 1 161.8
Oceaniaa 0.1 0.5 0.2 1.1 1 0.2 1 274.6
Europeb 39.6 5.3 71.9 10.1 1 32.3 1 81.6
North Americab 14.8 4.0 37.2 8.7 1 22.4 1 150.9
Total 145.5 1.9 426.4 4.4 1 280.9 1 193.0
aHere Oceania does not include Australia and New Zealand.
bHere Europe and North America are considered separately, contrary to SDG regions.
Source: Data from UNDESA. World population prospects 2019 (dataset). United Nations; 2019. Projections based on medium variant.



regions, where 75% of people aged 65 and older live in urban areas, compared to 50%
in less developed regions.3

1.3 Environmental health in later life

1.3.1 From successful aging to the role of place and inequities
The World Health Organization (WHO) defines health as “a state of complete physi-
cal, mental, and social well-being and not merely the absence of disease or infir-
mity.”11 This approach recognizes the existence of multiple determinants of individual
health status and the mutual relationship between physical and mental health, which
involves physiological, behavioral and social mechanisms.12,13 The deterioration in the
health of older people is often described through the model of the disablement pro-
cess.14,15 This corresponds to the gradual deterioration of various bodily functions,
including: physiological (respiratory, cardiovascular, endocrine), motor (locomotion,
resistance to effort), cognitive (memory, executive functions), and sensory (vision,
hearing). This has long been seen as an intrinsic and inevitable evolution of aging, and
has been used to justify a geriatric and socio-medical approach to health. However,
this view neglects the transactional, social, and environmental determinants of health.
Until the 1980s, the dominant social and behavioral theory of aging was that which
was proposed by Cumming and Henry.16 Their disengagement theory described how
older people progressively withdrew from activities and social relations, preparing for
their own death and leaving the way for younger people.

Meanwhile, Havighurst’s activity theory of aging,17 later developed by Lemon,
Bengtson and Peterson, Bengtson,18 asserted that keeping active was necessary to main-
tain one’s self-identity and meaningful life. While this theory shared with the disengage-
ment perspective a common view of curtailing activities and social interactions,19 it
departed from it by emphasizing the social needs of aging individuals. In this it would
pave the way for the concept of successful aging.20,21 Far from being locked in a slow
and unavoidable disappearance, individuals had to proactively undertake changes in their
habits such as diet, physical activity, and social engagement. The difference between
usual and successful aging resided in their own attitudes, and the individual’s choice
could lower the probability of disease and disease-related disability by increasing or
maintaining a high cognitive and physical functional capacity, and by actively engaging
with life. This concept became commonly accepted in public discourse and in research
on aging.22

This approach, however, was criticized for its overemphasis on the role of indivi-
duals and agency. Anchored in a Western researcher-driven perspective, this concep-
tion of successful aging and the new gerontology paradigm have led to an
individualistic and normative approach. This has led to a stereotyped view of successful
aging, and excluded others, such as ill or disabled older adults, from this vision of
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successful aging.23,24 The conceptualization of aging, health, and well-being as embed-
ded in an individuals’ socio-cultural context was not fully recognized, and neither
were socio-spatial inequities. Nonetheless, other perspectives already offered such an
embedded view of aging. Environmental gerontology, traditionally developed by the
psychological sciences,25�28 was the first discipline to develop a conceptual model
linking people and their immediate environment, initially at the scale of their homes.
The person-environment fit theory describes the interaction between an individual
and their environment.29,30 If a person’s needs are met by their environment, this
facilitates better health and well-being.

Researchers have gradually expanded the scale of the residential environment to
include the context of the neighborhood31�33 and then link local contextual elements
to major societal, economic, and political developments. Part of this evolution is linked
to Bronfenbrenner’s socio-ecological approach34 that places the person in a multiscalar
context, extending from the micro-system (the local context surrounding the individual)
to the macro-system (the larger cultural and social context). This model, further devel-
oped and adapted to numerous fields of inquiry, provides a useful and popular frame-
work for analyzing the ways in which a complex set of individual, interpersonal, and
environmental factors (institutional, community/society, and policy) affect an individuals’
health and behavior. It is at the origin of the famous Dahlgren-Whitehead rainbow,35

which focuses on social inequalities, and it has been applied to the built environment in
Barton and Grant’s ecosystem model of health determinants (Fig. 1.3).36

The way that aging is viewed and managed has thus evolved to a more holistic
approach that incorporates the multiscale environment. This affects individuals’
choices, chances, behaviors, and opportunities. The emergence of geographical
gerontology38�40 also allowed the incorporation of place and its multiple, multiscalar
interrelationships (from home to global scale) as explanatory elements of aging. This
brought into recognition the role of the “where” in the aging process, and with it the
social inequities that are spatially-dependent.

1.3.2 How environment affects physical health in old age
Older people are the group that spends the most time at home and in their residential area
(around the home).32,41 Recent work has somewhat questioned our certainties about the
narrowness of their living space, in particular because new cohorts of older people are now
more multianchored than the previous ones.42 However, older people still rely more on
local resources than other groups, and therefore on their residential environment. In many
instances, driving cessation and a decrease in number of trips using public transit lead to a
drop in social interactions, which is associated with mental health consequences.43

The environment can be characterized by three categories of attributes: physical,
social, and service environment. The physical environment includes elements such as
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public spaces, green areas, slopes and stairs, urban furniture, community severance, and
density-related externalities (pollution, noise, litter). The service environment corre-
sponds to the presence, accessibility, and affordability of services such as food and other
businesses, banking, postal and administrative services, health services (medical stations,
clinics, health centers, community pharmacies), and public transport. The social envi-
ronment is more difficult to measure. It can rely on objective data such as neighbor-
hood deprivation levels44 or other income-related indicators, the level of crime, the
social mix (measured by the percentage of various social or ethnic groups), or the age-
homogeneity of the neighborhood (high presence or concentration of older people).
Measured subjectively, the social environment may involve dimensions such as sense

Figure 1.3 Ecosystem model of health determinants.36,37
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of community, neighborliness, social cohesion, collective efficacy, perceived crime,
and social problems.45,46

These three attributes of the environment, the physical, social, and service environ-
ment, can be measured from either an external point of view (measured by the
observer, which does not necessarily mean “objective”) or through a subjective point
of view (measured by the subject themselves). The distinction between external and
subjective assessment is important. For example, the literature suggests that in the case
of observational data such as population density or distance to green spaces, the subjec-
tive perception of residents may diverge significantly from the external data.47�49

The residential environment plays a complex role that can influence the health of
older people. This role manifests into two intertwined mechanisms, which can be
cumulatively positive or negative: exposure to externalities directly affecting the health
of individuals, and exposure to elements that promote or hinder health-related beha-
viors.50 These mechanisms, and their interpersonal and spatial variability, not only
affect older people. They also correspond to the accumulation of lifelong experiences,
habits, and problems.

This view is captured in the life course approach to health,51 whereby people’s
functional capacity changes through their life course and the quality of the local envi-
ronment will affect the degree of independence or dependence, especially amongst
lower socioeconomic groups (Fig. 1.4). Using a life-course approach, the habits and
life skills we acquire as children, such as active living and healthy eating, are determi-
nants of healthy aging.

Figure 1.4 The degree of individual independence through the life course.52, 53 Adapted from:
Kalache A, Kickbusch I. A global strategy for healthy ageing. World Health 1997;50:4�5.
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Lifetime exposure to a wide range of externalities with direct impacts on morbidity
and mortality also contributes to healthy aging. Among older adults, there is substantial
evidence for an association between the presence of fine particles in the air, and a
deterioration of cognitive,54,55 respiratory and cardiovascular functions,56�59 and an
increase in obesity60 and mortality.61,62 Older people are at higher risk of motor vehi-
cle accidents,63,64 and it is estimated that one-third of older people fall at least once
each year.65,66 Among these, nearly one-third are environment-related.67 Hygrothermal
discomfort has also been associated with respiratory and mental disease,68�71 and evi-
dence of associations between noise exposure and cognitive issues are growing.55,72,73

Residential environments provide seniors with support for activities of daily living,
opportunities for social interaction, and to relax. These three categories correspond to
Musselwhite and Haddad’s utilitarian, affective, and esthetic needs.74 These three
needs are associated in a variety of ways, with the older people’s physical and mental
health. Within this framework, the environment may contribute to older adults’
choices, and influence health-related behaviors.75 For example, noise and poor air
quality can reduce a person’s propensity to go outside, which has both positive and
negative implications. On the one hand, by staying at home they are exposed to fewer
pollutants, but on the other hand, it reinforces a sedentary lifestyle and reduces social
interactions, which can contribute to higher levels of depressive symptoms.76 Physical
activity and active mobility are one of the most studied behaviors, and the lack thereof
has given rise to the concept of an obesogenic environment.77,78 These behaviors
increase with the degree of walkability of the residential environment, the care given
to public spaces, and the presence and accessibility of local services, such as coffee-
shops,79 public benches,80 green areas,81,82 bluespaces,83 and shade trees.84,85 Quality
of diet is also influenced by the characteristics of the food environment, as defined by
the presence, accessibility, affordability, acceptability, and accommodation of food
retail shops.86,87 Even habits such as alcohol and tobacco consumption, traditionally
considered social factors, are influenced by the environment.88 Finally, low geographi-
cal access to healthcare (health centers, community pharmacies)89 reduces health ser-
vice utilization and medication adherence.90 This is important as these health-related
behaviors have been associated with negative health outcomes, including chronic dis-
ease,91 mobility limitations,92 depression,93 and dementia.94,95

There is also a role for socio-spatial inequalities.96 Both exposure to externalities,
such as unhealthy behavior, and suboptimal environments are often positively corre-
lated and fueled by the characteristics of the real estate market.97,98 Literature from the
environmental justice field has shown that the most vulnerable social groups are often
exposed to suboptimal environmental conditions.99 The result of this is that low-
income neighborhoods show higher potential for poor health outcomes.44,100�102

Several studies have found an association between poverty level and access to health
services,103�105 partly due to the distance decay effect.90,106 Spatial inequalities can
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also have a countervailing effect in some cases and according to the positive care
law107 public policies can counteract market-driven trends.

Additional policy attention should be focused on the so-called "oldest old" group,
those over 80 years of age. A recent phenomenological study of community-dwelling
individuals aged 80 years and older indicated new avenues for policy and research.
They found that age-friendly developments for this group should highlight functional
ability rather than chronological age, informal social community support, and design
that recognizes and integrates structures to support their specific needs. They also
found that socially-isolated older adults might be difficult to reach, so innovative strat-
egies are required to ensure their unique needs are met.108

1.3.3 The subjective experience of place: place attachment and
residential normalcy
In recognizing the fundamental aspect of an individual with their place of residence,
more qualitative approaches have been adopted to study the subjective experience of
place. In the fields of health geography, environmental health, and geographical and
environmental gerontology, such qualitative approaches are employed to better under-
stand the mechanisms linking people to their physical and social environment. Those
links can then be used to understand the contribution of residence to an individual’s
health and well-being. Each of us develops a unique relationship to our environment,
to the place where we live and to the places we visit. The notion of place attachment
has long been studied by the social sciences,30,109,110 and is now increasingly recognized
in healthcare research.111,112 Defined as the symbolic, cognitive, or emotional connec-
tion between an individual and a particular setting or milieu,113 higher place attachment
is associated with higher life satisfaction and survival among older adults.114,115

Current inquiries tend to converge on the idea that older adults show, more than
other age groups, a particular attachment to their place of residence.109 They spend
more time there than others and rely more on local resources, making them more sen-
sitive to their attributes.110 Younger adults more often have frequent residential mobil-
ity, which results in fewer close relationships with their neighbors and local small
traders.116 However, older adults more often have longevity in their neighborhood,
which results in more meaningful memories associated with the various people and
elements of their neighborhood.117 The prospect of aging in place tends to be desir-
able and associated with a better assessment of their quality of life and well-being.
Staying in a familiar neighborhood facilitates social connections, and helps to maintain
a sense of environmental mastery since the places, schedules, and routines are
known.118,119 This does not necessarily mean that aging must be accompanied by a
simple continuation of preexisting activities, as people can also rebuild their activities.24

However, such a reconstruction is more easily facilitated when the life frame does not
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change, and when a dimension of continuity of the emotional or physical environ-
ment persists.

However, the significance of living space for older people poses a number of chal-
lenges, not only for themselves, but also for their families and public institutions.
These challenges are mainly attributable to the possible discrepancy between the mate-
rial and social conditions of the place of residence and the attachment to the place
demonstrated by the person.

Links within the local community may have a compensatory effect on individual
health and well-being. Strong ties with neighbors and the local community helps to
strengthen a sense of self, identity, and self-esteem, which help to avoid or alleviate
psychological problems. For some older people, age homogeneity in the local com-
munity facilitates good connections with peers, and a sense of social identity within a
community that shares their daily issues and expectations.33,120,121 This is manifest in
the preference for retirement communities or self-contained residences.122,123 For
others, intergenerationality gives older people a social role, while avoiding what could
be interpreted as an exclusionary process from the rest of the population.79,124,125 This
is particularly evident in certain social or ethnic group contexts. Strong local ties and
peer-to-peer solidarity can sometimes produce a compensating effect on health and
well-being. For example, the contextual effects of aging on mental health can be
reduced by recognizing the role that older people can play in the community.126,127

This can also be achieved by increasing access to local resources, through small infor-
mal exchanges of services or goods,125 or through active civic participation to influ-
ence local land-use decisions.

However, this compensatory effect complicates the sole objective of physical health
and can lead to situations where an individual prefers to live for a shorter period of
time with a worse health status instead of moving to a place without emotional con-
nection. Therefore, it is important to assess how older people cope with adverse living
conditions, and how their desired residence may impact their overall health.
Golant’s24,128 conceptual model of residential normalcy provides a powerful instru-
ment to assess such individual strategies. The principle of this model is that the place
of residence elicits feelings and emotional experiences of both residential comfort and
mastery. Older people may find themselves in or out of their residential comfort zone
or mastery zone, and it is common for one of the two dimensions to be unsatisfactory.
Maintaining a comfortable and independent life frequently requires an uncertain bal-
ance between the two.24 An incongruent residential environment may lead to depres-
sive symptoms or to an individual strategy to adapt to what is perceived as not
congruent, either because the person does not want to move or because he/she does
not have the opportunity to do so. To cope with adverse living conditions, they
implement strategies to either accommodate existing problems, by minimizing or
ignoring them, or to adapt proactively, by trying to change their environment.24
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Ultimately, older people sometimes move to environments they feel are better
adapted to their needs and lifestyle. This move presents two major challenges. First,
there is the question of who should make the decision to relocate. When the family
insists, which is a common case,129,130 there is a risk of ageism, defined as the stereo-
typing, prejudice, and discrimination against people based on their age131�133 and
infantilization by exclusion from the decision-making process. This can have mental
health consequences, corresponding to a perceived lack of autonomy. Second, the
choice often reflects the desire to preserve residential comfort, which comes at the
expense of residential mastery. For example, older adults who have moved out of their
homes often feel they no longer have access to the previous routines and social inter-
actions that filled their lives.125

1.4 Global stressors in a changing world

The last two decades seem to be marked by a weakening of the democratic impe-
tus.134,135 Concerns are emerging about the change in geostrategic relations, the rise in
prominence of non-state actors, the role of the private sector in the production of resi-
dential environments, and advances of extremism and populism. While these questions
affect all societies, they specifically raise questions about the impact on older people.
These changes, whether real or expected, challenge the coping capacities of older peo-
ple. At least four stressors operate at a global scale and strongly influence the local con-
ditions within which older adults live: (1) the prominence of neoliberalism and the
welfare state retrenchment; (2) climate change; (3) the sharp increase in migration,
both nationally and internationally; and (4) discriminations.

1.4.1 Welfare state and neoliberalism
The predominant discourse on the welfare state, and its role and margins of maneuver
in social and health action, emphasizes the pressures exerted by both demographic
aging and the decrease in the working age population. According to this view, this
double pressure of aging is at the core of the difficulties of financing pensions, social
support, and long-term care, which would consequently slow down economic growth
and worsen the debt of future generations.136,137 It is postulated that public pension
expenditure and total age-related expenditures tend to increase because of spending
on healthcare and long-term care.138,139 However, it is likely that these statements are
largely unfounded. First, the influence of demographic aging on poor economic per-
formance is not proven,140 and second, the amount of public spending does not
depend on aging directly but on other factors, like the cost of healthcare.141

These claims have, however, led to two types of adjustments that pose a challenge
for the health of older people. The first is based on the extension of the number
of years of work and on the development of unconventional retirement paths.142
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This trend has resulted in a complexification of individual trajectories, such as non-
retirement, phased retirement, and part-time work. This choice may reinforce social
and health inequalities, by keeping people with low qualifications, limited resources,
and accumulated health problems in their workplace.141 Furthermore, the profound
labor and technological transformations of recent years have outpaced many older
workers, and led to the stereotyping of older workers as “incompetent but warm.”143

This results in difficulties obtaining a job for older adults, which can also lead to men-
tal and physical health problems over time.144

The second type of adjustment is based on the privatization of pension funds and the
reforms toward marketization of social and healthcare programs.141 This trend toward
welfare state retrenchment145 increases individual financial risks in times of crisis,146,147

emphasizing individual responsibility for care and resources.148 This is of particular con-
cern at a time when the number of older people living alone is increasing. The living
arrangement and the availability of family support are directly associated with mental
and physical health outcomes, especially in the case of older people with low education
and health issues.149 However, different welfare state regimes give rise to differentiated
aging and health outcomes.142,150 In countries where the level of decommodification of
labor is higher, the probability of comorbidity in old age is lowest. On the other hand,
in more liberal countries where the level of decommodification of labor is lower, the
probability of comorbidity in old age is higher.142 Public spending on health is also asso-
ciated with a reduction in health inequalities among older adults.150

At the local level, residential environments are also under pressure in the context
of globalization and the neoliberal approach to urban production methods.151 The
majority of local governments now embrace an entrepreneurial management
approach152 embedded in the logic of enhancing urban spaces.153 Urban regeneration
operations, though supported by public authorities, are also increasingly financed by
private actors who transform the territory into financial assets. The enhancement and
transformation of urban spaces leads in many cases to the eviction of lower socioeco-
nomic groups, and among them many older people.154,155 Eviction is both tangible,
when the person has to move, and symbolic, when the environment is transformed to
the point of eliminating the usual landmarks. In both instances, this leads to a loss of
social interactions and routines often anchored for several decades, with significant
consequences in terms of mental and physical health.156 Low participation of older
people in urban development decision-making processes157 further adds to the difficul-
ties of taking them into account in urban regeneration operations.

1.4.2 Climate change and health in old age
Emerging during the 1970s in a context of criticism of the dominant economic model,
the discourse on the preservation of biodiversity gradually turned into a growing
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concern about climate change. Evidence of human contribution to climate change has
accumulated in recent decades, accompanied by an increasingly refined assessment on
its impacts on society.158,159 Ongoing climate change is causing a series of effects that
include: greater climate instability,160 marked by an increase in the frequency of heat
waves; a greater variability of tides and an increase in sea level, precipitation, storm
surges and flooding episodes in an urban context;161,162 and a greater frequency of
wildfires, particularly in Mediterranean and hot climates.163 Climate change also has
indirect effects linked to increased migrations164 and crop failures,165 with short-term
consequences of poor diets and starvation and long-term consequences for health,
such as cardiovascular disease and frailty.

Older people are a particularly vulnerable group due to various factors such as
reduced mobility, increased vision and hearing problems, and greater risk of heat
stress.166 For example, people aged 75 and older represented nearly 83% of excess
mortality in France during the 2003 heat wave.167 The medium- to long-term health
consequences of natural disasters and major climatic events are varied, and they include
worsening of preexisting health conditions and psychological trauma, for example dur-
ing forced relocations.

However, climate change should not be seen only as an external event affecting
older people, representing an intrinsic and individual inability to adapt. Rather, viewed
through the socio-ecological model and social determinants of health, the adverse
effects of climate change can be viewed from a perspective that minimizes direct cau-
sation. The increased vulnerability of older people, when it exists, is mainly the result
of a physical, economic, and/or social environment that is unfavorable to their resil-
ience. Thus, the health impacts of various climatic events should be interpreted as the
result, not of the climatic event, but of loneliness, housing conditions, and social
inequities.168 These inequities, which make it necessary to recognize the heterogeneity
of the older population, have several consequences that play a cumulative role in the
intrinsic vulnerability of age. These include: housing hygrothermal conditions are
socially patterned; body temperature regulation and mobility are negatively impacted
by having more medical conditions, more medications, and greater socio-spatial
inequalities; poverty often results in low resources and low resilience; and inequalities
of vulnerability among older people are aggravated by differences in literacy, economic
resources, and access to digital tools and information.

1.4.3 Migrations and health in old age
Migration has historically been analyzed using theories based on the push-and-pull fac-
tors of networks or national policies. The contemporary theory of climate-
migration164 focuses on the environmental conditions of push-and-pull factors that
influence international migration. From this point of view, it is likely that migration
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will increase in the coming decades. The number of international migrants worldwide
has already increased sharply in recent decades. While there were around 153 million
migrants in 1990 (2.9% of the world population) and nearly 192 million in 2005
(2.9%), their number now exceeds 270 million in 2019 (3.5%).169 Among them, the
32 million older migrants accounted for 11.8% of the total in 2019.169 Their profile
shows great heterogeneity because the condition of the older migrants can fall into
three different categories: a foreign-born person who migrates from one country to
another at the age of 65 or over (retirement migration); the person who, having
migrated in the past, is aging in the place where he/she has settled; the person whose
migration is the result of a natural disaster or conflict, and who is either aging in place
or has migrated after the age of 65.

While retirement migrations most often concern people with more than average
financial assets and moving to countries or regions with a more lenient climate,10,170

they can also concern the return of migrants to their country of origin.171 In the latter
case, returning migrants may experience problems of re-adaptation to a context that
has changed profoundly since their first migration. These problems sometimes translate
into a feeling of unbelonging, loneliness, and difficulty finding one’s bearings in the
functioning of the country’s services and institutions.171,172 This ultimately can reduce
their access to healthcare or lead to unhealthy behaviors.

The challenge is immense in the case of older people whose migration results from
conflict or natural disasters. While the number of people of concern to the United
Nations High Commissioner for Refugees rose from 36 million people in 2009 to over
86 million people in 2019173 of which nearly 8.5% are aged 65 or over, the number of
people affected by natural disasters is now approaching 100 million.174 Seniors are gen-
erally the most reluctant to leave their place of residence, which places them at a higher
risk of injury or death during a conflict or natural disaster. They are also vulnerable
because of the disintegration of their support system in a crisis context.175 At the same
time, while the affected populations are increasingly urban, the burden of noncommu-
nicable diseases is increasing sharply and marks a notable epidemiological change.176�178

Adjustments to this development have not been fully realized, as priority is still given to
the treatment of communicable diseases and immediate emergencies.176,179

For the older persons who have migrated several years ago and are aging in the
country where they have settled, the impact of migration on their life expectancy and
health status is complicated. Their health status is generally better than that of people in
their native country, and worse than that of people in their receiving country. This is
observed in spite of the healthy immigrant effect,180 which is related to the fact that
healthier people are more likely to migrate. After several years spent in the receiving
country, immigrant health status worsens, due to labor and housing conditions, stressful
events, unequal access to healthcare, and language barriers. Older immigrants eventually
experience higher rates of comorbidity and disability,181 which may be aggravated in the
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case of undocumented migrants.182 However, health status is often an important factor
in the decision to return home,183�185 which can give a false image of good health in
immigrant populations.183

1.4.4 Discrimination as a health issue for older persons
Older people are subject, like their younger counterparts, to various discriminations
due to attributes such as gender, sexual orientation, race, ethnicity, religion, and
weight.186�190 Discrimination does not affect all older people in the same way.
Minorities tend to be the most affected, raising important health equity issues. In addi-
tion to these forms of discrimination, older people also frequently suffer from age-
ism.191 In a scoping review of the literature, Wilson et al. found that the prevalence of
experienced ageism varied from 48% to 91%.192 These discriminations and stereotypes
occur more frequently in Western societies, due to cultural differences linked to norms
and values related to respect, support, and care for the older people in a family set-
ting.193 Recent literature suggests a potential shift in this cultural paradigm, with dif-
ferent manifestations of ageism.143,194

All forms of discrimination can negatively impact older people’s mental health.
These stressors can decrease self-esteem, social identity, and feelings of self-
worth.188,195,196 This may lead to internalization of negative stereotypes and discrimi-
nations, according to the Stereotype Embodiment Theory.197,198 These stressors can
thus lead to a negative assessment of old age and life satisfaction,186 increased anxiety
states and depressive symptoms,195,199 and even suicidal ideation.200,201

The negative impact of discrimination on mental health has additional consequences
for the physical health of older people, based on two mechanisms. First, negative mental
consequences frequently induce the following impacts: avoidance behaviors, such as
reduced activities and social interactions, reduced physical activities, such as walking or
frequenting public places, and the non-use of certain services and shops. These behaviors
are generally associated with adverse health outcomes.92,95,202 Second, the negative
experiences associated with discriminations can produce physiological responses, as
described by the Stress Process Model.203,204 These responses can include increased
blood pressure,205 inflammation,206 increased risk of dementia,207 and early mortality.208

Perceived age discrimination has been associated with adverse health outcomes,206 poor
self-rated health, and with a higher prevalence of comorbidities.209

1.5 Conclusion

With the aging global population, the relationship between older people and their res-
idential environments is increasingly important. This relationship is based on the match
between the individual characteristics of a person, their needs and expectations, and
the characteristics of their environment. By creating access to various health
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improvement factors and exposure to various risk factors, the conditions under which
an individual ages can be modified. This helps to accelerate or decelerate the process
of incapacitation that individuals undergo as they age. This can also reduce or rein-
force socio-spatial inequalities, which underlie the preponderant role of territory and
spatial policies in the prevention and promotion of healthy aging.

Exploration of these relationships and a growing number of themes related to the
health of older adults point to several avenues for future research. It is increasingly
necessary to examine certain groups, like those aged 80 and older, migrants, people
suffering from chronic diseases, and people suffering from cognitive conditions. In
methodological terms, future research efforts should also focus on the development of
mixed methods that are able to explore the experiences of older people in their envir-
onments in more detail.

The aging of the world’s population is accelerating and the challenges that this
entails will affect all continents in the coming decades. Increasingly, people will age in
urban areas, often characterized by significant socio-spatial inequalities. In a world that
is increasingly interconnected, mobile, globalized, and marked by new geopolitical
stressors, it will at the same time be increasingly important to take into account the
multiple impacts on health in later life.
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2.1 Demographic changes and aging

Demographic changes and population aging have been recognized as key priorities to
ensure sustainability of global health and social care systems in the next decades. The
WHO and the European Commission (EC) clearly defined the priority to support
healthy living and active aging as key elements of the EC Horizon 2020, Horizon
Europe and the United Nations (UN) announced the decade of healthy aging
(2020�30). The aging report, annually published by EC, forecasts major demographic
imbalances in the vast majority of European Union (EU) countries, with important con-
sequences concerning social and health care support including social inequalities, poverty,
loneliness, and migrations among others. In spite of the expected overall decrease in the
population, in the EU, the old-age dependency ratio (ratio between people ages 65 and
over to those aged 20�64) is expected to rise sharply in the coming decades.1
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Life expectancy at birth in males is expected to increase 7.4 years, whereas life
expectancy at birth in females is expected to increase 6.1 years, in a forecast for
2019�70. Taken together, these numbers indicate that the expected lifetime for men
will increase from 78.7 to 86.1 years, whereas the expected lifetime for women will
increase from 84.2 to 90.3 years.1 This demographic scenario is especially challenging
when considering the current prevalence of lifestyle and age-related chronic diseases
and disability leading to functional dependence.2 The forecasted socioeconomic sce-
narios will impose major tensions related to the expected impact and sustainability
related to pensions, healthcare, long-term care and aging-related education, which are
the most affected areas.

With the successful launching of the European Innovation Partnership on Active
and Healthy Ageing (EIP on AHA), the EC offered a pan-European partnership made
of quadruple helix-based innovation networks to develop, implement, adopt and scale
at large, groundbreaking solutions to support healthy living and active aging and good
practices across the European Regions.3

2.2 The European Innovation Partnership on Active and Healthy
Ageing

In 2012 the EIP on AHA was established to tackle the challenge of an aging popula-
tion. It set a target of increasing the healthy lifespan of EU citizens by 2 years by
2020, and aimed to pursue a triple win for Europe by: (1) Enabling EU citizens to
lead healthy, active and independent lives while aging; (2) Improving the sustainability
and efficiency of social and healthcare systems; (3) Boosting and improving the com-
petitiveness of markets for innovative products and services, responding to the aging
challenge at both the EU and global level, thus creating new opportunities for
businesses.

EIP on AHA brought together public and private stakeholders to accelerate the
deployment of major innovations by committing them to undertaking supply-and-
demand-side measures across sectors and the entire innovation system. EIP on AHA
was neither a new funding program or instrument, nor a new legal entity and did not
replace existing decision-making processes. However, it was recognized that regional
commitments to EIP on AHA could influence and inform policy decisions and service
delivery models, and therefore identify opportunities, and potential partners, under a
range of funding programs for the development of evidence-based innovative
solutions.

EIP on AHA was therefore a distinctive opportunity to help deliver on the policy
objectives of the Europe 2020 flagships: the Innovation Union, Digital Agenda for
Europe, New Skills for New Jobs and the European Platform against Poverty and
Social Exclusion. Its objectives and approach were also in line with the principles and
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goals of the EU Health Strategy, “Together for Health” and the EIP on AHA repre-
sented a significant contribution from the EU for achieving the objectives of the
European Year for Active Ageing and Solidarity between Generations in 2012.

The EIP on AHA stands on two main pillars: Reference Sites (RSs) and Action
Groups. There were also three cross-cutting initiatives that contributed to EIP on
AHA: “The Blueprint,”4 “Innovation to Market (I2M),”5 and “MAFEIP.”6

RSs: an alliance or partnership of stakeholders within a region or major metropoli-
tan area that can implement or develop EIP on AHA topics. They should be able to
demonstrate they have adopted, or are working towards the adoption, of a
“Quadruple Helix” model to ensure all stakeholders have a common understanding of
the organizational, technical and financial challenges facing the region or area within
health and active and healthy aging and are working collaboratively to define and
implement innovative solutions and possibilities for economic growth. The Quadruple
Helix comprises Health and Care Providers/ Public Authorities, Academia, small and
medium-sized enterprises (SMEs), and Civil Society. The appropriate lead authority
for health and social care in the region or area is expected to be a fundamental stake-
holder in any RS partnership or alliance. Following the 3rd Call for RSs in 2019 there
were 103 regions and major metropolitan areas awarded with Reference Site Status.

To be recognized as an RS, applicants were required to demonstrate the following
key features which were developed in assessment criteria for the evaluation of applica-
tions. The key features were: (1) Comprehensive strategies were in place, or under
development, which directed and guided policies and practices in the region, includ-
ing supporting an active and healthy aging population; e.g., Innovation Strategies,
R&D Strategies, Smart Specialization Strategies, Older People Strategies, Education
and Training Strategies, Economic Strategies, Regional Development Strategies; (2)
Responses to health, societal, and economic challenges were through a strategic
“whole system approach” to deliver against the EIP on AHA triple win objectives; (3)
The degree of their alignment with EIP on AHA through both contributions to the 3
EIP on AHA Horizontal initiatives (Blueprint, Innovation to Market and MAFEIP),
and commitments to adopt the relevant elements of the EIP on AHA Action Plans
developed by the various Action Groups; (4) The degree they have developed, or are
willing to develop, partnerships with other Regions for the transfer and exchange of
good practice, and/or joint working on projects to support health and care, including
active and healthy aging; (5) Commitment to supporting the Digital Transformation
of Health and Care and be able to demonstrate programmes and actions underway, or
planned, in the areas of (a) citizens’ secure access to their health data, including across
borders; (b) personalized medicine through shared European data infrastructure; and
(c) citizen empowerment with digital tools for user feedback and person-centered
care; (6) Commitment to contributing to the European evidence base demonstrating
impact on outcomes for patients and service users; effectiveness of developed solutions
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in meeting need; and how provider organizations have adapted to deliver new services
and service models; (7) Examples and evidenced impact of good practices and the
degree that RSs have scaled up or that they are working to scale up smart health and
care solutions for active and healthy aging.

Action groups: communities of partners committed to working on specific issues
related to active and healthy aging through (1) peer-to-peer sharing of knowledge
and expertise, (2) increasing the added-value of their national and local experience,
and (3) identifying gaps to be addressed at European level. The EIP on AHA
Strategic Implementation Plan proposed 6 Action Groups involving stakeholders
from academia, public authorities, large industry and SMEs, health and care orga-
nizations, investors and innovators, and end users and patients’ associations. The 6
Action Groups were: (1) Adherence to prescription; (2) Falls prevention; (3)
Lifespan Health Promotion and Prevention of age-related frailty and disease; (4)
Integrated care; (5) Independent living solutions; (6) Age friendly environments
(Fig. 2.1).

2.2.1 European Innovation Partnership on Active and Healthy Ageing
cross-cutting initiatives
The Blueprint aims to innovate health and care in Europe and is the follow-up of the
EIP on AHA Scaling Up Strategy. It reflects the policy vision of the EIP on AHA part-
ners and is the channel of the EIP on AHA partners for providing and receiving policy
inputs; an iterative process operated between the EC and stakeholders (policymakers
and other key opinion leaders) to evolve, update and implement the Blueprint.

I2M targets the scale-up of digital health and care solutions in a cross-border con-
text. This horizontal action is part of the EC strategy on digital transformation of
health and care in the Digital Single Market.

MAFEIP is the Monitoring and Assessment Framework initially developed in
response to the EIP on AHA-specific monitoring needs. It is to be used as an impact
assessment tool to support an evidence-based decision-making process for all institu-
tions and users in the health and care sectors.

2.3 Reference sites—case studies

2.3.1 Ageing@Coimbra Reference Site
Ageing@Coimbra was formally created in January 2013 as a response of the Center
Region of Portugal to the first call for the EIP on AHA RSs, to develop and imple-
ment innovative good practices to support healthy living and active aging.
Ageing@Coimbra is an informal network of 5 founders and 90 associated partners that
built a “quadruple helix,” aligning: (1) public institutions (e.g., municipalities, health
and social care authorities), (2) academia (e.g., universities and research institutions),
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(3) industry partners (e.g., business companies, business incubators, and clusters), and
(4) civil society organizations (e.g., universities of the third age, cultural, and civil orga-
nizations). The Administrative Authority of the Center Region of Portugal
(“Comissão de Coordenação e Desenvolvimento Regional do Centro,” CCDRC) has
been a major supporter and driver for the success of Ageing@Coimbra, actively involved
in the implementation of activities, international visibility and inclusion of aging-related
key priorities in the Smart Specialization Strategy (RIS3) of the Center Region of
Portugal. Ageing@Coimbra has been awarded as the first EIP on AHA RS in Portugal
and is included in the first group of Reference Sites in Europe (first award 2013).

Figure 2.1 Graphical representation of European Innovation Partnership on Active and Healthy
Ageing action groups.
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The innovative formula and lean governance structure created an inclusive partnership
with agility, rapid implementation, and growth potential.

Currently, Ageing@Coimbra is implementing a successful flagship project to con-
centrate excellence while avoiding the dispersion of scientific resources and to consoli-
date an aging research ecosystem as the pillar of regional development. The
Multidisciplinary Institute of Ageing (MIA-Portugal) (https://www.uc.pt/en/mia) was
approved by the EC as a H2020 Teaming project with the support of Newcastle
University, University Medical Center Groningen, Copenhagen University and the
Mayo Clinic, and it will be installed in the Health Campus of the University of
Coimbra, with support of the Ageing@Coimbra network. Three founding members
of Ageing@Coimbra, namely the University of Coimbra, the Hospital Center of the
University of Coimbra and the Institute Pedro Nunes have been key players of the
Knowledge Innovation Community EIT Health. Taken together, the consortium
attracted .60 million h of competitive European funding and created .100 high
qualifications jobs. MIA-Portugal is also supported by the pan-European school, EIT
Health Ageing PhD School (https://eithealth.eu/project/eit-health-ageing-phd-
school/) to deliver international and cross-sector training of PhD students in aging
with strong innovation and entrepreneurship skills.

2.3.2 The Healthy Ageing Network Northern Netherlands
The Healthy Ageing Network Northern Netherlands (HANNN) is an independent
foundation that was founded in 2009 by knowledge institutions in the three northern
provinces of the Netherlands: Drenthe, Fryslân and Groningen. The founding members,
University Medical Center Groningen, University of Groningen, Hanze University of
Applied Sciences and NHL Stenden University of Applied Sciences, realized the impor-
tance of translating knowledge about an aging society into initiatives with societal and
economic impact. In 2009, the Swedish Presidency of the European Union was also
marked by the Lund Declaration,7 which stated that Europe must focus on the grand
challenges of our time: “The European Knowledge Society must tackle these through
the best analysis, powerful actions and increased resources. Challenges must turn into
sustainable solutions in areas such as global warming, tightening supplies of energy, water
and food, ageing societies, public health, pandemics and security.”

This declaration was an important encouragement for regional cooperation in the
Northern Netherlands regarding an aging society. Especially because this region is the
forefront of an aging Dutch society and needed to find ways to tackle the challenges
that go with this. In the Netherlands, this is mainly a local issue because municipalities
are responsible for ensuring that people are able to live independently and participate in
society for as long as possible. But the regional level proved to be appropriate for mobi-
lizing entrepreneurs, thinkers and decision-makers who could contribute to innovative
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solutions for these challenges. HANNN organized the interaction between the healthy
aging knowledge institutions, policymakers and society. It developed into a quadruple
helix ecosystem with all the major stakeholders in the field of active and healthy ageing
in the Northern Netherlands among its membership, focusing on the life course of peo-
ple and promoting active and healthy aging in the broadest possible sense.

HANNN works together with local communities to offer an environment that sti-
mulates a healthy lifestyle. Charting local networks and through them, simultaneously
promoting active citizenship, accessible green spaces, active lifestyle, healthy mobility,
healthy living and healthy food. The network provides these local communities with
knowledge and (digital) infrastructures that support a healthy environment. An impor-
tant resource for ageing research is Lifelines (https://www.lifelines.nl/), a large, multi-
generational, prospective cohort study that includes over 167,000 participants, 10% from
the northern population of the Netherlands. Following this population over a period of
30 years will provide many opportunities for studies worldwide, unraveling the cause of
multifactorial diseases focusing on multifactor risk factors.

The Northern Netherlands has been recognized as a RS for the EIP on AHA three
times. It stands out as a RS not driven by a government, but by a coalition of knowl-
edge institutions. In 2019 HANNN was awarded the “Certificate of Excellence” by
the European Commission in recognition of the work in driving regional innovation
in active and healthy aging, improving the quality of life of the aging population,
making health and social care delivery more sustainable and stimulating economic
growth and competitiveness.

2.3.3 Valencia region Reference Site
In the Valencia region of Spain, there is a very active working ecosystem that is fully
aligned with the goal of the EIP on AHA under the quadruple innovation helix. It is
led by INCLIVA-Hospital Clinic, with the involvement of other healthcare providers
and research institutions, public health authorities, healthcare associations, universities,
municipalities, SMEs and multinationals, jointly with citizens from patients’ associa-
tions that, in many cases, cooperate also under other umbrellas like the European
Connected Health Alliance (ECHAlliance).

A success story within this region is the Healthy Loneliness Initiative, intended to
empower citizens in a lonely situation through formative and informative activities that
help them to understand, focus and visualize the most positive point of view of their situa-
tion, thus promoting their physical and mental health status. Funded by EIT Health under
the Campus pillar, and cooperating with other regions, most of which are also involved in
EIP on AHA (Coimbra, Lodz, and Paris). The inception of the idea came from an exist-
ing need to tackle loneliness. This has been enhanced by raising the innovation lab of the
municipality of Valencia, supported by the Universitat Politècnica de Valencia, to cocreate
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with the different stakeholders in the city, share knowledge and ideas with other cities,
run different interventions with a scalable and sustainable approach (channeled through
primary care centers and neighborhood associations) and generate evidence and methodol-
ogies to support scaling this initiative to the European level.

To address this scaling up initiative and to raise awareness among municipalities
and policymakers on how to tackle the loneliness issue, the RS Collaborative
Network (RSCN) led in a cooperative way, the edition of a Manifesto for Addressing
and Reducing Older Adults Loneliness In Europe, which recognizes the impact loneli-
ness has on the health and mental or psychological well-being of older citizens and the
vulnerable and made a call to transform health, care services and intervention programs
to be more proactive and responsive.

This experience in the Valencia region concludes that there is not a unique recipe to
successfully address isolation. Different lessons that were learned have been extracted and
even shared with other regions: (1) The municipality context is key to guarantee the
success and sustainability of the interventions, especially using a “train the trainers”
approach, engaging close entities to the elderly as primary care centers and neighbor-
hood associations; (2) Those that prescribe the educational activities to the elderly to
tackle loneliness have to belong to already known and confident entities, like primary
care centers in Valencia; (3) The best common solution agreed upon in the different
sites to minimize impact of loneliness on health outcomes is on the importance of being
active and socially involved through leisure and cultural activities in group, having net-
works of friends and family, and also continuing having personal projects and dreams.

2.3.4 Andalusia Reference Site
Andalusia, located in the south of Spain, is one of the largest regions of Europe, with a
population of 8.5 million inhabitants and an area of 87,597 km2. Life expectancy is 84.5
years for women and 79.2 for men. The population over 65 years exceeds 1.3 million and
its growth represents both a challenge and an opportunity for the region, like other terri-
tories in Europe. Andalusia has a formal policy commitment that sets active and healthy
aging as a strategic priority and as such, is included in its Smart Specialization Strategy.

The Regional Government of Andalusia (Junta de Andalucía) is responsible for
public health, health policy and healthcare provision and management as well as social
welfare and social care policies. The Regional Ministry of Health and Families
and the Regional Ministry of Equality, Social Policies and Conciliation work together
in the consolidation and maintenance of these fundamental social welfare pillars, par-
ticularly in the field of active and healthy aging. In addition to these public authorities
and their institutions, a wide range of partners from academia, research institutions,
private and voluntary sectors, as well as civil society are contributing to foster innova-
tion to boost personal autonomy, prevent dependency, improve sustainability and
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efficiency of health and care services, and support entrepreneurship created employ-
ment in the field of active and healthy aging.

Andalusia has been actively involved in the EIP on AHA since its inception and in
2013 was recognized as a 3-stars RS thanks to its Active Aging and eHealth Strategies.
In 2016, Andalusia was awarded as a 4-stars RS due to its excellence at adopting the
quadruple helix approach which seeks synergies that design knowledge ecosystems
with a commitment of exchange and collaboration, going beyond its borders. In 2019,
Andalusia also achieved the highest recognition as 4-stars RS with special recognition
for excellence, continuing the quadruple helix approach and contributing to the digital
transformation of health and care.

Some of the entities involved are: Andalusian Public Health System, Andalusian
Health Service, Andalusian Agency for Social Services and Dependency, public uni-
versities in Andalusia (Universities of Granada, Seville, Malaga, Cordoba and Cadiz,
with medical schools, and University of Jaen), Andalusian Council of Official Colleges
of Pharmacists, Andalusian School of Public Health, local social services, pharmacies,
scientific societies (Family and Community Medicine, Nursing), technology enterprises
(Indra-Minsait, Fujitsu, Phillips, Everis, Tunstall, and others), centers of active partici-
pation, and elderly and patients’ associations, among others.

Several strategies such as the Andalusian Health Plan or the Andalusian Plan for
Promotion of Personal Autonomy and Prevention of Dependency, as well as several
integrated plans (care plan, integrated care for patients with multiple chronic diseases,
diabetes, oncology, palliative care, and others) contribute to this recognition; together
with a well implemented digital health strategy, including a corporate electronic health
system -Diraya-, ClicSalud1 , Receta XXI or the EnBuenaEdad platform (http://
www.enbuenaedad.es) and links with other innovative systems and initiatives as well
as the involvement in European projects, such as Vigour, mHealthHub, or several
joint actions (Advantage, Chrodis, Chrodis Plus, Jadecare).

As a founding member of the RSCN, Andalusia RS allows for a fruitful exchange
of innovative ideas and experiences as well as building collaborative initiatives of com-
mon interest. The EIP on AHA has positively contributed to share knowledge, con-
tinue learning and improve collaborations in this field, based on ongoing activities,
assets and potentials, while adapting to different environments.

Andalusia represents the RSCN in the eHealth Stakeholders Group of the
European Commission, contributing to its works and discussions, and facilitating the
adoption of digital innovative solutions in the field of health and social care.

2.3.5 The Lodz4Generations Reference Site
The Lodz4Generations partnership invests efforts and resources to work on population
aging-related issues. It is a joint initiative of the City of Lodz and the Lodzkie Region
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with the Medical University of Lodz (MUL) (https://en.umed.pl) under the
University leadership. This initiative in Poland’s heart (Lodz is located in the very cen-
ter of the country) functions in an education-innovation-business in the health ecosys-
tem. Compared to other cities in Poland, Lodz and the Lodzkie Region have the
highest percentage of elderly citizens. In 2035, senior (601 ) citizens will form the
majority of the city’s population.

The most impactful in generating knowledge, novel education skills and experience,
and sharing good practices relevant to alignment with EIP on AHA initiative include:
1. EIT HEALTH (https://www.eithealth.eu) is a top EU initiative, which brings together

over 150 leading healthcare partners across multiple industry sectors, public and private
research centers, and top universities, with a clear mission of accelerating entrepreneur-
ship and innovation in healthy living and active aging. It provides Europe’s most tal-
ented with new opportunities and resources for the benefit of all citizens. Only within
EIT Health, MUL collaborates with a total of 79 partners from 19 countries.

2. Through our researchers’ participation in Action Groups, a living link between
EIT Health and EIP on AHA is established, allowing for feeding of good practices
into the Good Practices Repository.

3. Highly relevant to developing, sharing, and scaling a good practices project is being
implemented under 3rd Health Programme: Evidence-based guidance to scale-up evi-
dence-based integrated care in Europe VIGOUR (https://vigour-integratedcare.eu/
about/project.html). The partnership of 17 institutions, MUL included, brings together
15 regions from 7 EU member states. The project aims to support health care authorities
in progressing the transformation of health and care systems to provide sustainable mod-
els for integrated care, facilitating the identification of good practices and scaling-up.

4. Within ERASMUS1 MUL and Lodz4Generations an educational project has
been implemented that increases medical professionals’ capacity to manage patient
adherence and polytherapy in the elderly, called SKILLS4ADHERENCE (http://
skills4adherence.eu). The project aims to improve healthcare professionals’ ability
to effectively manage adherence and polypharmacy in the elderly through an inno-
vative vocational training program and dedicated online tools. The project is con-
sidered a good candidate for scaling from the regional to national level.

5. The Lodzkie Region, together with MUL, implement an INTERREG CENTRAL
EUROPE project, an innovative ecosystem for smart care of older people: iCARE-
SMART (https://bruksela.lodzkie.pl/nasze-projekty/i-care-smart-lodzkie/).
MUL is also a partner in Joint Programming Initiative on Antimicrobial Resistance

(JPI AMR) ImpresU, improving rational prescribing for urinary tract infections (UTI) in
frail elderly (https://www.era-learn.eu/network-information/networks/jpiamr/fifth-joint-
call-of-jpiamr/improving-rational-prescribing-for-uti-in-frail-elderly), which addresses an
increasingly important issue of reducing antibiotic overuse in the frail elderly population
receiving care at home or in care homes, through the implementation of a new algorithm,
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developed by an international Delphi. The results will help to strengthen Antibiotic
Steward Interventions in this group of patients.

The MUL Interdisciplinary PhD program on the Biopsychosocial Model of
Human Functioning in the Social Environment (InterDok) remains valid, concerning
delivering good practices to PhD educational programs and complements the activity
of the International PhD School.

2.3.6 Campania Reference Site (ProMIS network)
Campania is a region in southern Italy with a total population of about 6 million inha-
bitants. Demographic changes are modifying the epidemiological scenario of the
region, which requires the reorganization of health service provision according to the
changing needs for care. The increase in the older adult population and COVID-19
pandemic have led to an increase in chronic diseases, multimorbidity, social isolation,
and lack of self-sufficient conditions. These changes were accompanied by dynamic
progress in the technological and therapeutic field, social changes, and the increasing
absorption of resources from the health and care sector.

The Research and Development Unit of Federico II University/Hospital received
the recognition of RS from the EC for the first time in 2012, as the coordinator of
the Campania cluster. Campania Region recognized and shared the importance of
achieving the objectives of the EIP on AHA and then set up a specific coordination
group. In 2016, Federico II University/Hospital resubmitted the application to the
EC, obtaining the recognition of “3 stars RS.” In 2019, Federico II University/
Hospital obtained the “4 stars RS” recognition.

During its eight years of activity, Campania RS worked on the development, validation
and scaleing of innovative solutions for AHA. Campania RS was involved in activities that
generated small-scale successes, which could be scaled to all European regions, and are cur-
rently leading the effort to raise awareness on the opportunities that aging offers, to change
our approach to health and turn aging into an opportunity for sustainable development.8

The participation of regional stakeholders in the EIP on AHA action groups has
been leading to the development of collaborative research activities aimed at designing
and testing innovative good practices for AHA. Campania RS contributed to integrate
its local regional innovation ecosystem into ongoing EU activities aimed at providing
new insights into all determinants of health (social, environmental, molecular, physio-
logical, pathological, etc.) hinder active and healthy aging at every age. The involve-
ment of universities enabled and facilitated multidisciplinary collaborations, which
fosters the development and adoption of innovations.

Twinning activities with more mature RS from other European regions contributed to
the transfer of available good practices into the local system, allowing solutions to be tailored
to the needs of the local organizational, technological and IT literacy specifications.
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Campania RS has involved IT suppliers in the identification of standards and gaps.
Campania RS stakeholders have contributed to the development of new ready-to-
market solutions by joining several innovative procurement consortia. This allowed
the RS organizations to express their need for innovation, and the IT suppliers to pro-
vide appropriate and sustainable solutions.9

Programma Mattone Internazionale Salute (ProMIS), the Italian Ministry of Health
network for the internationalization of regional health systems (RHS), was an enabling
factor to strengthen synergies among Italian RS, and to address the current and emerg-
ing health needs of the Italian population, sharing and exploiting at the national level,
the opportunities offered by the innovative practices of the EIP on AHA.10

2.3.7 MACVIA-France Reference Site
MASK, the Phase 3 ARIA (Allergic Rhinitis and its Impact on Asthma) initiative is a
Good Practice of DG Santé for digitally-enabled, patient-centered care.11 It has been
developed from the MASK-air app (https://www.mask-air.com) to a flexible e-platform
for allergic diseases and asthma in order to improve the management of asthma and rhi-
nitis in a patient-centered approach and to facilitate shared decision-making.

MASK includes: (1) a freely available app (MASK-air, formerly the Allergy Diary,
Android and iOS)12, (2) tools to support health care professionals in shared decision-
making through an interoperable electronic decision support system (e-CDSS)13, (3) a
web-based interoperable questionnaire for physicians14, (4) a questionnaire on asthma
and rhinitis (CARAT) for screening allergic diseases and assessing their control, and (5)
a sentinel network for air quality and pollen seasons. MASK-air is validated and fol-
lows the General Data Protection Regulation (GDPR) for the processing of personal
data in the European Union (EU).

MASK-air is an app centered around the patient15, operational in 27 countries and
18 languages.

2.4 Reference Site Collaborative Network

The RSCN was founded in 2013 as a direct response from a number of newly accre-
dited EIP on AHA RSs. Its aim was to provide a forum for exchanging knowledge
and learning on health and care policies, health and care pathways, and evidence-
based good practices and innovation solutions that could be adopted at scale. It would
also facilitate RS regions in collaborating on projects to address active and healthy
aging priorities and needs across European regions.

The RSCN seeks to help its members accelerate the development, deployment
and adoption of innovative health and social care solutions, including proven AHA
delivery models and digital solutions that create a real impact for patients and citizens,
and contribute towards sustainability of services.
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Membership is made from EIP on AHA RSs, and candidate RSs, accredited by
the European Commission following publicly-announced Calls for RSs; along with
other organizations and individuals that support the principles of EIP on AHA.

The RSCN supports RSs in Europe, and beyond, to: (1) Promote active and healthy
aging by supporting and developing strategic collaborations across government, health and
care providers, universities and researchers, industry, and citizens to implement creative
and multidimensional approaches to prevent disability, frailty and age-related diseases dur-
ing the entire life course, and to support independent living; (2) Accelerate the deploy-
ment of major innovations which will improve health and care outcomes, increase the
sustainability of health and care systems, and create economic growth and jobs.

This is achieved by: (1) Facilitating members to develop, share and adopt good
practices and innovative solutions and technologies at scale; (2) Facilitating the scaling
of evidence-based solutions and technologies through the alignment of policies at
regional, national, and international levels; (3) Influencing and providing strategic
input to bodies such as the EC, and WHO, building on the knowledge and expertise
of its regional members representing organizations within the Quadruple Helix ecosys-
tem; (4) Providing thought leadership through expert working groups; (5) Offering a
range of advisory and management services to members.

It is widely recognized that many benefits have been gained both by regions and
for those who were actively engaged in contributing to the initiative. Aging remains
one of the demographic challenges for Europe and there are opportunities for the EIP
on AHA principles to continue to evolve within a changing environment. At the time
of writing the European Commission is consulting on its Green Paper on Ageing,
which considers not just health and social care challenges but also the wider challenges
of delivering the range of public services.

Other relevant drivers for change include: European Commission Report on
Demographic Change, Digital Europe Programme, Resilience and Recovery Fund to
combat COVID-19, future growth of Digital Innovation Hubs, the need for closer
alignment of EIP on AHA, Active and Assisted Living (AAL), the Joint Programming
Initiative on More Years Better Lives (JPI-MYBL), and the European Partnership
under Horizon Europe—transforming health and care systems.

Through their experience of contributing to EIP on AHA, regions are ideally
placed to contribute to addressing the issues and challenges that may emerge from
these areas. RSs through their Quadruple Helix ecosystems can ensure both the
supply-and-demand sides within the health and care field are engaged in understand-
ing the challenges, codeveloping solutions, and creating and scaling digital innovation.

The RSCN has identified the following health and care challenges and has brought
together experts from across Europe to consider and make recommendations: (1)
Defining resilience: what that means in terms of person and of population; (2)
Integration of social and health services, starting from data standardization, sharing, and
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secondary use of data; (3) Defining well-being (feeling healthy) vs. staying healthy:
implications for food and nutrition, cultural and environmental dimensions, etc.; (4)
Participation in society, health, happiness, well-being, and active living; (5) Addressing
the social and mental health needs of rural areas especially for chronic disease preven-
tion and palliative care for noncommunicable diseases; (6) Secondary use of data.

2.5 Transition from Horizon 2020 to Horizon Europe—the role of IN-
4-Active and Healthy Ageing

The green paper on aging16 points out the need to ensure proper planning by the EU
member states to tackle the challenges of demographic change by promoting AHA,
based on healthy lifestyles, personal accountability, adequate public policies, aided by
digital health and personalized medicine. This approach should be based on the con-
cept of lifelong learning (most effective when implemented early), that can take form
in acquiring and updating skills to keep people employable (health care and other
types of workers). Extending the working lives of EU citizens is especially important
due to the shrinking of working age populations, but it also helps ensure adequate,
fair, and sustainable pension systems, and help avoid old age poverty. Flanking mea-
sures such as reducing early retirement and advertising supplementary pension schemes
should also be debated. Nevertheless, old age inevitably leads to a shift in demand for
products and services that reflect the specific needs and preferences of older people,
but also leads to more people needing long-term care, whenever they become too
frail, or the community-based health care systems (preferable, because they allow for
patients to live in their own homes) capabilities are surpassed. Hence, more job open-
ings are created in the fields of tourism, smart homes that support independent living,
assistive technologies, accessible products and services, service robotics, wellness, cos-
metics and fashion, safety, culture, personal and automated mobility, and banking.
This is an opportunity for productivity and employment gains, and investing in these
gains by fostering the development and uptake of innovations can also improve the
sustainability and efficiency of health and care systems.

In this discussion, the territorial- and infrastructure-related issues must not be for-
gotten, in the sense that working environments, mobility (transportation schemes),
urban and home (ex: smart homes) environments need to be addressed, because they
are key factors in allowing people to remain independent and productive longer.

Finally, social issues such as old age loneliness, intergenerational solidarity, mental health,
informal care reform, women’s dual labor journey, and legal migration as another solution
to help reduce labor shortages, also need to be accounted for. The same goes for regional
disparities between member states, and within member states, rural and urban areas.

These dimensions are analyzed in detail in the discussion paper long-term vision
for rural areas.17 Health care accessibility is still an issue in some of these areas, for
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which e-health services and digitalization could serve as potential solutions.
Furthermore, the potential for economic and job growth related to innovation imple-
mentation, could also benefit these areas. Taking all these ideas into account, a new
European Partnership, under Horizon Europe has now been drafted. This time, it was
based on the need to transform health and care systems, to be able cope with the fore-
seen challenges. It called for cross-border, multistakeholder, and multinetwork action,
to increase the capacity of health and care systems in terms of better use of their infra-
structures, workers and materials, fostering implementation research, technological
development, and biomedical innovation to bolster the transformation of healthcare
systems towards proactivity (not only treatment) and prevention.

This transformation should also consider climate change, efficient people-centered
and accessible health care, adopting digital technologies, exploring new ways of pro-
viding care and building health system resilience.

The main takeaway is the demand for cooperation between networks closely
related European partnerships, mainly: Active & Assisted Living Programme (AAL
Programme),18 Joint Programme Initiative “More Years, Better Lives” (JPI-MYBL),19

To-Reach Coordination and Support Action, and EIP on AHA. These networks are
complementary to each other, inferring that partnering would enhance their overall
impacts. In a sense, TO-Reach and JPI MYBL have delivered evidence-based research
for policymakers, and the AAL program is linked with the innovation drive of the
health and care service delivery through public and private enterprises/entities. Finally,
the EIP on AHA’s aims to integrate learning into regional ecosystems. It is important
for EIP on AHA to continue providing the connections that allow these networks to
flourish, by offering tools to help implement innovation in real life settings, based on
accurate data, allowing healthcare systems to adjust and prepare responses for upcom-
ing challenges. Supporting the integration of these networks is also among the tasks of
the IN-4-AHA consortium, aligning this objective with the need to adjust the action
groups to these contemporary questions, and engage former and current stakeholders
to bring their knowledge and expertise to this new partnership.

2.6 Future perspectives

The COVID-19 pandemic has gravely shown the weaknesses of health and social
care systems across the globe. Governments have been forewarned about disruptive
health threats for many years. This applies to sudden threats as pandemics as well as
gradually developing one, such as a rise of chronic conditions due to an aging soci-
ety. The COVID-19 pandemic also shows the interrelatedness of health and social
care system performance, economic resilience and the importance of political lead-
ership. Despite this knowledge, recommendations and solutions available, almost
no government realized the necessary changes to improve health and social care
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systems in order to anticipate emerging and sudden health threats. It is therefore
valuable to look back and see what lessons can be learned over the last 10 years for
the near future.

Transformation of health and social care systems appears to be very complex and
difficult, given the enthusiastic attempts made by governments and authorities which
mostly resulted in disappointing outcomes. Standalone initiatives without consider-
ation of system aspects such as financing, regulations and incentives are unlikely to be
effective in the long-term. Successful implementation and upscaling of digitally-
enabled care concepts require a cross-sectorial system redesign rather than single inno-
vation projects. Regional and local settings seem to be the most appropriate context
for system redesign and the remodeling of health and social care services. It is where
people’s needs are best translated into integrated care services with all the relevant
actors involved.

The EIP on AHA is a program which connects regions and countries on a Pan-
European level with the ambition to improve health and social care services. This
unique initiative allows local settings to learn mutually from methodologies and prac-
tices across Europe as well as find useful networks for collaboration and funding.
Despite the challenges of this program, the EIP on AHA proved to be successful in
mobilizing and empowering localities in a geographically multilevel network for the
implementation and upscaling of technology-enabled health and social care services.

To make Europe more resilient with better health and social care systems, these
region-oriented Pan-European networks should be further strengthened for efficient
transformation and in post-COVID-19 recovery. A shared vision should create a
hopeful perspective and ingredients for a concrete roadmap with actions. Leadership
and alignment of coordination on European, national and the local level is essential to
make actions effective while balancing the interests of participating stakeholders (public
and private). Streamlining process implementation, adoption and upscaling of solutions
from start-ups and industry will support economies and facilitate the innovative
strength of Europe.

The positive promise for the future lies in building on existing collaborations and
successful initiatives, while better alignment and leadership is needed to generate a
European-wide movement for impactful transformation of health and social care sys-
tems focusing on people needs.
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3.1 Aging in Africa and West African Region

In Africa, the population is projected to reach 147 million by 2050, compared to 64 mil-
lion observed by 2015, most of which is in sub-Sharan Africa.1

Healthy life expectancy at birth in Africa was 45.8 years for both sexes, by 2000,
and 56 years in 2019, the lowest compared to the rest of the world.2

The epidemiological profile in Africa is characterized by the burden of communicable
diseases, but also with an increasing prevalence of emergent noncommunicable diseases.
The risk of dying from communicable diseases such as HIV, malaria, hepatitis and neglected
tropical diseases, is highest in Africa. By 2020, noncommunicable diseases such as heart dis-
ease, cancer and diabetes will be among the main causes of mortality in Africa.2 In West
Africa, the most prevalent causes of mortality are stroke, septic shock, malaria, and cancer.2

Nutrition transition is real in most West African countries, with the greatest pace
being in Cabo Verde, Ghana, and Senegal, leading to consequences such as obesity,
high blood pressure and diabetes.3

Chronic poverty is a major risk factor for the well-being of older people in Africa.
Older people also have less information on healthy aging and must compete for essen-
tial health services with all other age groups. Elderly and gender discrimination are a

� All authors contributed equally to this chapter.
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major concern in these areas, often leading to disempowerment and poor health out-
comes, victimization and even death, for elderly women in Africa.2

According to the Regional Strategic Plan 2020�24 for Healthy Ageing in West
African Region, among risk factors for healthy aging are unhealthy lifestyle, absence of
palliative care, insufficient structures for health promotion and adequate diseases treat-
ment, and absence of a vaccination policy for elderly. The same document also notes
that aging is somehow neglected in this region by public policies not conducive to
healthy aging. Specialists in gerontology and geriatrics are insufficient and older peo-
ple’s care is mostly carried out by specialists from other medical fields.1

African people spend most of their lives in the family environment, which can be
considered a favorable for passing on knowledge between generations and strengthen-
ing family ties, but also as a strength for healthy aging.

More than half of the countries of the West African Region have a strategic plan to
guide healthy aging policies (Senegal, Niger, Guinea Conakry, Burkina Faso, Ghana, Benin,
Togo, Nigeria, and Cabo Verde).1

Despite this, attention on healthy aging through life, in the West Africa Region,
needs strong reinforcement, namely the implementation of inclusive policies intended
to “leave no one behind.” Four priority areas for actions recommended by WHO,4

can help to achieve this goal:
1. Aligning health systems to the older populations they now serve
2. Developing systems of long-term care
3. Creating age-friendly environments
4. Improving measurement, monitoring, and understanding

3.2 Geography and climate of Cabo Verde

Cabo Verde is an archipelagic country, located about 500 km2 off the West African
coast. The islands are located between latitude 14� 48' and 17� 12' North and longi-
tude 22� 40' and 25� 22' West. Cabo Verde has an emerged surface of 4033 km2 and
an exclusive economic zone of more than 700,000 km2.

Depending on the position in relation to trade winds, the Archipelago is divided
into two groups of islands: Barlavento (downwind) islands (Santo Antão, São Vicente,
Santa Luzia (uninhabited), São Nicolau, Sal and Boavista); and Sotavento (upwind)
islands (Maio, Santiago, Fogo and Brava).

Cabo Verde is geographically integrated in the Sahel, a semi-arid climate zone.
Cabo Verde’s climate is strongly influenced by the Harmattan, which is a fresh, dry
and dusty wind, coming from the Sahara, which blows from Northeast to East
between December to mid-March across West Africa, including Cabo Verde, where it
is called Lestada or Bruma Seca. Characteristics of Harmattan, influence morbidity in
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Cabo Verde, because it is an enhancer of respiratory diseases, with a greater incidence
in children and the elderly population.

Cabo Verde is framed in the long strip between the centers of high subtropical
pressures in the North Atlantic (the anticyclone of Azores) and the Intertropical
Convergence Zone (ZCIT). Given Cabo Verde’s marginal position in that area, it’s
not always hit by rains, causing cyclical droughts, with negative impacts on productiv-
ity in rural areas.

3.3 Cabo Verde, the historical healthy islands

The first feeling of Portuguese navigators about Cabo Verde islands they just found in
1460 was of a healthy space. The islands seemed able to provide a healthy and pro-
longed life, by standards of that time, quite different from the reality they had experi-
enced at an equivalent latitude, on the neighboring Sub-Saharan African continent.
There, malaria and other infections lashed crews of ships. Oceanic localization of
islands, the distance from the coast and the uninhabited condition prevented the access
of pathogens circulating on the continent.

The perception of a positive health differential is likely one of the reasons why the
Portuguese decided to settle in Cabo Verde. In the early years of colonization, these
islands were famous through western Christendom, as a healthy place inhabited by
many turtles, whose blood was made into an ointment that cured leprosy patients
coming from Europe. Several travelers left testimonies in this regard. The Belgian
merchant and navigator Eustache de la Fosse, who stopped at Santiago and BoaVista
in 1480, was one of them. Another was Fernando Colombo, son and companion of
Christopher Columbus during his third trip to the Americas (1498). However, the
islands' fame as a curative place lasted a short time!

3.4 Epidemiology of slave society

The main motivation for the settlement of these tropical and semi-arid islands by the
Portuguese was the establishment of trading between the Guinea Coast and Iberian
world. Therefore, they put pressure on the king and obtained legal prerogatives to
trade in slaves, using local production of horses and cotton as a means of payment. In
a short time, African slaves imported from Rios de Guiné on a more permanent and
large scale, became most of the island population.

Thus, their initial healthiness was profoundly altered. Valentim Fernandes, a
Moravian typographer, wrote in 1506 that “islands were healthy at first, but the situa-
tion changed profoundly with the arrival of rescued blacks on the Guinea Coast,
because they made the airs corrupted”.5
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European slave ships established on the island became privileged vehicles for the
import of viruses, bacteria and parasites commonly circulating in the African continent.
Overflowing boatholds and lack of hygienic conditions on board created the right
atmosphere for contagion. Syphilis and smallpox expanded during sea crossing and
landed on the islands together with slaves, sometimes starting local chains of contagion
and causing outbreaks. On slave ships, also traveled the vector of the African variant of
P. falciparum, the parasite responsible for malaria. The vector found ideal conditions to
multiply around Ribeira Grande, then the capital and trading post.

Malaria, known as “the disease from the land,” started to have a high prevalence
and the greatest impact on mortality and morbidity. Europeans were much more vul-
nerable than slaves to P. falciparum, but Africans were far from immune. Should
Europeans escape from first infection, they still would be prone to prolonged morbid-
ity. According to the Accountant of the Royal Treasury, the accounting of tax reven-
ues for the years 1513 to 1515 hadn’t yet been closed in 1518: “the account was
delayed in this way, due to a lot of illness, the land and the disposition of officials.”6

Clearly, poor hygienic conditions of slave transport and trading placed limits on an
extended lifespan, for traffickers and trafficked people.

Slavery imposed severe living conditions to Africans, compared to members of
other social groups. One of them is the uprooting and disintegration of social solidarity
networks. In Cabo Verde, the few slaves who escaped illness and reached advanced
ages were often abandoned by their masters, under the false pretext of manumission,
invoking religious piety. Sometimes the church denounced this perverse form of
piety—slaveholders were really avoiding costs of inactivity resulting from the aging of
slaves.

Unlike what happened in traditional African societies, where the elderly had a
prominent status in kinship networks, in Atlantic and colonial societies, aged slaves
were seen as a burden. Hence, they were doomed to abandonment and marginaliza-
tion. In Cabo Verde, this was not the case with slave landowners, whose assets and
prerogative of testing heritage guaranteed them social protection in elderly. It was the
case to say: “tell me the position you occupy, and I’ll tell you how the elderly will
be.”

3.5 Cabo Verde Famines

Famines resulting from cyclical droughts were another factor limiting prospects for a
long life of Cabo Verdeans. From 1460 to 1583, when the first famine occurred, caus-
ing massive mortality, droughts had little demographic impact. Commercial prosperity
allowed the local society to import food from both Africa and Europe, compensating
for the sharp but conjunctural drop in agricultural production, associated with drought
or irregular rains.7

52 Aging



With Cabo Verde’s disintegration from transatlantic trade routes, it ceased the
import of food to compensate for the agricultural drop and a long cycle of epidemic
famines, not yet well mapped, which began in 1583 and only ended in 1950.
Deserving special attention was the violence of the following years: 1609�11,
1719�20, 1748�50, 1773�75, 1831�33, 1864�66, 1903�05, 1922�24, 1940�42,
1947�49.8,9

From wide and multidimensional repercussions of famines, we will only focus on
the demographic effects, and therefore on society. Installation of a famine is gradual.
Lost crops degrade diet, especially of families directly or indirectly depending on
rainfed agriculture. The population resorts to poorer and/or highly toxic foods or
herbs of low nutritional value. Children and elderly people are the first victims of
food impoverishment and associated diseases. Working age population will be later
victims.

The risk of hunger and disease is socially different among groups: life expectancy
was greater for those who had irrigated land, public employment, or other forms of
income than for peasantry-dependent on rainfed agriculture. Average life expectancy
at birth and other global indicators ends up hiding situations of deep inequality within
countries, a valid warning sign when the tendency is to compare inequality between
countries.

3.6 Cabo Verdean population genetics

Cabo Verdeans possess their one genetic profile, distinct from the nearby West African
populations. Human leukocyte antigens (HLA) allele frequencies, both for neighbor-
joining (NJ) and principal coordinates analysis (PCoA), cluster Cabo Verde in an inter-
mediate position between Sub-Saharan African, nearby Guinea-Bissau, and Caucasian
populations from North Africa and Europe. For HLA haplotypes, Cabo Verdeans
show an important genetic contribution from the Portuguese population.10,11 The
percentage of common HLA haplotypes with the Portuguese population (9.3%) is
higher than the nearby population of Guiné-Bissau (2.2%). When considering all the
haplotypes of Sub-Saharan origin, its presence in the Cabo Verde population reaches
15% in total, indicating a mixed African influence.11

Similar results, even revealing a stronger admixture from Caucasian, were obtained
when studying other autosomal markers, namely red cell enzymes, plasma proteins
and short tandem repeat (STR) polymorphisms, showing mean proportions of
European ancestry ranging from 36% to 54%, depending on the markers and methods
used.12�14 When autosomal STR polymorphisms were used for NJ and PCoA analy-
sis, results were similar to those obtained with HLA loci, showing that Cabo Verde is
an atypical Sub-Saharan population, positioned between Africans and Caucasians.
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Genetic studies of polymorphisms linked to susceptibility for some diseases, also
carry evidence for this strong admixture. Mutations on the protease inhibitor (PI) locus
associated to alpha-1-antitrypsin deficiency, show a lower prevalence in African popu-
lations compared to European populations. However, genotypes associated with the
disease (PI�ZZ, PI�SS, and PI�SZ) were estimated to be in Cabo Verdeans as one of
the highest in sub-Saharans overall (15/1000). This could be explained by the strong
admixture with the Portuguese gene pool, where this prevalence is even higher.15

Concerning interleukin 4 (IL4) cytokine polymorphisms, Cabo Verdeans appear again
in an intermediate position between Sub-Saharans and Caucasians.16 The same hap-
pens when considering the prevalence of single nucleotides polymorphisms (SNP)
across candidate loci for skin and eye color,14 or the CCR5-delta32 mutation, which
is absent in sub-Saharans but reaches a prevalence of 3.9% in Cabo Verdeans, and up
to 10.3% in Portuguese populations.17

Contributions for the Cabo Verdeans admixture coming from Europe and Africa
are shown to be sex-biased. The fact that almost European settlers were males, is
clearly seen on the Y-chromosome polymorphisms. According to an admixture analy-
sis with 21 non-recombinant Y-chromosome (NRY) markers,18 most male genetic
contributions came from the Iberian Peninsula (68%), followed by West Africa (27%).
Similar results were obtained with the identification of 16 Y-chromosome SNPs hap-
logroups,19 from which 53.5% are of Caucasian origin and 26.5% are of West African
origin. This higher genetic contribution from Caucasian males is explained not only
by their intermarriage with female West Africans but also due to their social domi-
nance and associated reproductive success during the settlement process of Cabo
Verde. This admixture involving predominantly, European men and African women,
has also “the other side of the coin,” a stronger West African contribution from the
female lineage, seen on studies conducted with mitochondrial DNA (mtDNA) mar-
kers. Analysis of the mtDNA hypervariable segment I (HVS-I) control region, and the
characterization of its haplogroups, showed that 93% are clearly from Sub-Saharan
African origin,20 a result confirmed by others.21

The levels of admixture and European male and African female influences, vary
along the different islands. A panel of autosomal ancestry informative markers (AIMs)
reveals that Southern islands have higher levels of West African ancestry, especially
Santiago (65%), with the Northern islands, Santo Antão, São Vicente and São
Nicolau, showing the lower values (56%), and Boavista, geographically located in the
middle, having an intermediate value (59%).18 As so, there is an evident South to
North decline progression on the African ancestry, with Fogo as an exception. Despite
being located on the south, near Santiago, Fogo shows the lowest values (53%). This
admixture progression along Cabo Verde Archipelago is explained by the settlement
process. Santiago was the first to have a population, mainly African slaves. The north-
ern islands were populated later with free admixed people that moved upward from
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southern islands.22 As mentioned, despite the geographic proximity and settlement
contributions from Santiago, Fogo is an exception to this South to North cline. This excep-
tion should be the result of the lower dimension of the island, founder effect and its particu-
lar social organization. Additionally, the harsh labor conditions should have its contributions
through the higher mortality among African rural slaves than among Europeans and their
offspring with domestic slave women.18 This pattern of differential admixture along the
Archipelago, was previously reported for autosomal STR polymorphisms,13 and even for
HLA allele and haplotypes frequencies.10 The prevalence of West African ancestry is also
variable across the archipelago, showing a lower prevalence in northern islands.19 The high-
est level of West African ancestry, evaluated through NRY markers, is found in Santiago
island (57%), and lower values in northern islands of the archipelago, as Boavista (5%), São
Nicolau (10%), Santo Antão (36%) and São Vicente (21%). Again, Fogo displays an excep-
tion in this South-North polarity, revealing one of the lowest values of West African ances-
try (9%).18 Hegemonic West African female lineage ancestry mentioned above, shows also
some differences between Cabo Verde islands, with its highest value found in Santiago
(76%) and lower in Boavista (62%), Fogo (63%), São Nicolau (64%), São Vicente (67%)
and Santo Antão (70%).18,20

3.7 Age pyramid of Cabo Verdean population

According to Census 2010, the resident population of Cabo Verde was 491.875 inha-
bitants, distributed among the nine inhabited islands.

The age pyramid of the Cabo Verdean population (Fig. 3.1) demonstrates a demo-
graphic transition phase. The base of the pyramid, up to 19 years old, is progressively
narrower. There is a widening of the pyramid between 20 and 24 years old, but then
the trend towards narrowing is resumed, which represents a transition to a pyramid
with a tendency for an aging population.

Analysis of Cabo Verde age pyramid clearly show a strangulation between ages 60
and 70, which can be explained by the effects of the great drought of the 1940s, with
the greatest impact between 1947 and 1954, when many people died victims of hun-
ger. In addition to famine, there was an intensification of migrations to big cities (Praia
and Mindelo), but also out of the country, especially to São Tomé and Príncipe, to
work in the large fields. For ages 70 to 74 years, the number of people increased,
compared to ages 60 to 69 years, which can be attributed to an increase in birth rates
and a reduction in mortality in the second half of the century.

3.8 Urbanization of Cabo Verdean population

Cabo Verde has two levels of strategic management: national and municipal. Governors,
at both levels, are elected by universal suffrage. The country is divided into 22
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municipalities, whose borders, in five of them, coincide with the island’s limits: São
Vicente, Sal, Boavista, Maio and Brava. Cabo Verde also has an uninhabited island, Santa
Luzia and eight islets, also uninhabited, that constitute Cabo Verde’s nature reserves.

The population of Cabo Verde is becoming more and more urban, as result of
rural exodus, but also under the influence of urbanization of rural areas. The irregular-
ity of rains has caused an intense rural exodus, affecting young and working age popu-
lation, which can result in aging of the rural population, especially in the most remote
municipalities.

Census 2010 registered 62% of the population residing in an urban environment.
Rural exodus, as it mainly affects young and adult populations, has caused the aging of
the rural population, in a global way, but with greatest significance in the most remote
villages of some municipalities such as Porto Novo and Ribeira Grande on Santo
Antão, Tarrafal and Ribeira Brava on São Nicolau and on Brava.
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Figure 3.1 Population living in Cabo Verde, by sex and age groups (Census 2010).
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People migrate to main cities of islands, but also to the largest cities in the country,
Praia and Mindelo, looking for opportunities to improve living conditions. With the
development of higher education, a large number of young people have moved to
urban centers, where higher education institutions exist. In some municipalities, there
are villages already abandoned, or almost abandoned and mainly inhabited by elderly
people. But these elderly people are not abandoned; family members living in the
same island visit them and support their subsistence. Even family members emigrated
to other islands or abroad, send remittances for their subsistence and visit them.

The great challenge for authorities is equitable regional development, for the
attachment of young people in villages of origin. In Cabo Verde, it is traditional to
care for elderly people in the family. Placing elderly in institutions is a families' last
resort. Young people are educated to see care for elderly in the family as a responsi-
bility. Intergenerational solidarity still exists in Cabo Verde, with more intensity in
rural areas.

3.9 Aging and the emergence of a new demographic model

Evidence of the conditioning role the climate and diseases have had on Cabo Verde
demography since settlement, are scattered and inaccurate. However, from the XIX cen-
tury, figures have reliability, on the ravages produced by droughts and epidemics.23,24 For
example, hunger and diarrhea caused 30,000 deaths during the 1864 famine; in the
1940�50s, 65% of the workforce of the largest and most populous island perished from
starvation,23 due to the last drought to plague the archipelago.

Cyclical famines that plagued Cabo Verde since the XVI century, ended by 1949.
Authorities could no longer allow a famine to occur, facing the existence of United
Nations, the influence of its decolonization committee and the emergence of independence
movements following Bandung Conference. Portugal, as colonial state, until then minimalist
in its social functions, assumed the fight against effects of drought and endemic diseases,
namely through Fomento Plans. Thus, historically and demographically, 1950 is an out-
standing milestone and a dividing date in Cabo Verdean society. Previously, for most peo-
ple, life was short and aging and healthy aging were a privilege of a few. Thereafter,
increased lifespan was observed, and a long period of uninterrupted population growth
began, due to a fall in mortality in general and maintenance of the traditional high birth
rates. The cohort of individuals born in the 50s and 60s of last century will be the first to
integrate a Cabo Verdean population where sociodemographic weight of elderly population
will be significant.

Human societies, from different regions of the globe and with different degrees of
socioeconomic development, are aging at different speeds (Table 3.1).25

Several external factors have a significant role in population aging: economic
and social development, environmental sanitation, medical advances, good health
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organization, and good governance. These factors contain within themselves, the seeds
of population aging and the driving forces conducive to the demographic, epidemio-
logical, economic and social transition.

By 1975, Cabo Verde integrated the platoon of the least developed countries, with
high rates of child mortality (108/1,000 newborns), high prevalence of infectious and par-
asitic diseases, high fertility rate (6.8/woman), a modest average life expectancy (57.63
years at birth; 59.12 for women and 56.00 for men) and a negligible GDP per capita
(USA, $300). By 2000, life expectancy at birth raised until 66 years for men and 75 years
for women. In 2019, it became 73 years for men, and 80 years for women. The aging
index was 20.3% in 2000, 21.4%, in 2010, and 29.4% in 2020.26 Reduction of mortality
from infectious diseases and reduction of synthetic fertility index are other relevant causes
of population aging.27

In the last 30 years, Cabo Verde reached the platoon of a developing
country23,26,28,29:
• GDP increased to 7000 US dollars (2017)
• Child mortality dropped to 13.0/1,000 (2018)
• The fertility rate dropped to 2.2/woman
• The prevalence of infectious and parasitic diseases decreased significantly
• Chronic degenerative diseases increased being now the prevalent causes of morbid-

ity and mortality
• Life expectancy rose to 73 years for men and 80 for women.

3.10 Elderly in Cabo Verde

Elderly is an economically and socially heterogeneous group: different at literacy level,
in financial capacity, in family responsibilities, but similar in diseases (multi-morbidities,
hearing, visual and motor deficits, sexual dysfunction, depressive syndromes, dementia)
and the painful sensation of human finitude.

Regarding elderly people in Cape Verde, it should be noted30:
• They constitute 5.9% of the total population, women being 60.7%;
• 66.1% are family heads, 14.9% live alone and only 10.8% live with their consort;

Table 3.1 Percentage of general population aged 65 years and over (2020).25

Africa and middle east European Union and
Japan

Cabo
Verde

Uganda South
Africa

North Africa and
Middle East

Sub-Saharan
Africa

European
Union

Japan

5 2 6 5 3 21 28
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• 87.7% are inactive, while 11.9% are still working;
• 59.3% are beneficiaries of social security;
• 44.3% are poor and 14.4% very poor;
• 63.9% are illiterate, women being 76.4% and men 46.5%;
• 2.6% have higher education;
• 30.6% have a mobile phone;
• 4.4% use a computer and 6.0% use the internet;
• 2.2% practice physical activity

Roughly speaking, it can be said that about six out of 10 elderly people are illiter-
ate, poor or very poor, family heads, receive a social pension, have no occupation and
never used any information and/or communication technology. Almost nine out of
ten are sedentary.

3.11 Health and national health service—philosophy, structures, and
budget

The right to health is constitutionally enshrined in Cabo Verde. The state must create
conditions for universal access to health, through an adequate healthcare delivery net-
work, the National Health Service (NHS). NHS philosophy is to offer health services
to all individuals and communities, as close as possible to their areas of residence and
at a minimal cost.

In addition to the central level comprising services to support the Ministry of
Health, the NHS is structured into three levels of care: primary care based on health
centers, secondary care based on regional hospitals and tertiary care based on central
hospitals.

Care provided to the elderly by primary care network contemplates the improve-
ment of access conditions to NHS, adequacy of specific space for care, follow-up of
elderly people, and implementation of activities intended to promote and/or improve
the independence of elderly people. Secondary and tertiary care networks still don’t
have geriatrics or palliative care services.

The functioning of the NHS is financed by the State Budget, Social Security, and
direct contributions from users.

In the first ten years following independence, the percentage of the state
budget allocated to health was low (Table 3.2). In the last five years, percentage has
fluctuated between 8% and 10.6%.

Table 3.2 Percentage of state budget allocated to health.

1976 1977 1978 1979 1980 1981 1982 1983 1984 1985 . . . a 2016 2017 2018 2019 2020
5.91% 4.37% 3.14% 2.87% 2.65% 1.95% 2.42% 1.46% 1.65% 1.72% . . . 8.8% 8% 10.6% 9.6% 9.5%

aData between 1986 and 2015 were not collected—timelined evolution of budgetary allocations to health is not the purpose of this chapter.
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3.12 Healthy and active aging policies

In 1998, WHO already drew attention to the importance of countries implementing
“active aging” policies to improve health, participation, and safety of aged citizens.In
Cabo Verde, elderly rights are constitutionally safeguarded, through special protection
by the family, society, and public authorities, and operationalized by the National
Policy Charter for Elderly.

With a specific chapter alluding to priorities, integrated in the National Health
Development Plan, 2012�16 (NHDP), the issue of elderly health has become even
more pertinent.

In 2015, a National Health Program for Elderly was approved. For the period
2017�21, a National Strategic Plan for Active Aging and Healthy Elderly was in
action, with five priority areas: multidisciplinary and network work, promotion of
health and active aging, continued care, coordinated management, and aging under
the perspective of intersectorality.

NHDP 2012�16 already forecasted the elaboration and implementation of proto-
cols on healthcare for elderly, a goal put into action with the elaboration of the
Protocol for Integrated Health Care for Elderly 2018�23.

Current Government’s program (2021�26) states to have the creation of a care
system for dependent elderly people, financial support for social solidarity institutions
dedicated to activities aimed to elderly, support to hosting centers managed by munic-
ipalities, all complemented with improvement of social services and medical and medi-
cation assistance for elderly.

NHS has been working to promote active and healthy aging through activities car-
ried out in collaboration with churches and development partners, including non-
governmental organizations. For better operationalization of activities, health structures
have a focal point intended towards elderly health, in turn articulated with central
level structures.

To facilitate the elderly’s access to health care, there is a policy of exemption from
user fees for consultations, medicines, and auxiliary diagnostic tests. For provision of
integrated continuous care, training of informal caregivers is foreseen.

3.13 Aging and poverty

The response to social and economic implications of aging and increased life expec-
tancy, must consider, as an emerging aspect, the heterogeneous nature of the elderly,
namely in developing countries.

Poverty, as a deprivation or lack of access to goods and services beyond subsistence,
affecting human beings in their existential dimension, violates human rights.

How is aging in Cabo Verde, where a fringe of the elderly population lives in pov-
erty? Around 23.7% of Cabo Verdeans live in extreme poverty, with less than US
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$1.90 a day. Extreme poverty mainly affects rural populations, where 18.8% of the
affected population are aged 65 years or older.31

United Nations defines the elderly, for developed countries as persons aged 65 years
or over, and for developing countries, such as Cabo Verde, as persons aged 60 years or
over.32 In Cabo Verde, age retirement is 60 years for women and 65 years for men.

Within the scope of policies to combat poverty, social promotion of the vulnerable
population, in which elderly people are included, is legally contemplated in Cabo
Verde, through adequate provisions in terms of food aid, medical and drug assistance
in public health establishments and allocation of a monthly social pension (US$47.54),
to all Cabo Verdeans aged 60 years and over, who have no monthly income.

Cabo Verde’s National Policy Charter for Elderly People puts in action social
objectives, in an integrated and articulated approach to problems affecting this aged
group. This Charter aims at specific responses for elderly, emphasizing integration and
attention to families, especially in the presence of special needs, and improving
achievements in the fight against poverty.

The eradication of extreme poverty, in all its forms and places, is a priority of sus-
tainable development goals (SDGs) to be achieved by 2030, together with falling by
half, the proportion of men, women and children, of all ages, living in poverty. Cabo
Verde assumed this commitment. At the national level, the Government assumed, for
the period 2016�21, the reduction of relative poverty to a single digit and the eradi-
cation of hunger and extreme poverty in the country, within the framework of pro-
moting inclusive economic growth.

Getting older as a poor person entails a lack of access to basic resources and services
that guarantee well-being of older people, and puts quality of life at risk, thus affecting
aged people at the physical, mental, social, cultural, environmental, and spiritual levels.

Understanding the effect of poverty on aging requires knowing paths of life and
Cabo Verdean reality. At the genesis of poverty are irregular and late deductions for
Social Security, low pay during the professional career and the burden of subsistence
for extended families, a quite common situation in Cabo Verde. Although Cabo
Verde is considered a medium development country, from the point of view of eco-
nomic sustainability, it is one of the most vulnerable countries in the world.31

3.14 Aging and gender

Worldwide and currently, due to gender gap in longevity, older women, in particular,
those aged 80 years or older, outnumber older men across the age range. In 2019, for
every 100 women aged 65 years or older, there were 81 men, and for every 100
women aged 80 years or older there were only 63 men. By 2050, elderly women are
expected to represent 54% of the world’s population aged 65 years or over.32 As previ-
ously described, women also have a longer life expectancy than men, in Cabo Verde.
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Although women live longer, they experience a worse quality of life compared to
men, mainly related to the gender effect. Gender structures the entire life cycle and
influences access to resources and opportunities. Difficulties associated with aging
women are not always known, as most studies on aging doesn’t consider specific char-
acteristics of men and women.33

In Cabo Verdean, the population that has never attended an educational establish-
ment, 10.9% are women, which correspond to double that of men, with 4.5%. The
literacy rate in the population aged 15 years or over was 87.7% in 2018, with 92.6%
being men and 83% women.31

Poor households have, on average, 3.8 years of schooling, compared to 7 years of
schooling recorded for non-poor households. Representatives of poor households are
mostly women (61%), compared to 51% for non-poor households.34

Females (53%) are the majority of poor people in Cabo Verde.34 Cabo Verdean
aged people was born and raised in a period when access to education was difficult,
mainly in rural areas. For cultural and social reasons, parents gave priority to their sons,
leaving daughters to help with domestic activities, so they could not study.

Clearly, gender is a determining variable in living and aging of individuals, with
direct implications on health, well-being and quality of life. However, social customs
change. What will be the best sense to give to evolution of customs to reduce and
eliminate the negative weight gender now provokes on women’s lives and aging?

Today, women continue to accumulate disadvantages throughout life, such as vio-
lence, discrimination, lower wages than men, double shifts, low education, loneliness due
to widowhood, greater risk of poverty and greater dependence on external resources.35

Cabo Verdean authorities have shown concern with social and gender inequalities
throughout life cycle, so specific measures are expected to correct social distortions,
while respecting biological and psychological specificities of old-aged women.

3.15 To a healthy living and active aging in Cabo Verde—the future

Approaches to best solutions to aging in Cabo Verde should be framed in the context
of the SDGs, namely in points 2 (Zero hunger), 3 (Good health and well-being), 10
(Reduced inequalities) and 11 (Sustainable cities and communities).

This requires integrated strategies, going from a healthy prenatal period of life to
healthy and active aging and social interactive participation of older people, always
ensuring conditions proper to human dignity.

Recommendations for public policies intended for the elderly should consider
these main principles:
1. The recognition of the elderly as a social asset
2. The spreading of the idea that it is never too late to promote health
3. Health care equity
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4. Empowering of autonomy and self-control
5. The respect and value of diversity

Cabo Verde’s first Strategic Plan for Active Aging was elaborated in 2017. It defines, as
main values for health care provision: equity, respect for culture, integrality and continuity.
The Plan (1) encourages intergenerational dialog and cooperation, (2) establish health con-
ditions, and the reform and update of health, social, economic and infrastructural policies
as main strategic axes to support elderly people, and (3) defines measures intended for
health prevention and promotion, the control, rehabilitation and management of health
conditions, the efficient control of chronic diseases, the offer of rehabilitation, integrated
continuous healthcare and palliative care, the training of informal caregivers, the education,
social promotion and autonomy of the elderly, the housing and accessibility to buildings
and the implementation of community centers and long-term care beds.

The Strategic Plan for Healthy Aging will be updated for the period 2021�25.
Strategies to adopt should consider: involvement of society, addressing social transfor-
mations in family and society and their impact on lives of elderly people, promotion
of social balance and cohesion, reinforcement of continuous training of health profes-
sionals and informal caregivers, effective creation of an integrated continuous health-
care network, creation of elderly statute defining specific rights and obligations of
elderly people, creation of an association of elderly people.

Furthermore, special attention should be paid to sustainability of Social Security:
increasing beneficiaries and reducing taxpayers due to reduction of young labor, will
put it in stress in the medium term.

When thinking about population aging, we should be thinking about the past, the
present and the future of Cabo Verdean society.

Public policies were designed and dimensioned for a young society in a demo-
graphic explosion. The next challenge will be adapting public policies to this new his-
torical cycle, marked by an increasing percentage of elderly people.

Current and future elderly people deserve a new paradigm of public policies intended
to create a balanced social protection plan and programs to supporting their rights, needs,
expectations and duties, allowing them the right to make plans, create new possibilities for
their life, be interested in the future, enjoy an active and healthy aging, and to live their
one life entirely and feel a living part of society, leaving no one behind!
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CHAPTER 4

Flagship initiatives to prevent and
treat diabetes as a burden of western
societies
Peter Goulden1 and Eugenia Carvalho2,3
1Icahn School of Medicine at Mount Sinai, Division of Endocrinology, Diabetes & Bone Disease, Department of Medicine,
Mount Sinai Morningside & West, New York, NY, United States
2CNC - Center for Neuroscience and Cell Biology, University of Coimbra, Coimbra, Portugal
3IIIUC - Institute for Interdisciplinary Research, University of Coimbra, Coimbra, Portugal

4.1 Introduction

One of the biggest challenges facing Western society is the human and economic costs
associated with the rise seen in diabetes cases, particularly over the last two decades.
The massive increase in diabetes has been called a tsunami. The twin drivers of obesity
and an aging demographic in most Western countries have underpinned the changes
seen. The underlying reasons for the massive rise in obesity cases are multifactorial,
however, it is clear this demographic shift has driven the enormous rise in diabetes
incidence seen in recent years. This increase in incidence requires access to providers
who possess the appropriate expertise both in primary and specialist care.

As the trends continue, there is a growing need to develop strategies that measure
the risks and address the challenges. Data is the key to driving this change, coupled
with the need to prove cost-effectiveness for any intervention made. Initiatives need
to be accessible, standardized, and sensitive to local conditions. A rural community
may have a very different need compared to a more urban area.

The COVID-19 pandemic has accelerated the pace of technology change in
healthcare, increasing telephone and video visits to provide diabetes prevention and
care. The use of video to deliver group classes has also provided much-needed
support.

We will outline the evident, behaviorally-focused initiatives in diabetes prevention
and treatment within North America. To best tackle the rise in obesity and diabetes, it
is clear that projects, which target and encourage behavioral change are essential. We
will outline specific evidence of projects, which have provided benefit, and how a
longer-term multidisciplinary team joint approach, is key to addressing this public
health challenge.
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4.1.1 Demographics of diabetes and prediabetes
The US center for disease control and prevention (CDC) 2020 report outlined the
current scale of the prevalence of diabetes and prediabetes in the US.1 The crude esti-
mates of the prevalence of diabetes in the US for 2018 in this report currently was
34.1 million adults or a total percentage of 13.0% (12.0�14.1) comprising 10.2%
(9.3�11.2) diagnosed and 2.8% (2.4�3.3) undiagnosed cases. It is projected that this
number may reach 64 million by 2050,2 putting a significant health and financial bur-
den on both to the individual and the larger population. Looking at this predicted
prevalence rise, it is critical to ensure that prevention and treatment initiatives are
responsive and reduce the overall number of cases and thus the cost to the individual
and society regarding diabetes complications. It is noteworthy that diabetes is one of
the most common causes of blindness in people of working-age.

The prevalence of prediabetes is also striking; comprising 88 million people, age 18
years or older or 34.5% of the adult US population. Part of this group comprises 24.2
million adults who are 65 years or older. This is a demographic challenge similarly
faced by many Western nations, and the twin drivers of obesity and an aging popula-
tion have underpinned these trends over time.

The term syndemic aptly describes the overlapping of the challenges of obesity,
undernutrition, and climate change.3 These challenges have become particularly acute
given the COVID-19 pandemic faced by the global population.4

One other area which can prove a challenge is food insecurity. Worldwide, it is esti-
mated that more than 800 million people live everyday not having access to sufficient
food, or food of adequate quality, to meet their basic needs. The United States
Department of Agriculture (USDA) estimated that in 2019, 10.5% or 13.7 million were
food insecure at some stage. This was a significant reduction from 11.1% in 2018.

Also, access to medical care is not guaranteed. Access to healthcare includes “the
timely use of personal health services to achieve the best health outcomes.5” This may
be impacted by the physician-to-patient ratios depending on local geography, financial
challenges faced, transport, and other barriers to care. Access is critical to ensuring the
individual can reach or be reached by the appropriate treatment program.

It makes sense that the target of interventions should be those who perhaps carry
the highest risk; the presence of prediabetes or diabetes in association with obesity pro-
vides such a target for intervention.

4.1.2 Healthcare literacy and numeracy
In 2014, the Institute of Medicine6 convened a roundtable that recognized that health
literacy might be defined as: “the product of the interaction between individual’s
capacities and the health literacy-related demands and complexities of the healthcare
system.” This is an important area in any chronic disease management program and
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particularly for those patients with prediabetes and diabetes. The ability to navigate
any healthcare system does impact access for those individuals. Health numeracy as
part of literacy is also a vital component of any diabetes education model. The patient
newly diagnosed with diabetes is suddenly thrust into a world of numbers: HbA1c,
serum glucose, blood pressure, cholesterol, etc. This can be daunting to the individual
who may struggle in this area and ensuring that the individual who needs support,
receives it. Health numeracy may be critical for interpreting everyday areas which
impact glucose management, such as following a diet or exercise plan. They must also
understand goals for glucose, calories, carbohydrates, physical activity, or choosing the
correct treatment dose, such as insulin.

The roundtable looked at the measurement of numeracy and focused on the
national assessment of health literacy (NAAL). The assessment includes the proportion
of adult Americans who fell into four quantitative literacy and numeracy levels. The
report noted that 22% of the population falls into a below introductory class of quanti-
tative performance. This is important given that assumptions are often made when
teaching diabetes management and prevention.

4.1.3 Food insecurity and dietary quality
Hanson and Connor6 have defined food insecurity as having four components.
Namely quantity, quality, feelings of deprivation, and disrupted eating. In their 2014
review, they noted that in 2012, about 20% of American households with children
were considered food insecure at some point during the previous year. In 10% of
households, children experience food insecurity, impacting both physical and mental
health.

This review noted that food insecurity impacted dietary quality in adults, specifi-
cally the intake of nutrient-rich vegetables, fruit, and dairy. It was also pointed out
that the association was less commonly related with reduced dietary quality in children
suggesting that parents were attempting to minimize the impact of food insecurity on
their children. Options to address this challenge have included addressing food insecu-
rity at either food distribution sites or alternatively at healthcare provider visits. This
highlights the importance of taking a proactive approach to managing this challenge
and importantly destigmatizing the subject so it can be addressed proactively

Given the impact of obesity on prediabetes and diabetes, it is clear that initiatives
that address this area are also important moving forwards.

4.1.4 Community engagement
A community-based participatory research (CBPR) has been shown to provide a
bridge between researchers and the community, which offers an opportunity to intro-
duce improvements in diabetes and prediabetes. One example of this work is with the
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Arkansas’s Marshallese Pacific Islander community, a population with a high preva-
lence of prediabetes and diabetes and facing difficulties with access to care historically.
Work done by McElfish et al. on adapting the diabetes self-management education
(DSME) curriculum to this population using a CBPR approach has been able to dem-
onstrate a significant improvement in glycemic control in this population.7 One of the
critical pieces was engaging the community in designing the program around the pop-
ulation mapped to community priorities and needs. This approach utilized a model
which included the family of the subject in work done.8 The advantage of this
approach was that when discussing behavioral change, the individual, instead of being
seen in isolation, was educated together with the family group on DSME.

This approach can be applied to any group which may struggle to access healthcare
or suffer a disproportionate burden of diabetes. Similar work to adapt to the require-
ments of other cultures is required to ensure equity of outcomes.

4.2 Impact of research: prediabetes

The two pivotal trials which have focused on diabetes prevention comprise the diabe-
tes prevention program (DPP)9 and the Finnish Diabetes Prevention Study.10 These
studies have concentrated on lifestyle intervention around physical activity and diet
and have proven key in providing an evidence base for approaches to diabetes preven-
tion. The information gleaned from this work has provided a foundation for the work
done to this day.

4.2.1 The diabetes prevention program study
The DPP comprised a group of 3234 subjects with an average body mass index (BMI)
of 34 kg/m2 with an average age of 51 years and fasting and/or two-hour plasma glu-
cose concentrations in the prediabetes range. Subjects were randomized in to one of
three groups.

The first group comprised intensive lifestyle intervention with a weight loss goal of
7%, including an exercise program of 150 min per week and a low-fat diet focusing
on behavioral change. The second group included metformin 850 mg twice a day plus
general diet and exercise information. The final group received a placebo plus infor-
mation on diet and exercise.

The DPP lifestyle intervention provides a clear guide on what works, given the
impact with a 58% reduction in the incidence rate of diabetes. It has provided a blue-
print for interventions that succeed. In 2002, the DPP research group published a
detailed description of the lifestyle intervention.11 The program’s key features included
an individually-assigned case manager or “lifestyle coach,” frequent contact, and a core
16 session program that taught self-management approaches for physical activity and
weight loss. All exercise sessions were supervised. The maintenance program was
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flexible, including group and one-on-one sessions, motivational techniques, and
“restarts” if needed. There was a focus on individualization and adherence. Notably,
the materials used were adjusted to be inclusive of ethnic diversity. In addition, there
was a network of training, feedback, and clinical support.

It is clear from the success of this research program that targeted interventions
worked exceptionally well. For example, the lifestyle arm of the DPP study was
almost twice as effective as the metformin arm, which showed a 31% reduction in dia-
betes cumulative incidence compared with the 58% seen in the lifestyle arm.

A follow-up of the DPP cohort, 15 years later showed the benefits persisted, albeit
to a lesser extent, with a reduction of 27% of diabetes cases in the lifestyle group.12

For those patients who did go on to develop diabetes, the participants delayed the
onset of the disease by around four years. An important question is the cost-
effectiveness of such an intervention. Metformin as a low-cost therapy has been
proven to be cost-saving.13

4.2.2 The finnish diabetes prevention study
This study included 522 patients with impaired glucose tolerance, a mean BMI of
33.2 kg/m2, and a mean age of 55 years to one of two groups. There was a control
group and a weight reduction/exercise program implemented with the other group.10

At the end of two years, the intervention group had achieved a mean weight loss
of 3.5 kg versus 0.8 kg in the control group. This translated into a cumulative inci-
dence of diabetes of 23% in the control group and 11% in the intervention group at
the end of four years; and an effective 50% reduction.

The benefits of the intervention lasted three years after with some attrition of the
effect from a 58% reduction in diabetes incidence during the trial and a 36% reduction
in the three-year follow-up.

4.3 Lifestyle interventions

4.3.1 The national diabetes prevention program
The national diabetes prevention program (national DPP) builds on the DPP blueprint
to create a program that partners with organizations from all sectors to prevent type 2
diabetes. This highlights the potential for private-public sector partnerships.
Organizations that form part of this partnership are diverse and include federal agencies,
state and local health departments, national and community organizations, employers,
public and private insurers, healthcare professionals, universities, and businesses that focus
on wellness. The National DPP was authorized by congress in 2020 based on the DPP
trial data. One of the critical drivers for the program was the evidence supporting cost-
effectiveness. A systematic review of literature was performed on the cost-effectiveness
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of diabetes interventions between January 1985 and May 2008 based on the cost per
life-year gained (LYD) or quality-adjusted life year.14 Intensive lifestyle interventions to
prevent type 2 diabetes in people with impaired glucose tolerance were shown to be
very cost-effective, defined as a cost of ,5 $25,000 per life-year gained.

Consequently, support was provided via grants from the C.D.C. to set up pro-
grams across the US. This has resulted in a registry of programs that deliver evidence-
based type 2 diabetes prevention programs in communities across the US.

4.3.2 Exercise
Initiatives that target exercise have been shown to impact diabetes risk. One key ques-
tion has been on duration and quantity. The DPP provides a blueprint with a goal set
of at least 700 kcal per week from physical activity. This equates to 150 mins per
week of moderate physical activities such as brisk walking. The evidence base available
supports the long-term effectiveness and durability of 150 min per week exercise pro-
grams. This is important given the need for longer-term consistency to maintain any
benefit. The DPP study encouraged the distribution of physical activity over at least
three sessions. Also, it indicates that up to 75 mins of strength training could count
towards this goal. While brisk walking was seen as a standard activity, other options
included aerobic dancing, bicycle riding, skating, and swimming.

A metaanalysis of 28 prospective studies published by Smith et al.15 showed that
for individuals exercising 150 min per week; there was a risk reduction of 26% (95%
CI 20%, 31%) for type 2 diabetes for those who achieved 11.25 MET h/week which
is equal to 150 min a week of moderate activity. At double this amount of training,
namely 5 h per week, there was a risk reduction of 36% (95% CI 27%, 46%). There
was evidence that benefits of exercise continue at levels significantly higher than those
recommended in current guidelines and that higher intensity physical activity provided
greater benefit than low-intensity training.

4.3.3 Pharmacologic therapy in prediabetes
For patients who are unsuccessful with lifestyle intervention, medication may provide
benefits. DPP clearly showed evidence of the ability of metformin to prevent the
onset of type 2 diabetes. This has provided another helpful tool to help patients at
increased risk. Patients in the DPP study received metformin 850 mg twice a day
alongside information on diet and exercise. This resulted in a 31% reduction in diabe-
tes cases diagnosed by fasting glucose and a 2-h post-glucose tolerance load. In the
follow-up study over ten years, diabetes prevention program outcomes study
(DPPOS) showed that ten years after the original trial, there was an 18% reduction in
the incidence of diabetes.
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4.4 Impact of research: diabetes

The four cornerstones of diabetes care include nutrition, physical activity, monitoring,
and medication adherence. There has been much evidence on the role of medical
nutrition therapy (MNT), which is essentially a nutrition prescription based on indi-
vidual needs and unique environment. The focus is often around total calories, quality
of calories, carbohydrate intake, and MNT, a component of the broader area of
DSME. The approach may include weight loss, carbohydrate consistency or counting,
meal timing, and the quality of calories consumed. Tailoring the approach to the indi-
vidual is vital; however, group education has also been used. In such cases, seeking
community engagement in designing and delivering the program may help.

4.4.1 Diabetes self-management education
Any patient with newly diagnosed diabetes or established diabetes should participate in
a diabetes self-management education program (DSMEP). This is defined as a program
that provides the individual with the self-efficacy to manage their diabetes effectively.
DSME may include a focus on dietary adherence, MNT, physical activity, medication
adherence, and/or complication prevention. DSME may take many forms, however,
all forms should cover the key areas of diabetes management to empower the patient
to manage their condition.

There is good evidence of how impactful DSME may be. Programs aim to provide a
core curriculum. The American Diabetes Association (ADA) and American Association of
Diabetes Educators (AADE) use the accreditation standards established by the National
Standards for Diabetes Self-Management Education Support (NSDSMES).16 The national
standards as outlined are:
1. Internal structure. The provider(s) of DSME will document an organizational

structure, mission statement, and goals. For those providers working within a
larger organization, that organization will recognize and support quality DSME as
an integral component of diabetes care.

2. External input. The provider(s) of DSME will seek ongoing input from external
stakeholders and experts to promote program quality.

3. Access. The provider(s) of DSME will determine who to serve, how best to
deliver diabetes education to that population, and what resources can provide
ongoing support for that population.

4. Program coordination. A coordinator will be designated to oversee the DSME
program. The coordinator will have oversight responsibility for the planning,
implementation, and evaluation of education services.

5. Instructional Staff. One or more instructors will provide DSME and, when applica-
ble, DSMS. At least one of the instructors responsible for designing and planning
DSME and DSMS will be a registered nurse, registered dietitian, or pharmacist
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with training and experience pertinent to DSME, or another professional with cer-
tification in diabetes care and education such as a CDE or individual Board
Certified in Advanced Diabetes Management (BC-ADM). Other health workers
can contribute to DSME and provide DSMS with appropriate training in diabetes
and with supervision and support.

6. Curriculum. A written curriculum reflecting current evidence and practice guide-
lines, with criteria for evaluating outcomes, will serve as the framework for the
provision of DSME. The needs of the individual participant will determine which
parts of the curriculum will be provided to that individual.

7. Individualization. The diabetes self-management, education, and support needs of
each participant will be assessed by one or more instructors. The participant and
instructor(s) will then together develop an individualized education and support
plan focused on behavior change.

8. Ongoing support. The participant and instructor(s) will together develop a per-
sonalized follow-up plan for ongoing self-management support. The participant’s
outcomes, goals and the plan for ongoing self-management support, will be com-
municated to other members of the healthcare team.

9. Patient progress. The provider(s) of DSME and DSMS will monitor whether par-
ticipants are achieving their personal diabetes self-management goals and other
outcome(s) as a way to evaluate the effectiveness of the educational intervention
(s), using appropriate measurement techniques.

10. Quality improvement. The provider(s) of DSME will measure the effectiveness of
the education and support and look for ways to improve any identified gaps in
services or service quality using a systematic review of process and outcome data.
These standards provide a framework for diabetes education that is comprehensive,

and takes into account both the patient and microcosm and macrocosm surrounding
the individual.

4.5 Summary and conclusions

The challenges faced to address the rising numbers of cases of prediabetes and diabetes
in the US are acute. The human and financial costs are profoundly concerning, so
there must be a focus on an intervention that will make a difference and prevent the
human cost. These challenges have been brought into sharp focus by the COVID-19
pandemic. As outlined above, the predicted rise in the number of cases needs to be
matched by a plan to have initiatives that manage both the significant rise in numbers
of instances of prediabetes as well as diabetes.

To have maximal impact, any approach must consider both the individual’s needs
and the impact of their environment. There is a need to be able to adapt strategies to
local needs and optimize local resources. The options around technology have also
grown markedly in recent years, and this also provides an exciting opportunity,
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tempered perhaps only by the need to recognize that this may vary depending on
location and socioeconomic resources.

For the patient with prediabetes, one challenge is to ensure an awareness of the
diagnosis, and take action focused on lifestyle changes. It may be that this drive to
modify behavior needs to be initiated by a conversation between the primary care
provider and patient and then ensuring access to an appropriate program that incorpo-
rates aspects of the DPP.

Diabetes self-management education and programs such as the diabetes prevention
program are at the heart of this plan. Ensuring a robust approach to providing educa-
tion to individuals newly diagnosed with diabetes is critical. Education that focuses on
the essential areas of medication management, nutrition, monitoring, and physical
activity is vital.

It is clear, that partnership between the umbrella organization, provider, and the
patient is vital and that the resources required to do this should be self-sustaining.
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CHAPTER 5

Determining factors on active aging in
Asia and Oceania: a systematic review
Yuezhong Liu1, Rakhi Verma2 and Yin-Leng Theng1
1Ageing Research Institute for Society and Education (ARISE), Nanyang Technological University, Singapore
2Nanyang Business School, Nanyang Technological University, Singapore

5.1 Introduction

Population aging has significant social, economic and health implications, which strains
existing models of social support, social insurance and pension systems and the health
sector. On the other hand, it also represents a significant opportunity for society to
accumulate more experience, knowledge and wisdom with a long lifetime.1 Globally,
there are more than 700 million people aged 65 and over, with more than 240 million
of them living in Asia and Oceania.2 The Asia and Oceania region represents about
46% of the world’s population, which also is one of the largest and fastest-growing
older populations in the world.

Meanwhile, healthy living and active aging are about creating the environments
and opportunities that enable people to be and do what they value throughout their
lives, which emphasizes the need for action across multiple sectors and enables older
people to remain a resource to their families, communities and economies.3

Encouraging physical activity and social participation are the key aspects of healthy
active aging, which reduces the risk of a range of ailments, for example, type 2 diabe-
tes, stroke, depression, etc. Countries and areas in the Asia and Oceania region should
take related action to prepare for the needs of an aging population. The coronavirus
disease 2019 (COVID-19) pandemic has served as a reminder of the importance of
digital solutions for the future. One of the important objectives in public health today
is to promote and maintain the health and well-being of the rapidly growing aging
population. Technology has been viewed as a tool to improve the independence of
older adults. In this chapter, we have identified and evaluated major active aging-
related technologies that are designed to assist older adults throughout the aging
process.

In summary, with a focus on Asia and Oceania, this chapter aims to review the
important indicators of active aging digital solutions that motivate older adults towards
mindset and behavioral changes in the literature in the last five years. Through key-
word frequency analysis, we defined several important determining factors often
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studied by researchers. Next, we will review the promising technologies, programs
and digital solutions (e.g., exergaming, wearable and smartphones, etc.) designed to
enhance active aging; and recommend ways of advancing research to improve access
to effective technologies for older adults.

5.2 Methodology

5.2.1 Population aging in Asia and Oceania
The Asia and Oceania region constitutes: Eastern Asia, Central Asia, Southern Asia,
South-Eastern Asia, and Oceania.2 Table 5.1 shows the Percentage of the Population
Aged 60 and Over in Asia and Oceania from 2000 to 2050. Sagaza4 divided Asia and
Oceania into three groups of countries and regions according to the level of popula-
tion aging. Here, they also categorized them accordingly, with the first group with the
most advanced aged areas such as Japan (28%), Australia (15.9%), and New Zealand
(16.0%) whose percentage of the older adults aged 65 and over is more than 15% in
2019.2 The second group consists of Korea (15.1%), Taiwan (15.1%), Thailand
(12.4%), Singapore (12.4%), and China (11.5%) whose percentage of the elderly is
between 10% and 15%. The third group is the remaining countries in this region
whose percentage is less than 10%, such as India (6.4%), Vietnam (7.6%), Indonesia
(6.1%), etc.

5.2.2 Data sources and search strategies
The scope of this systematic review focused on studying the determining factors moti-
vating older adults to exercise and engage in social participation through digital solu-
tions in Asia and Oceania. A literature search was performed based on the Preferred
Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) statement
(http://www.prisma-statement.org). We systematically searched the bibliographic
databases PubMed and Web of Science from 1 Jan 2016 to 19 Mar 2021. As there
were many synonymous terms to “active aging” in both practice and research, this
study included all synonyms of active aging in the search strategy referred to in Cosco

Table 5.1 Percentage of the population aged 60 and over in Asia and Oceania from 2000 to 2050.

Country/region Percentage of the population aged 60 and over (%)

2000 2015 2030 2050

East Asia 11.3 16.8 26.2 35.7
Central Asia 8.0 7.8 11.9 18.0
Southern Asia 6.7 8.4 12.0 18.9
South-Eastern Asia 7.4 9.3 14.6 21.0
Oceania 13.4 16.5 20.2 23.3
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et al.5 Hence, the specific search strategy included “active aging” along with seven
synonyms: “successful aging,” “healthy aging,” “aging well,” “productive aging,”
“vital aging,” “positive aging,” and “optimal aging.” These phrases were used with both
“aging” and “ageing” spelling conventions, “Asia” and “Oceania” as the selected region
and linked via the Boolean operator “OR.” We connected the mentioned string with
four practical ideas using the Boolean operator “AND.” The keyword used to search in
the titles and abstracts of the articles are listed in Table 5.2.

5.2.3 Study selection
Studies were included if the: (1) interventions were related in full or in part to older
adults (around 65 years and above); (2) interventions were intended to promote
healthy and active lifestyles in older participants in full or in part; (3) articles recorded
some form of outcome measures with or without process measures; (4) articles had at
least two measures (pre- and post-test). We excluded studies if they: (1) were reviews/
comments; (2) focused on the clinical study (i.e. not via social engagement program);
(3) performed prediction analyses or (4) were specific publication types that do not
report original scientific research (editorials, letters, legal cases and interviews).

5.2.4 Bias assessment
Following Cochrane’s method (Cochrane Collaboration’s tool) for assessing the risk of
bias, two reviewers were involved in the assessment of the bias of each study.6 Six
individual types of risk of bias were considered: (1) sequence generation, (2) allocation
concealment, (3) blinding of participants and personnel, (4) blinding of outcome asses-
sors, (5) incomplete outcome data, and (6) selection outcome reporting. The six
domains were given one of three ratings: “Low risk of bias,” ‘‘Unclear risk of bias” or
‘‘High risk of bias.” A study was rated as “Low risk of bias” when it received six strong
ratings and no weak ratings. A study was rated as moderate if it received one weak rat-
ing and less than four strong ratings. Finally, a study was rated weak if it received two
or more weak ratings. Study quality was assessed in terms of the reported association.

Table 5.2 Terms used to search relevant literature.

SI Search terms

1 active aging OR successful aging OR healthy aging OR aging well OR productive
aging OR vital aging OR positive aging OR optimal aging

2 1st Practical idea: 1 AND exergaming OR active video games;
2nd Practical idea: 1 AND wearables OR activity trackers;
3rd Practical idea: 1 AND smartphones OR mobile OR mHealth;
4th Practical idea: 1 AND web-based OR internet OR web;
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5.2.5 Data extraction
One paper reviewer performed data extraction, according to a standard protocol,
including measures of study design, technology type, demographics, and key findings.
Data extraction was appraised by a second reviewer for a random subsample of the
included studies. Fig. 5.1 shows the inclusion process of this proposed systematic
review.

Figure 5.1 An overview of the inclusion process.
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5.3 Results

The current selected research presents the ideas for healthy active aging practice and
raises questions for future research about reasons older adults do not exercise and
whether or not the mindset of behavior change can be sustained. Here are the four
practical categories for implementing digital solutions in the Asia and Oceania region
to help motivate older adults to partake in physical activity and social participation.7

5.3.1 Exergaming/active video games
In general, exergames/active video games benefit older adults, which is a feasible alter-
native to more traditional aerobic exercise.8 Table 5.3 lists all the reviewed papers for
Exergaming/Active Video Games from 2016 to 2021 in the world. Exergames make
it possible for older adults to physically interact via arm, leg or whole-body move-
ments with images onscreen in a variety of activities and sports, including boxing,
dancing, tennis, skiing, soccer and walking.9,14,19,21 Research has focused on how
these types of exergames can be used to encourage physical activity and improve well-
ness and well-being of individuals. Researchers from Taiwan10,11 reported exergaming
benefits in delaying disability and improving frailty status and the frailty phenotype in
older adults. The study from Australia20 evaluated the effectiveness of group-based
active video game programs by Nintendo Wii training on physical activity levels. In
Singapore, researchers developed an exergaming platform as “International -
Singapore Intergenerational Games (I-SING)” encouraging senior citizens to exercise
but also enabled intergenerational bonding between youth and old adults through fun
and interactive activities.19

In summary, exergames/active video games are a new emerging form of exercise
that has become popular among older adults in the Asia and Oceania region including
Taiwan, Australia and Singapore (Table 5.3). However, findings from the research
were not strong enough to warrant recommendations due to the small sample sizes
and heterogeneity in the study participants or exergaming platforms. Further research
is needed with larger sample sizes and less heterogeneity to adequately explore the
true effects of exergaming on the mindset of behavior change of older adults. From
the keyword frequency analyses, we identified the technology development determin-
ing factors on exergaming for older adults were in the field of physical, cognition and
gait.

The reviewed journal articles in this chapter confirmed that exergaming or active
video gaming had been used to improve physical activity levels and also can improve
the overall physical health of older adults (Table 5.3). Research has shown that exer-
games or active gaming are a safe, fun, and valuable means of promoting physical
activity in older adults. It promotes physical activity engagement and fostering social
cohesion with peers, thus mitigating loneliness among older adults.
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Table 5.3 Publications related to exergaming/active video games from 2016 to 2021 in the world.

ID Title and authors Country/region Year Exergames type Participants
size (n)

Age group Key findings

1 Effects of Exergaming on
Cognition and Gait in Older
Adults at Risk for Falling.9

United States 2020 8-week exergaming
program, gait

35 $ 65 An 8-week exergaming (EG)
program for older adults at risk
for falls contributed to modest
improvements in many
cognitive measures and single-
task but limited improvements
in dual-task gait measures,
compared with a traditional
physical exercise program.

2 Effects of Kinect-based
exergaming on frailty status
and physical performance in
prefrail and frail elderly: A
randomized controlled trial.10

Taiwan 2019 12 weeks with 36
exergaming
sessions

52 $ 70 Three out of 5 physical
characteristics of the frailty
phenotype, namely, weakness,
slow walking speed, and low
activity level, were significantly
reversed by both exergaming
and combined exercise.

3 Effects of a hybrid intervention
combining exergaming and
physical therapy among older
adults in a long-term care
facility.11

Taiwan 2018 12 weeks combining
commercial
exergaming with
physical therapy

17 $ 65 The hybrid intervention is safe and
feasible and could delay
disability in older adults.

4 Recalibrating disparities in
perceived and actual balance
abilities in older adults: A
mixed-methods evaluation of
a novel exergaming
intervention.12

United
Kingdom

2018 4-week exergaming
intervention in
which they
participated in
8-sessions

26 $ 70 The results demonstrate that
exergaming is possible to
recalibrate the perceptions of
older adults relating to their
balance abilities through
targeted, short-term
intervention.

5 Assessing dynamic postural
control during exergaming in
older adults: A probabilistic
approach13

Netherlands 2018 Six weeks of
unsupervised
home-exergaming

10 average 77.9 The probabilistic model is
suitable for real-time dynamic
postural control assessment



6 The effects of functional
training, bicycle exercise, and
exergaming on walking
capacity of elderly patients
with Parkinson disease: A
pilot randomized controlled
single-blinded trial.14

Brazil 2017 Eight weeks of
exergaming

62 $ 60 Eight weeks of exergaming can
improve the walking capacity of
elderly patients with Parkinson
disease (PD).

7 Neuropsychological Benefits of
neuro-exergaming for older
adults: A pilot study of an
interactive physical and
cognitive exercise system
(iPACES).15

United States 2017 Neuro-exergaming
(physical activity
with cognitive
training) using an
iPACES

30 $ 50 Results demonstrate feasibility for
older adults to use a novel and
theoretically-derived neuro-
exergame and also provide
promising new evidence that
neuro-exergaming can yield
greater cognitive benefit than
either of its component parts.

8 A community-based exergaming
physical activity program
improves readiness-to-change
and self-efficacy among rural-
residing older adults.16

United States 2017 8-week exergaming
program

265 70�89 Results suggest that an
exergaming-themed physical
activity intervention is effective
at increasing physical activity
participation and self-efficacy
for physical activity among
rural-residing older adults.

9 Effects of cycling and
exergaming on neurotrophic
factors in elderly type 2
diabetic men—a preliminary
investigation.17

Germany 2017 30-min submaximal
cycling with those
of exergaming

8 average 71 Acute exercise can increase
neurotrophic factors (BDNF,
VEGF) in elderly T2DM
patients, depending on exercise
mode.

10 Moving real exergaming engines
on the web: The
webFitForAll case study in an
active and healthy aging
living lab environment.18

Greece 2017 FitForAll web
exergaming
platform

116 N/A The combines a unified solution for
input devices such as Ms Kinect
and Wii Balance Board which
may seamlessly be exploited
through standard physical exercise
protocols (American College of
Sports Medicine guidelines) and
accommodate high detail logging
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Table 5.3 (Continued)

ID Title and authors Country/region Year Exergames type Participants
size (n)

Age group Key findings

11 Improving Psychosocial well-
being of older adults through
exergaming: the moderation
effects of intergenerational
communication and age
cohorts.19

Singapore 2016 Three Kinect
exergames sessions
were held on
every other day
within 1 week.

122 average 75 There was a significant decline in
social anxiousness and an
increase in sociability for
young-old participants playing
with youths. The sociability
improved significantly for old-
old participants playing with
their peers. There was also a
significant decrease in loneliness
after exergaming, but little
differences were found across
different play types or age
groups.

12 Investigating innovative means
of prompting activity uptake
in older adults with type 2
diabetes: A feasibility study of
exergaming.20

Australia 2016 4 weeks of group
Nintendo Wii
training

11 N/A Significant effects occurred on
moderate physical activity time,
total physical activity, dominant
handgrip strength, non-
dominant handgrip strength,
30-second chair stand and
400 m walk test. No effect was
observed for BMI, quality of
life, or balance.



5.3.2 Health wearables and activity trackers
Health wearables and activity trackers offer the opportunity to increase physical activity
through continuous monitoring.22 These devices are instruments generally worn on either
the trunk or limbs that measures duration, frequency and intensity of physical activity. The
gathered values are recorded and then downloaded to a computer for analysis and
interpretation. The primary advantages of activity trackers are that they are small, light-
weight and are usually not cumbersome. Moreover, physical activity data can be recorded
over prolonged periods, ranging from several days to even weeks.23,24 In Australia, Alharbi
et al.25 identified that wearable trackers encouraged users to increase their daily level of
physical activity and decrease waist circumference, facilitating atrial fibrillation diagnoses
and predicting length of stay. Redfern26 reviewed a gait assessment through the use of
wearables and highlighted the need for algorithms to measure it, culminating in the ability
to better detect and classify falls. Li et al.27 from Hong Kong investigated the factors that
contribute to the acceptance of such smart wearable models for older adults. They con-
cluded that the perceived usefulness, compatibility, facilitating conditions, and self-reported
health status significantly and positively affected older adults' intention to use such technol-
ogies. Table 5.4 lists all the reviewed papers for health wearables and activity trackers from
2016 to 2021 in the world.

There were two publications from Asia and Oceania regions, which are from
China and Hong Kong (Table 5.4). Studies have shown that older adults identify
motivations such as monitoring activity, improving health, receiving social support,
engaging in competition, and losing weight as reasons to start using wearable devices.
Research on investigating the use of wearable devices and activity trackers is still
emerging. User-centered design processes for development and training programs can
help older adults engage with digital health technology, however, more robust
research is needed to understand its benefits.

In the meantime, there are also many products and initiatives from regional com-
panies or governments to encourage physical activity and social participation for older
adults, such as Sony’s wearables from Japan including smartwatches, activity trackers,
and VR headsets; Samsung’s wearable portfolio from South Korea, Xiaomi from
China and initiatives like “The National Steps Challenge” in Singapore. Health wear-
ables and activity trackers show the possible results of motivating physical activity of
older adults. However, the reasons for older adults who did not join were still unclear.
Older adults are not a homogeneous group, future study needs to explore the percep-
tion and adoption of wearables by older adults.

5.3.3 Smartphones
The technology of mobile phones has changed dramatically over the past few years.
Mobile technology has spread rapidly around the globe. Today, it is estimated that
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Table 5.4 Publications related to health wearables and activity trackers from 2016 to 2021 in the world.

ID Title Country/region Year Wearable type Participants
size (n)

Age group Key findings

1 A social group-based
information-
motivation-behavior
skill intervention to
promote acceptability
and adoption of
wearable activity
trackers among
middle-aged and older
adults: Cluster
randomized controlled
trial.28

China 2020 7-month wrist-worn activity
trackers for acceptability and
adoption

149 $ 45 Higher adoption was also
observed among
participants in the
intervention arm, who
were twice as likely to
have valid daily step
account data than their
controlled counterparts

2 How are wearable activity
trackers adopted in
older adults?
comparison between
subjective adoption
attitudes and physical
activity performance.29

United States 2020 3-month activity trackers 16 65�77 Considering the accuracy of
the activity tracker and
older adults’ athletic
ability, moderate and
vigorous physical activity
times are more likely to be
a reliable measure of older
adults’ long-term use and
successful adoption of
activity trackers than step
counts.

3 Toward using wearables
to remotely monitor
cognitive frailty in
community-living
older adults: An
observational study.30

United States 2020 A pendant sensor to monitor
daily physical activities and
sleep for 48-h

163 average 75 Results support remote
patient monitoring using
wearables to determine
cognitive frailty.



4 The use of wearable
activity trackers among
older adults: Focus
group study of tracker
perceptions,
motivators, and barriers
in the maintenance
stage of behavior
change.22

United States 2019 Focus group study of activity
trackers

48 $ 65 The activity trackers may be
an effective technology to
encourage physical activity
among older adults,
especially those who have
never tried it

5 Accuracy of consumer-
level and research-
grade activity trackers
in ambulatory settings
in older adults.31

Ireland 2019 Six trackers (Fitbit Charge2,
Garmin VivoSmart HR1 ,
Philips Health Watch,
Withings Pulse Ox,
ActiGraph GT9X-BT,
Omron HJ-72OITC) for
estimating: Steps, traveled
distance, and heart-rate
measurements

18 65�74 Every tracker showed a
decreasing accuracy with
slower walking speed,
which resulted in a
significant step under-
counting.

6 Health monitoring
through wearable
technologies for older
adults: Smart wearables
acceptance model.27

Hong Kong 2019 Survey samples and feedback
from activity trackers

146 $ 60 The results indicated that
perceived usefulness,
compatibility, facilitating
conditions, and self-
reported health status
significantly and positively
affect older adults’
intention to use such
technologies.

7 Motor planning error:
Toward measuring
cognitive frailty in
older adults using
wearables.32

United States 2018 an interactive instrumented trail-
making task (iTMT) platform

32 $ 65 The motor planning error
could be estimated from a
low-cost and simple
wearable platform, is able
to simultaneously
determine cognitive and
motor impairments

(Continued)



Table 5.4 (Continued)

ID Title Country/region Year Wearable type Participants
size (n)

Age group Key findings

8 Wearables to support self-
management of older
adults with chronic
diseases: A qualitative
study from the
perspectives of patients
and physicians.33

Germany 2018 A semi-structured questionnaire
design

14 N/A The usage of wearable
devices could have a
positive effect on the
course of the disease;
however, personality and
environmental factors
should be taken into
account to individually
adjust and support the
usage of wearable devices.

9 Older Adults' Acceptance
of Activity Trackers34

United States 2017 28-day field study 16 65�75 The heuristic evaluation
revealed usability barriers
in system status visibility,
error prevention,
consistency and standards.
The field study revealed
additional barriers (e.g.,
accuracy, format) and
acceptance-facilitators
(e.g., goal tracking,
usefulness,
encouragement).



more than five billion people have mobile devices, and over half of these connections
are smartphones.35 Given the rapid growth of mobile phones, their potential as a plat-
form for improving the health of older adults should be explored and there is much
research that has been conducted across Asia and Oceania regions (Table 5.5). In
Korea, Kwak et al.52 developed a healthcare application for the elderly who suspect or
know they have a hearing loss, named, the Hearing Rehabilitation for Older Adults
(HeRO), which is available in a mobile device and used to confirm the probability of
acceptance among elderly users. Koo and Vizer53 described research on mobile tech-
nologies that support people with dementia to (1) perform daily activities, (2) maintain
social interaction, (3) aid memory, (4) engage in leisure activities, (5) track location,
and (6) monitor health. Hoque and Sorwar54 from Bangladesh developed a theoretical
model based on the Unified Theory of Acceptance and Use of Technology and tested
it for determining the key factors influencing elderly users' intention to adopt and use
the mHealth services. In China, Lin et al.55 revealed that mobile devices had a signifi-
cant association with the cognitive function and depressive symptoms of older adults
living in residential care homes (RCHs), and thus should be encouraged as a measure
to maintain and improve cognition and prevent depression. Zhong and Rau38 pointed
out that a phone app is a health management tool for older adults to self-manage their
gait quality and prevent adverse outcomes. Huang et al.56 from Singapore showed that
applications could play an important role in complementing multifaceted diabetes
care, but should preferably be regulated, context-specific, and more tailored to users'
needs with clear guidance for patients and clinicians about the choices. Ahmad et al.57

from Malaysia reviewed older adults' willingness, perceived barriers and motivators
towards the use of mobile apps to monitor and manage their health.

Hence, in Asia and Oceania region, smartphones were widely available to test and
validate how to help older adults in terms of self-management and lifestyle. There
were two publications from Korea and Taiwan separately, and one publication from
China (Table 5.5). It had been established that the rate of smartphone ownership
declined with age. The keyword frequency analyses indicated that smartphone applica-
tions used for the older population could help with the engagement with physical
activity and reducing frailty (speech recognition, fitness, food, etc.). Smartphones could
assist older adults in various aspects of their lives, such as medication adherence, life-
long learning, and survival. The current proliferation of smartphones has resulted in
widespread development and availability of digital health interventions with the
potential to mitigate many health risks such as cardiovascular disease. Studies demon-
strated the effectiveness of text messaging and applications in improving health out-
comes as well.

However, less research had been conducted on behavioral changes of older adults.
In the future, it would be important to take psychosocial factors such as social support
and region into consideration while designing a mobile phone-based physical activity
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Table 5.5 Publications related to smartphones from 2016 to 2021 in the world.

ID Title Country/region Year Smartphones type Participants
size (n)

Age group Key findings

1 Design and usability
evaluation of
mobile voice-
added food
reporting for
elderly people:
Randomized
controlled trial.36

Taiwan 2020 Two innovative mobile
voice-added apps for
food intake reporting,
namely voice-only
reporting (VOR) and
voice-button
reporting (VBR)

57 $ 60 As voice-only reporting
(VOR) outperformed
and voice-button
reporting VBR, it
suggested that voice-
only food input
reporting is preferable
for elderly users.

2 User-dependent
usability and
feasibility of a
swallowing training
mHealth app for
older adults:
Mixed-methods
pilot study.37

Korea 2020 Swallowing training
apps

11 average 75.7 Qualitative analyses via
semi-structured
interviews yielded
promising outcomes
regarding app
acceptability, training
program utilization,
emotional responses,
and learning.
experience.

3 A mobile phone-
based gait
assessment app for
the elderly:
Development and
evaluation.38

China 2020 A gait-monitoring
mobile phone app

148 $ 60 Older adults identified
improvements such as
larger font size, the
inclusion of reference
values for gait
parameters, and
inclusion of heart rate
and blood pressure
monitoring.



4 Mobile computing
technologies for
health and mobility
assessment:
Research design
and results of the
timed up and go
test in older
adults.39

Portugal 2020 XIAOMI MI 6 40 $ 60 These timed-up and go
test parameters could be
automatically and
reliably detected with a
mobile device.
Moreover, we identified
that the time to perform
the timed-up and go
test increases with age
and the presence of
diseases related to
locomotion.

5 m-SFT: A novel
mobile health
system to assess the
elderly physical
condition.40

United
Kingdom

2020 A comparative study
using mobile Senior
fitness test (m-SFT)
for health evaluation

7 53�61 The m-SFT is a reliable
and easy-to-use
mHealth system for the
evaluation of the
elderly’s physical
condition, and is also
useful in intervention
programs to follow-up
with the patient's
evolution.

6 Effect of an mHealth
wheelchair skills
training program
for older adults: A
feasibility
randomized
controlled trial.41

Canada 2019 A 4-week monitored
home training
program with a
computer tablet

18 $ 50 Enhancing participation in
the community by
improving wheelchair
skills participants
demonstrated good
program adherence and
clinical benefits were
evident in community
participation and
wheelchair self-efficacy.

(Continued)



Table 5.5 (Continued)

ID Title Country/region Year Smartphones type Participants
size (n)

Age group Key findings

7 Mobile geriatric teams
- a cost-effective
way of improving
patient safety and
reducing traditional
healthcare
utilization among
the frail elderly? A
randomized
controlled trial.42

Sweden 2019 Mixed methods to
measure the
effectiveness and user
satisfaction of mobile
geriatric team

62 average 84 The Mobile Geriatric
Team initiative was
clearly appreciated but
did not fully achieve the
desired reduction in
healthcare utilization in
this study.

8 Trainer in a pocket—
proof-of-concept
of mobile, real-
time, foot
kinematics
feedback for gait
pattern
normalization in
individuals after
stroke, incomplete
spinal cord injury
and elderly
patients.43

Germany 2018 Four weeks post-
training a follow-up
visit was performed.
Visits started with an
initial gait analysis
(iGA) without
feedback, followed
by 5 feedback
training sessions of
2�3 min and gait
analysis at the end.

15 $ 65 Mobile, real-time,
verbalized feedback is
feasible and results in a
normalization of the
feedback gait parameter.

9 Evaluating
authentication
options for mobile
health applications
in younger and
older adults.44

Canada 2018 102 18�30 years
(n5 59)
50 years
(n5 43)

On mobile devices, PIN
and pattern-lock
outperformed graphical
passwords and swipe-
style fingerprints.



10 Use of speech analyses
within a mobile
application for the
assessment of
cognitive
impairment in
elderly people.45

France 2018 A mobile application
while performing
several short vocal
cognitive tasks during
a regular consultation

165 average 76.2 The potential value of
vocal analytics and the
use of a mobile
application for accurate
automatic differentiation
between SCI, MCI and
AD. This tool can
provide the clinician
with meaningful
information for
assessment and
monitoring of people
with MCI and AD
based on a noninvasive,
simple and low-cost
method.

11 Efficacy of bingocize:
A game-centered
mobile application
to improve physical
and cognitive
performance in
older adults.46

United States 2018 Using the app for
1 hour, twice per
week, for 10 weeks

85 N/A The fun and interactive
nature of Bingocize
engender high levels of
adherence to a health-
promoting program in a
difficult to serve
population, serving as a
conduit to potentially
improve multiple aspects
of quality of life for older
adults.

12 Speech perception
enhancement in
elderly hearing aid
users using an
auditory training
program for mobile
devices.47

Korea 2017 An auditory 4-week
training program
using a mobile device

20 average 75.6 This result pattern suggests
that a moderate amount
of auditory training using
the mobile device with
cost-effective and
minimal supervision is
useful when it is used to
improve the speech
understanding of older
adults with hearing loss

(Continued)



Table 5.5 (Continued)

ID Title Country/region Year Smartphones type Participants
size (n)

Age group Key findings

13 iTrack: Instrumented
mobile
electrooculography
(EOG) eye-
tracking in older
adults and
Parkinson's
disease.48

United
Kingdom

2017 Wireless mobile EOG;
Head-mounted
Dikablis mobile eye-
tracker; IR used a
dual-camera system

20 $ 50 The developed algorithm
for saccade detection
and measurement in
EOG signal can detect
saccades in EOG data
and agreed well with
video inspection and IR
algorithm output during
static testing.

14 Evaluate the usability
of the mobile
instant messaging
software in the
elderly.49

Taiwan 2017 Instant messaging (LINE
app)

41 $ 50 The positive acceptance of
LINE APP in the
elderly refers to the
probable similar
acceptance for them to
use other
communication
software.

15 Effects of three
motivationally
targeted mobile
device applications
on initial physical
activity and
sedentary behavior
change in midlife
and older adults: A
randomized trial.50

United States 2016 An initial 8-week
evaluation of three
different customized
physical activity-
sedentary behavior
apps

95 $ 45 The results provide initial
support for the use of a
smartphone-delivered
social frame in the early
induction of both
physical activity and
sedentary behavior
changes.



16 A mobile application
improves therapy-
adherence rates in
elderly patients
undergoing
rehabilitation: A
crossover design
study comparing
documentation via
iPad with paper-
based control.51

Germany 2016 A mobile application
Medication Plan,
installed on an Apple
iPad

24 average 73.8 A mobile app for
medication adherence
increased objectively
and subjectively
measured adherence in
elderly users undergoing
rehabilitation. The
findings have promising
clinical implications:
Digital tools can assist
chronic disease patients
to achieve adherence to
medication and blood
pressure measurement.



motivation app. The mindset feedback of the participants would help to design more
effective smartphone apps.

5.3.4 Web-based programs
There are more than 2.3 billion internet users, which equates to 50.3% of the world’s
internet users being within the Asia and Oceania region.58 Internet users are becoming
more representative of the overall population, including older adults. Internet-based
interventions that incorporate professional and social support, and provide instructions
to change behavior and problem solve in an interactive manner appear to be effective
in that they provide a solution to many of the traditional barriers to exercise, including
lack of time or money.59 The Internet is also an important source of health- and
fitness-related information for more than half of all users.60 From China, Chen et al.61

investigated the knowledge, perceived beliefs, and preventive behaviors towards
COVID-19 of older adults in China and determined the factors that influence their
practice of preventive behaviors. Chiu62 showed that older adults with different inter-
net behaviors were associated with distinct sociodemographic and social engagement
behaviors in Taiwan. Jo et al.63 indicated that the elderly acknowledged its necessity
and showed a high level of willingness after acquiring enough awareness about the
integrated smart home system's benefits. From Australia and New Zealand, research
investigated whether an educational training course on using the internet and touchsc-
reen technology (TT) would decrease social isolation64 and highlighted that internet
use can support older adults' well-being.65 In Singapore, Cao et al.66 evaluated that
online health coaching could provide older adults with knowledge of nutrition and
exercise, raised their awareness of well-being in terms of daily meals and regular exer-
cise, and provided an alternative to maintain a healthy lifestyle amidst the global pan-
demic. Table 5.6 shows the selected publications in the world.

The web-based programs became more popular after the COVID-19 pandemic in
Asia and Oceania region. Table 5.6 shows the web-based related research projects
from Australia, China, Malaysia and Taiwan. However, it was still too early to con-
clude the effectiveness of the web-based programs for older adults with limited partici-
pants and sampling. The COVID-19 pandemic also gave opportunities for further
investigations on internet use and web-based programs to improve healthy active
aging. Web-based might be a preferred method for delivering interventions because of
its accessibility, especially for older adults, among whom internet usage had been
increasing rapidly in recent years. Selected studies showed that online programs had
the potential to positively impact the physical activity of sedentary older adult partici-
pants. The top three determining factors on the usage of web-based programs for
active aging are cognition, physical activities, depression.
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Table 5.6 Publications related to smartphones from 2016 to 2021 in the world.

ID Title Country/region Year Web-based type Participants
Size (n)

Age group Key findings

1 Comparing web-based
and classroom-based
memory training for
older adults: The
ACTIVE memory
works study.67

United States 2021 5�6 weeks web-
based and
classroom-based
memory training,
10 sessions

208 Average 71.1 No significant training
effects were found.
Demonstrated that a
web-based platform is an
acceptable and feasible
mode to provide memory
training to healthy older
adults. Further studies are
needed to investigate the
potential of web-based
memory training
programs for improving
cognition and function in
cognitively healthy older
adults.

2 A pilot study of health
coaching on older
adults’ personal
healthcare and
maintenance during
the outbreak of
COVID-19 in
Singapore.66

Singapore 2021 online health
coaching
intervention,
training, consisted
of four modules
(introduction to
gerontology,
nutrition for older
adults, exercise and
fitness, and health
coaching basics)

18 $ 55 The health coaching
provided older adults
with knowledge of
nutrition and exercise,
raised their awareness of
well-being in terms of
daily meals and regular
exercise, and provided an
alternative to maintain a
healthy lifestyle amidst
the global pandemic.

(Continued)



Table 5.6 (Continued)

ID Title Country/region Year Web-based type Participants
Size (n)

Age group Key findings

3 Usability, acceptability,
and effectiveness of
web-based
conversational
agents to facilitate
problem solving in
older adults:
Controlled study.68

United
Kingdom

2021 Automated chatbot
interventions

112 Average 69.21 Participants in the ’method
of levels approach
chatbot’ group spend
significantly longer time
interacting, having a
lower problem with
distress than humanistic
counseling approach/
chatbot.

4 Web-based exercise
versus supervised
exercise for
decreasing visceral
adipose tissue in
older adults with
central obesity: A
randomized
controlled trial.69

Sweden 2020 10 weeks of
supervised exercise
(SE) and 10 weeks
of web-based
exercise (WE)

77 $ 70 Ten weeks of vigorous WE
is insufficient to decrease
VAT in centrally obese
older adults but sufficient
to decrease FM while
preserving lean body mass
(LBM).

5 Knowledge, perceived
beliefs, and
preventive behaviors
related to COVID-
19 among Chinese
older adults: Cross-
sectional web-based
survey.61

China 2020 a cross-sectional,
web-based survey
was administered
to Chinese older
adults

1051 $ 60 Most older residents had
adequate knowledge and
positive beliefs regarding
COVID-19 and engaged
in proactive behaviors to
prevent the disease.



6 Participation,
retention, and
utilization of a web-
based chronic
disease self-
management
intervention among
older adults.70

United States 2019 12 month Web-based
self-management
(web-based SM)
interventions

462 Average 59.43
(range 34 to
76)

Though older adults (. 60
of age) were less likely to
choose to participate
(F5 57.20, P, .001), a
slight majority of
participants in the
experiment (53%) were
over 66 years of age.
Enrolled older adults
utilized website
management tools at a
rate equivalent to
younger participants.

7 Evaluation of a guided
internet-based self-
help intervention for
older adults after
spousal bereavement
or separation/
divorce: A
randomised
controlled trial.71

Switzerland 2019 3-month a guided
internet-based self-
help intervention
for prolonged grief
symptoms after
spousal
bereavement or
separation/divorce
compared to a
wait-list control
group

110 Average 51 An internet intervention
based on models for
coping with grief after
bereavement was not
only beneficial for
widowed but also
separated or divorced
participants

8 Healthy aging through
internet counseling
in the elderly
(HATICE): A
multinational,
randomised
controlled trial.72

Netherlands,
Finland and
France

2019 18 months with an
interactive internet
intervention
stimulating coach-
supported self-
management or a
control platform

2724 $ 65 Coach-supported self-
management of
cardiovascular risk factors
using an interactive
internet intervention is
feasible in an older
population and leads to a
modest improvement of
cardiovascular risk profile.

(Continued)



Table 5.6 (Continued)

ID Title Country/region Year Web-based type Participants
Size (n)

Age group Key findings

9 The effectiveness of a
web-based health
education tool,
WESIHAT 2.0,
among older adults:
A randomized
controlled trial.73

Malaysia 2019 The web-based
application,
WESIHAT 2.0, for
improving
cognitive function,
physical fitness,
biochemical
indices, and
psychosocial
variables among
older adults

150 $ 60 Significant intervention
effects were observed for
self-perception of
disability and
informational support
scores.

10 A randomized
controlled trial of
internet-delivered
cognitive behavior
therapy to prevent
the development of
depressive disorders
in older adults with
multimorbidity.74

Australia 2019 Internet-delivered
cognitive-
behaviour therapy
(iCBT)

302 $ 65 These results indicate that
depressive disorder was
prevented in the first six
months following iCBT
with three times the
number of cases of
depressive disorder in the
control group compared
to the treatment group.

11 Efficacy of an
individually tailored,
internet-mediated
physical activity
intervention in older
adults: A
randomized
controlled trial.75

United States 2019 A 12-week Internet-
mediated physical
activity
intervention for
increasing walking
behavior in
inactive older
adults

170 $ 55 Individually tailored,
Internet-mediated PA
interventions are an
effective way to
significantly increase
physical activity in older
adults.



12 Relationship Between
Internet Behaviors
and social
engagement in
middle-aged and
older adults in
Taiwan.62

Taiwan 2019 Telephonic interview
data of older
internet users from
two urban and two
rural areas were
analyzed.

248 N.A. Older adults with different
internet behaviors were
associated with distinct
sociodemographic and
social engagement
behaviors

13 Designing an Internet-
Based multidomain
intervention for the
prevention of
cardiovascular
disease and cognitive
impairment in older
adults: The
HATICE trial.76

3 European
countries
(Finland,
France, and
The
Netherlands)

2018 18 months multi-
domain
intervention
through a coach-
supported,
interactive,
platform

2725 651 Despite differences in
cardiovascular disease
(CVR) management
within the countries
considered, it was possible
to design and implement
the HATICE
multidomain
intervention. The study
can help define
preventative strategies for
dementia and CVD that
are applicable
internationally.

14 A web-based
multidomain
lifestyle intervention
with connected
devices for older
adults: Research
protocol of the
eMIND pilot
randomized
controlled trial.77

France 2018 A randomized
controlled trial
(RCT) using a
web-based
multidomain
intervention for
older adults

120 $ 65 There is a high amount of
adherers (i.e., .75%
compliance to the
protocol) to reflect the
feasibility.

(Continued)



Table 5.6 (Continued)

ID Title Country/region Year Web-based type Participants
Size (n)

Age group Key findings

15 The effectiveness of a
web 2.0 physical
activity intervention
in older adults—a
randomised
controlled trial.78

Australia 2018 Either a paper
logbook (n5 171),
a Web 1.0
(n5 165) or a Web
2.0 (n5 168)
physical activity
intervention

504 , 55 (n 5
299)
$ 55 (n 5
205)

Results partially support the
use of Web 2.0 features
to improve adults over
55s' engagement in and
behavior changes from
web-based physical
activity interventions.

16 Internet cognitive-
behavioral therapy
for depression in
older adults with
knee osteoarthritis:
A randomized
controlled trial.79

Australia 2018 A 10-week internet-
based cognitive-
behavioral therapy
(iCBT) program

69 $ 50 Results support the efficacy
of an iCBT program
(requiring no face-to-face
contact) for depression in
individuals with
comorbid depression and
Osteoarthritis of the knee.

17 Individually tailored
internet-based
cognitive behavior
therapy for older
adults with anxiety
and depression: A
randomised
controlled trial.80

United States 2018 8-week internet
support cognitive
behavior therapy
(ICBT) program

79 . 60 We conclude that guided,
tailored ICBT may be
effective for some older
adults and that the role of
cognitive function needs
to be investigated further.

18 Development and
evaluation of two
web-based
interventions for the
promotion of
physical activity in

Germany 2017 A web-based
intervention for 10
weeks allowing
them to track their
weekly physical
activity

228 $ 65 This study will provide
answers regarding the
acceptance and
effectiveness of web-
based interventions
promoting uptake and



older adults: Study
protocol for a
community-based
controlled
intervention trial.81

maintenance of regular
physical activity in
persons aged 65�75
years.

19 Development and
validation of an
interactive internet
platform for older
people: The healthy
aging through
internet counseling
in the elderly
study.82

Netherlands 2017 8-week with the
interactive internet
platform

41 $ 65 Participants used the
interactive features of the
platform and appreciated
the coaching support.

20 Internet-based
vestibular
rehabilitation for
older adults with
chronic dizziness: A
randomized
controlled trial in
primary care.83

United
Kingdom

2017 A single-center,
single-blind
randomized
controlled trial
comparing an
Internet-based
vestibular
rehabilitation
intervention
(Balance
Retraining) with
usual primary care
in patients

296 Average 67 Internet-based vestibular
rehabilitation reduces
dizziness and dizziness-
related disability in older
primary care patients
without requiring clinical
support.

(Continued)



Table 5.6 (Continued)

ID Title Country/region Year Web-based type Participants
Size (n)

Age group Key findings

21 Cognitive cooperation
groups mediated by
computers and the
internet present
significant
improvement of
cognitive status in
older adults with
memory complaints:
A controlled
prospective study.84

Brasil 2017 A prospective
controlled
intervention study
carried out to
estimate the effect
of participating in
cognitive
cooperation
groups, mediated
by computers and
the internet, on
the mini-mental
state examination
per cent variation
of outpatients

293 $ 60 The results suggested that
cognitive cooperation
groups, mediated by
computers and the
internet, are associated
with cognitive status
improvement of older
adults in memory clinics

22 An internet-based
physical activity
intervention to
improve quality of
life of inactive older
adults: A
randomized
controlled trial85

Netherlands 2016 A 3-month Internet
program-DirectLife
(Philips)-aimed at
increasing physical
activity using
monitoring and
feedback by
accelerometry and
feedback by digital
coaching

235 $ 60 This study shows that an
internet-based physical
activity program was
effective in improving
quality of life in 60�70-
year-olds after 3 months,
particularly in participants
that reached their
individually targeted
increase in daily physical
activity.



5.4 Discussion and concluding remarks

Technological devices and systems such as exergaming/Active Video Games, Health
Wearables and Activity Trackers, Smartphones, and Web-based Programs hold consid-
erable promise in assisting a growing older population to age in place. These technolo-
gies alleviate pain points of traditional healthcare systems, with the potential to
increase access to healthcare significantly, while allowing seniors to age in place and
receive long-term care in community-based settings. The motivation of participating
in these digital solutions in the pre-implementation stage is influenced by multiple fac-
tors, like perceived usefulness, compatibility, facilitating conditions and self-reported
health status. However, post-implementation research on the mindset of behavior
change by community-dwelling older adults is low in recent years. Further research is
needed to investigate if and how these digital solutions and determining factors in this
review are interrelated for active aging, and how they also relate to a sustainable
engagement and mindsets of behavior changes for older adults in the Asia and Oceania
region.

The usefulness of active aging gadgets majorly depends on the user’s functional,
social and behavioral characteristics as well as their ability to adapt to their needs and
preferences. As described, exergaming improves physical activity levels mainly focusing
on the use scenarios of cognition, walking gait, and falling. In the meantime, the
major health wearables are designed to address cognition, motor skills, and monitoring.
Smartphones help with speech recognition, fitness and food. And web-based program
aims to improve cognition, depression and education. In summary, the requirements
from cognition, frailty (walking, monitoring and motor) will be the main determining
factors for active aging in Asia and Oceania in the following years. The design of such
active aging devices or platforms should be directed to suit these factors for older
adults. Hence, we propose enhanced and active research by multidisciplinary teams of
healthcare personnel, end-user patients, caregivers, psychologists, social workers, archi-
tects and designers, from the first phase of concept development to the final stages of
product development.

There are several limitations with active aging technologies research and usage.
First, many technologies are in the early stages of development and have only been
tested in small, nonrepresentative samples. Second, a multidisciplinary approach is very
critical for product development for the needs of the aging population. The research
teams typically have expertise in product development and marketing; but, in most
cases, they do not have the experience, resources, or motivation to conduct clinical or
community-based trials. Third, since there is not much understanding of the sustain-
ability and scaling of technology-enabled programs, the evaluation remains incom-
plete. Fourth, government and private funding for research development and testing
are limited across Asia-Oceania and worldwide. Some of the recommendations include
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further research on a clear understanding of the concepts of active aging and the mag-
nitude of its associations with improvement among older adults. Researchers and pol-
icymakers need to understand how active aging using technology can intervene to
improve the health of an aging population. Along with the aging technologies devel-
opment, the government can also initiate lifelong learning programs for older adults to
facilitate the pervasive adoption of digital and smart technologies for increasing their
active aging level. These policies should be integrated into older adult healthcare and
easy access for assistive devices. There should be the promotion of healthcare measures
such as availability of an exercise center, recreation center, rehabilitation center and
facilities for an annual health check-up. Implementation of technology as assisting and
monitoring health would help increase active aging among older adults. In turn, it will
be helpful with the independent living of aging people and thus increasing the quality
of life of the aging population.
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6.1 Introduction

Aging is defined as a dynamic event influenced by biological, physiological, psychological,
environmental, behavioral, and social processes intermingled.1 It can also be considered an
age-dependent or age-progressive decline in physiological function, resulting in elevated
mortality rate and reduced reproductive function.2

The central challenge faced by societies with a rising number of older people is
ensuring that individuals grow older actively, socially engaged, and free of disability dur-
ing most of their lives, characterizing the so-called active aging, which is often used
interchangeably with terms such as “healthy,” “successful,” or “productive aging.” The
WHO defines active aging as the process of optimizing health, participation, and security
opportunities to improve quality of life as people age. The concept of active aging
includes six groups of determinants: (1) health and social services (e.g., health promotion
and disease prevention, health services, continuous care and mental health care); (2)
behavioral (e.g., smoking, physical activity, food intake, oral health, alcohol and medica-
tion use); (3) personal (e.g., biological, genetic and psychological factors); (4) physical
environment (e.g., friendly environment, safe house, fall prevention, absence of pollu-
tion); (5) social (e.g., social support, violence and abuse prevention, education); (6) eco-
nomic (e.g., wage, social security, work), embedded in a cultural and gender context.3
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Even though there is a lack of consensus regarding the definition of healthy aging,4

the scientific community has tried to identify beneficial factors that enable individuals
to age in a physically and mentally healthy way. Several modifiable factors could
reduce premature death, prevent morbidity and disability, and improve quality of life
and well-being, hence contributing to the likelihood of healthy aging. Compression
of morbidity (a reduction over time in the total lifetime days of disability) in old age
could be achieved by successful interventions early in life, as many disabilities are the
result of the accumulation of a hazardous lifestyle.5

High-income countries show some evidence that compression of morbidity is tak-
ing place, as noted from trends of functioning and disability status. However,
low-income and middle-income countries currently have no reliable evidence of com-
pression, and morbidity might even be expanding, driven by lifestyle risk factors and
the increasing prevalence of chronic diseases. The WHO proposed a public health
framework for healthy aging across the course of life, which involves developing strat-
egies for health services, long-term care, and environments.6 This framework also sug-
gests that before shaping policies, continued quantitative/qualitative assessments of
healthy aging to help identify the elderly’s prioritized health needs are essential.
Moreover, to address the challenges of a global aging population, WHO has fostered
strategies to encourage the development of community active aging initiatives.
According to their key components (i.e., policies, services, and structures related to the
communities’ physical and social environments), they should be designed to be age-
friendly and help all aging adults to live safely, enjoy good health and stay engaged in
their communities.7

Lu, Pickart, and Sacker8 conducted a literature review of domains and measures of
healthy aging in epidemiological studies. Fifty articles were selected for analysis, with
the main outcome being healthy, successful, positive, or active aging. According to
their results, psychosocial components are as important as biological ones in healthy
aging. Population aging has an impact on insurance, health, and care services.
However, evidence on the specific health status of older people is particularly valuable
for resource-constrained settings where policymakers are faced with limited budgets
and balancing multiple pressing priorities, as in Latin America and the Caribbean
States (LAC).

Although the proportion of elderly people is higher in developed countries com-
pared to developing countries, the proportion of older people is increasing globally,
but especially in the latter, causing a demographic shift. By 2050, it is expected that
20% of people living in developing countries will be over 60 years of age.9 The pro-
jections indicate that the number of people aged 65 or over will continue to rise in
the coming decades, moving from 703 million in 2019 to 1.5 billion in 2050 around
the world. The fastest increase of the older population, occurring between 2019 and
2050, is projected to happen in less developed countries.10 The percentage of the
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population aged 65 years or over almost doubled from 6% in 1990 to 11% in 2019 in
Eastern and South-Eastern Asia, and from 5% in 1990 to 9% in 2019 in LAC coun-
tries. Between 2019 and 2050, the proportion of older individuals in the overall popu-
lation is projected to at least double in that region.11,12 The main causes for this shift
are a better quality of life, good health care, improvements in preventive medicine,
and a decline in fertility rates.9 The demographic shift will generate big changes in
society, including the rise in both public health costs and government spending.

This chapter aims to discuss from a multidisciplinary perspective, the aging process
in LAC countries toward the sense of healthy aging, considering social, biological, and
epidemiological characteristics of their population. Innovative strategies conducted in
LAC countries aimed to promote active aging are also discussed.

6.2 Demographic and epidemiological changes in the Latin America
and the Caribbean countries

In 2015, the population of the Americas totaled 992.2 million, which is 13.5% of the
total world population: 357.8 million people were living in North America and 634.4
million in LAC (36.1% and 63.9% of the total, respectively). At 207.8 million, Brazil’s
population accounted for 20.9% of the LAC total; the Andean Area’s 137.6 million
accounted for 13.9%; Mexico’s population of 127 million represented 12.8% of LAC;
the 71.4 million in the Southern Cone accounted for 7.2% of the LAC; the 45.7 mil-
lion in Central America made up 4.6% of the LAC population; and the 44.7 million
living in the Caribbean represented 4.5% of the LAC population.13

LAC is an extremely diverse region, formed by 33 countries and 15 dependent
territories, varying greatly in size and population. Brazil is the largest country, both
in territory and population, with 212 million inhabitants. The Federation of Saint
Kitts and Nevis is the smallest country in territory and population, with 53
thousand inhabitants.10 LAC faced noteworthy changes in the age structure of
their populations in the last decades. These changes are characterized by the transi-
tion from high to low levels of mortality and fertility. At the first stage of its popu-
lation growth dynamics, a reduction in mortality rates and high fertility rates have
been observed, leading to the population growth mainly due to the rise in the
number of children and young adults. In the early 1960s, the increase of the popu-
lation was nearly 2.8 percent per annum. Although a reduction of overall fertility
was seen, mortality rates continued to decrease, leading to further growth of the
total population, which doubled from 220 to 442 million in 30 years. The current
average fertility rate in LAC is two children per women, which is three times
fewer than in 1950.14

The further reduction of mortality and births led to an increase in the percentage
of older persons in the population.9 In LAC, mortality declined over for the last
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century and continues to decline today: from an approximate average of 59 years in
the 1965�70 period, life expectancy increased to almost 75 years in the 2010�15
period. The population has gained 16 years of life on average in the last 45 years.
Although the life expectancy in the region is currently close to 75 years, in some
countries, such as Panama, Chile, and Costa Rica, people can expect to live even
more than 80 years, slightly longer than United States residents. There is large variabil-
ity in life expectancy across cities within each country, sometimes as large a difference
as 7�10 years, as is the case in Mexico, Brazil, Colombia, and Peru.15

The population in LAC tripled between 1950 and 2000. By then, few countries
were still at a pre-transition (Bolivia and Haiti) or incipient transition stage (Belize,
Guatemala, Honduras, and Nicaragua). In 2010, these same countries were in the in-
progress stage, while the rest was in advanced or very advanced stages of transition.
Although LAC populations are still young compared to the USA and Western
Europe, the rate of aging is among the highest in the world. This pattern of aging is
seen in nearly every country in the region, with a shift from young children to older
relatives. Current and expected transformations in the age structure of the LAC are
expressed in the population pyramid for 2015 and 2050 (Fig. 6.1).

Figure 6.1 Population pyramid in Latin America and the Caribbean, 2015�50.16 Data from Pan
America Health Organization. Health Status of the population: population characteristics and trends.
, https://www.paho.org/salud-en-las-americas-2017/?p5 1864.; 2017 [accessed 02.05.21].
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Population aging in LAC will not be a uniform process in all countries. In many of
them, the young and working-age population will continue to be relevant to popula-
tion growth even well into the 21st century. This will continue to create demands on
societal sectors and pose challenges in public policy. Although the young population
(0�19 years) has been the largest segment thus far, by the early 2020s, the young adult
population (20�39 years) is expected to be the largest group. By 2045, this group
should be replaced by the adult population (40�59 years) and less than 10 years later
by the older adult population (60 years and over).

The process of population aging in LAC is different in many aspects from that
observed in developed countries. For instance, the speed of the demographic transi-
tion in LAC has been regarded as unprecedented. While it took France 115 years to
double the proportion of older people in the population from 7% to 14%, this pro-
cess is projected to occur in Colombia within 19 years and in Brazil in 21 years.
Seven countries in LAC, namely Brazil, Chile, Colombia, Costa Rica, Guatemala,
Mexico, and Peru, are among the 25 countries with the fastest increase in the popu-
lation aged 65 and over. The period of demographic transition occurrence varies
across this region depending on factors like immigration and social development.
Argentina, southern Brazil, Chile, Cuba, and Uruguay, regions with great immigra-
tion from European countries during the 19th and early 20th centuries, followed the
initial stage of fertility decline of the developed countries, differently from LAC
regions which have a greater proportion of the indigenous population, where the
fertility decline only started late in the 20th century.14

Another unique characteristic of aging in LAC is linked to the “aging of the aged.”
According to the United Nations, among the world’s over-60 population, the propor-
tion of people 80 years old or older increased from 9% to 14% between 1980 and
2015. This scenario is predicted to remain quite stable between 2015 and 2030 and
between 2030 and 2050, the percentage of the most elderly is expected to increase
from 14% to 20%.17

In 2015, the Organization of American States (OAS) issued a remarkable legisla-
tion for human rights in the region, during the InterAmerican Convention on
Protecting the Human Rights of Older Persons. This document, a point of reference
for the world, represented a substantive shift in the understanding of political actions
for the older aged, because it recognized the elderly as subjects of rights, who should
be recognized and protected by the States that ratify the commitment. Although the
Fourth Regional Intergovernmental Conference on Ageing and the Rights of Older
Persons, 2017, also ratified this commitment in its Asunción Declaration18, to date
only five LAC countries (Argentina, Bolivia, Chile, Costa Rica, and Uruguay) have
ratified it.

Demographic transition is also associated with changes in the health dynamics in a
population. The decrease in mortality rate is intricately linked to the control of
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infectious diseases and malnutrition, particularly prevalent among children. With the
population aging, chronic diseases become more prevalent and emerge as the main
cause of disability and mortality. That is the pattern classically observed in developed
countries that have completed the demographic transition. However, in developing
countries, where the demographic transition occurs in a context of social disadvantage,
there would be the coexistence of both infectious and chronic diseases, imposing spe-
cial challenges for health care. The poorer sector of the population would not only
present with higher rates of disease, but of different kinds of diseases.19

In a survey (Survey on Health, Well-Being, and Aging in Latin America and the
Caribbean-SABE) carried out among people aged between 69.9 and 73.3 years resid-
ing in seven cities in LAC (Bridge-town, Barbados; Buenos Aires, Argentina; Havana,
Cuba; Mexico, D.F., Mexico; Montevideo, Uruguay; Santiago, Chile, and São Paulo,
Brazil), the majority reported at least one chronic disease, ranging from 68.6% in
Mexico to 81.6% in Buenos Aires. Hypertension and osteoarthritis were the most fre-
quently reported diseases. The prevalence of a reported disability for performing daily
life activity ranged from 33.8% in Montevideo to 64.0% in Sao Paulo. Factors associ-
ated with self-reported disability were advanced age, negative self-perception of
health, and the incidence of chronic diseases. The SABE survey also showed that seven
diseases and chronic conditions disproportionately affect the health status of the aged
population, namely hypertension, arthritis, heart disease, diabetes, lung disease, stroke,
and cancer.20

The concept of active aging is beyond the just the presence or lack of a disease;
much of this is unavoidable with aging. More important to evaluating the health sta-
tus of older people would be the functional capability of an individual, which means
the ability to control, cope with, and make personal decisions on a daily basis,
according to one’s rules and preferences, defined as autonomy. In addition, the abil-
ity to perform functions related to daily living, that is the capacity of living indepen-
dently in the community with no and/or little help from others, the so-called
independence/self-sufficiency, is also important. It is possible to attain good func-
tional capacity and quality of life even while coping with disease. For such functional
capacity, one needs to have easy access to health assistance, early diagnosis, manage-
ment, and disease rehabilitation. Dependency required to perform the activities of
daily living is an indicator of the burden of chronic diseases and demands for long-
term care.21,22

Poor health is not an inevitable outcome as people grow older. Policies for con-
trolling risk factors for chronic diseases and promoting healthy behaviors by reducing
smoking, alcohol consumption, and a sedentary lifestyle, are necessary to be imple-
mented in the course of life and to prevent/delay disability among older adults. In
fact, among the five most significant causes of illness and premature death in LAC are
smoking, hypertension, diabetes, obesity, and physical inactivity.23
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Social determinants of healthy aging also must be considered. This is especially
important in low-income countries where the process of population aging occurs in par-
allel to poverty and income inequality. There are huge differences across LAC countries
regarding poverty levels. Considering the national poverty headcount rate, the lowest
poverty levels are seen in Southern countries (Chile, Uruguay, and Argentina) and
Costa Rica, and the most impoverished settings are found in Nicaragua, Colombia, and
Honduras.24

Poor fetal health and nutritional disadvantages in early childhood are linked to a
greater risk of chronic diseases, such as heart disease and diabetes. Recent findings for
LAC populations suggest that early health and early socioeconomic factors contribute
to a higher probability of being disabled in older life. Early-life health and socioeco-
nomic experiences encompass a wide array of variables that affect nutritional status in
utero and perinatally, growth and development in early infancy and childhood, expo-
sure to and acquisition of infectious and parasitic diseases, and other stress-related fac-
tors, which shape early-life environments and consequently the lifespan exposome.
Understanding the complex interactions of socioeconomic disadvantages, ongoing dis-
eases, and disability in old age is particularly important for LAC countries, where the
current cohorts of elderly have survived to old ages much more as a consequence of
improvements in health accessibility and medical intervention rather than to ameliora-
tion in standards of living.25

6.3 Age-related biological changes and diseases in the context of
Latin America and the Caribbean countries

Chronic diseases are known to increase with age, thus the understanding of the age-
related biological changes and their complex interactions with the onset of pathologic
processes is a critical task for healthy aging. Such changes are linked to genetic factors
but are also greatly influenced by socioeconomic factors and lifestyles, which vary
among LAC countries.

Different studies have addressed genetic and epigenetic aspects of aging. Some
examples include studies on longevity and human lifespan variation, especially the
ones based on family heritage.26 For example, when the lifespan of twins was com-
pared, researchers found that approximately 25% of the lifespan variation could be
attributed to genetic factors.27,28 In addition, other reports indicated that not only sib-
lings, but parents and offspring of longevous family members have a significant survival
advantage over the general population.29,30

Heritable components are frequently a factor in age-related illnesses such as
Alzheimer’s (58%�79%), cardiovascular (45%�69%), and osteoarthritis (68%) dis-
eases.31 In contrast, heritable components represent only 5%�10% of all cancer types.1

Besides genetics, the term epigenetics, first introduced in 1942 by Conrad H.
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Waddington, explains heritable changes in gene expression that could occur without
changing the DNA sequence. These epigenetic changes can occur by distinct mechan-
isms, such as DNA methylation, histone modification, and RNA interference.32,33

One example, is the link between diet patterns and epigenetics. For example, a
decrease in caloric intake increased the lifespan of laboratory animals, and a reduction
of glucose intake was associated with diabetes and cancer prevention by affecting the
transcriptional activity and expression of different genes.33 Thus, a modifiable environ-
mental factor such as diet could negatively or positively influence the epigenome.

Epigenetic determinants can induce mutations in genes, and these mutations occur
in genes that modify the epigenome.34 Both factors are also affected by the aging pro-
cess. Healthy young cells maintain a controlled epigenetic state that allows for the for-
mation of a compact chromatin structure, whereas aging cells present modifications in
the chromatin landscape, DNA accessibility, and noncoding RNA production, which
might compromise genomic integrity leading to a progressive loss of cell viability.35

Interestingly, the accumulation of cellular damage over time is a common characteris-
tic between the processes of tumorigenesis and aging.36 Besides cancer, multimorbidity
(the cooccurrence of two or more chronic conditions37) should also be analyzed when
discussing aging. A Canadian study estimated that between 34% to 61% of people
above 65 years present multimorbidities, and this could vary according to the popula-
tion studied.38 In Brazil, for example, multimorbidity in older adults is a common
condition, which appears to be influenced by socioeconomic factors and lifestyle.39,40

Poor physical activity, smoking, and alcohol abuse were identified as the most frequent
behavioral determinants of unhealthy aging. Thus, public health policies need to prop-
erly address different factors to plan and manage effective interventions. Preventive
strategies should also be designed to reduce disease burden.

The advent of high-throughput technologies has revolutionized medical research
and helped shape translational science by improving the connection between basic sci-
ence and applied research to also provide customized medical care. Different sequenc-
ing techniques (i.e., Sanger and Next-generation sequencing) and genotyping arrays
allow for large-scale genome-wide association studies (GWAS). The latter comprises
studies where a genetic variant is associated with a certain trait, which is performed
after careful statistical analysis in large cohorts (several hundred thousand). One exam-
ple is the studies of nucleotide polymorphisms.41 GWAS studies have identified several
genetic variants associated with aging, including one of the first analyses that found a
genetic variant linking age with macular degeneration (a common cause of blind-
ness).42 Furthermore, GWAS studies identified that various somatic mutations are also
drivers of aging and cancer.43 Small cell and tumor sample studies have also shown
that the over-time accumulation of somatic mutations could lead to clonal expansion
of the mutated cells.44
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GWAS helped to uncover germline variants important for glioma susceptibility,
including a list of 25 risk polymorphisms.45 In addition, the analysis of a GWAS by
molecular subtype identified 2 new chromosome regions and a candidate-independent
region near the gene RTEL1, which were associated with certain glioma molecular
subtypes.46 Another study, for example, identified both robust genes and novel hub
genes involved in GBM’s etiology and tumorgenicity, respectively, which could have
therapeutic implications.47 The clinical applicability of GWAS studies also provides
promising opportunities for drug discovery, drug repositioning, and cancer preven-
tion.48 In addition, genomic science is an important field to understand different
pathologies and correlate them with demographics such as ethnicity. In this sense, dif-
ferent LAC countries have been working hard to improve their genomic research by
building genomic maps of their population. For instance, the Mexican National
Institute of Genomic Medicine (INMEGEN) created a Mexican genomic
databank, and researchers at Brazil’s Federal University of Minas Gerais have been
doing extensive research on the ancestry of Brazilians. Colombia has also been doing
the same.49

The use of high-throughput technologies is important to predicting different
aspects of disease, including diagnosis, disease risk, detection of molecular alterations,
and therapy resistance.50,51 However, the broad implementation of advanced technol-
ogies is still a hard task when viewing the scenario of the Brazilian public health sys-
tem. Many factors are important to achieve an efficient service, such as a sufficient
budget, qualified personnel, and infrastructure. Unfortunately, the sequencing tests
performed in Brazil were shown to be more expensive than in developed countries,
especially due to high taxes, high costs of analysis, and infrastructure.52 Despite these
challenges, better health policies could be implemented to slowly put Brazil in a better
global position, which will benefit the population, but particularly the elderly who
need more personalized and efficient healthcare.

Fig. 6.2 summarizes the most frequent diseases affecting the elderly population in
Latin America. In the following topics, we will discuss different diseases that affect the
elderly.

6.3.1 Immunosenescence and infectious diseases
Population habits and medical advances have been changing the epidemiological sce-
nario related to aging and disease worldwide. In developing countries, infectious dis-
ease rates, which were the main causes of death in the elderly, are overcome by
chronic diseases. Nevertheless, infectious and tropical diseases are still a worrisome bur-
den in LAC countries.53�55
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Aging affects different cellular and molecular aspects that can lead to a progressive
decline in homeostasis. However, not all individuals have the same problems, and
other external and internal factors can influence the aging process. Loss of cognitive
and motor functions are also related to poor immune responses. The elderly is more
vulnerable to infectious diseases, as they do not have the same immune response as
younger individuals, presenting a more severe disease response, resulting in infection
and replication of pathogens.56,57

The immune system suffers multifactorial changes during aging, with variability
between individuals. The main changes are the disruption of blood cell production
(increase in neutrophil:lymphocyte ratio), dysfunction of immune cells, and a constant,
chronic inflammatory state. Cells of the innate and adaptive immune response may
undergo transformations leading to a greater susceptibility to infectious diseases.
Several studies attribute this greater vulnerability in older people, to a process called
immunosenescence, which is significantly associated with a decline in immune compe-
tence, on average, after 60 years of age.58,59

Figure 6.2 Most frequent diseases affecting the elderly population in Latin America. This figure was
created using Biorender.com.
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The innate immune response, although preserved in the elderly, can vary in different
situations. For example, dendritic cells, an important cell type in the innate immune
response, are involved with presenting antigens to T-lymphocytes and their numbers
can be decreased in the elderly. Therefore, these individuals may have impaired defenses
against a pathogen. In addition to T-lymphocytes, the B-lymphocyte (cells responsible
for producing antibodies) population may be significantly decreased in the elderly.
The clinical consequence of this decline is less protection against fungi, protozoa and
poor responses to vaccination seen in elderly individuals compared to young adults. The
quality of the antibodies produced is also compromised, which directly impacts responses
to external agents and vaccines.57,60,61

Immunosenescence is secondary to hormonal decline, stress, and persistent anti-
genic stimulation. However, the change in the age-related immune repertoire, espe-
cially the decrease in virgin T-lymphocytes and the increase in memory effector
clones, seems to be compensated by an adaptation in a nonspecific defense, directing
the immune system to make only potentially less inflammatory responses. In other
words, immunity in the elderly depends directly on the balance between the beneficial
and harmful effects of inflammatory responses. Moreover, the intensity of inflamma-
tory responses that occur throughout life seems to be important in the homeostasis of
immune sensitivity.58,61,62

Different infectious diseases affect the elderly in LAC, especially in tropical coun-
tries where tropical diseases affect millions of people. The world is currently
experiencing a pandemic caused by severe acute respiratory coronavirus 2 (SARS-
CoV-2), which caused the 2019 coronavirus disease (COVID-19). The pandemic
reports documented an increased risk of serious illness with increasing patients’ age,
thus a higher risk in older adults. The elderly may have severe clinical symptoms, espe-
cially those with frailty, and may present chest discomfort or increased sputum produc-
tion, in addition to tachycardia, tachypnea, delirium, and decreased blood pressure.
The risk of dying from COVID-19 increases with age. Although the lethality rate is
almost 0.4% for patients under 50, it increases to 3.6% for patients aged 60�69, 8.0%
in patients aged 70�79, and up to 14.8% in patients older than 80 years. In addition
to advanced age, these elderly patients commonly have comorbidities that can further
aggravate COVID-19 infections and lead to poor outcomes.54,63�66

Another respiratory infection relevant in the Americas is influenza. The influenza-
causing virus appears to be more significant in older adults, varying with the circulating
strain, previous exposure to the strain, and the vaccine’s effectiveness. The presentation of
the disease in the elderly is not typical. They may not have a fever, but chronic obstruc-
tive pulmonary disease and exacerbation of congestive heart failure may occur.67,68

In LAC, tropical diseases are common, caused by viruses, bacteria, and parasites,
affecting up to one billion people worldwide. They occur in tropical and subtropical
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countries, where the most vulnerable populations in developing countries are concen-
trated. The following tropical diseases have deleterious health impacts on the aging
population: Chagas disease, malaria, leprosy, tuberculosis, arboviruses, and viral hepati-
tis among others.54,69

Chagas disease is an important contributor of deaths in the elderly in the Americas. It
is a tropical disease caused by the Trypanosoma cruzi parasite, and it is considered neglected
by the WHO. Transmission occurs mainly through the vector popularly known as the
“barber.” According to the WHO, there are about 6 million infected people in 21 Latin
American countries. The average age group of elderly people with Chagas disease varies
between 66�69 years. In these patients, there is a predominance of the neurogenic form
of Chagas disease, cardiac involvement, and the presence of heart failure due to the asso-
ciation with changes in aging itself and other pathologies related to aging. Thus, it is
important to note that the elderly have more morbidities than do other individuals,
which can compromise the body’s defense against Chagas disease.70�72

Another disease, malaria, is caused by protozoa of the genus Plasmodium and
transmitted by the mosquito bite of the genus Anopheles. It is a parasitic disease con-
sidered to be a serious public health concern in the Americas, also affecting the
elderly. Studies show that most elderly people with malaria are male, probably due
to workplaces in the countryside, generally related to male activities, which is still
very prevalent in developing countries. The most frequent clinical manifestations are
feverish chills and headache, but comorbidities in advanced age may lead to
hospitalization.54,73

Leprosy is a disease caused by Mycobacterium leprae, it is debilitating when left
untreated, and potentially devastating for the elderly. Considered a neglected, infec-
tious, and contagious tropical disease, it mainly affects the skin and the peripheral ner-
vous system. It has social and psychological impacts due to deformities and physical
disabilities. In the elderly, leprosy can lead to serious physical and psychological pro-
blems and chronic disability that can compromise their quality of life. The impairment
of the motor system, caused by the infection of the peripheral nervous system may
increase neurological dysfunction and greater dependence in this age group.74�76

Tuberculosis has Mycobacterium tuberculosis as its etiological agent; it is one of the
leading causes of death from infectious diseases globally. In recent years, there has
been an increase in mortality from pulmonary tuberculosis in the elderly over 60 years
of age compared to individuals of other age groups. This can occur due to difficulties
in diagnosis and unusual clinical presentations in these individuals. The signs and
symptoms of tuberculosis in the elderly are difficult to measure due to their coexis-
tence with other respiratory, cardiovascular, or systemic diseases with similar character-
istics. Studies show that the mortality rates associated with tuberculosis in elderly
patients can reach approximately 30%.77�79

124 Aging



Zika infection is also a health problem to the elderly. The first Zika outbreak
occurred in 2007. The Zika virus is transmitted by mosquito bites, mainly of the genus
Aedes, but other forms of transmission are reported. In most cases, Zika is presented as
an uncomfortable disease, but relatively minor, with symptoms such as fever, skin
rashes, and conjunctivitis. However, older people, due to a weaker immune system,
may require immediate medical attention. These patients are at a higher risk of pre-
senting more severe symptoms and neurological complications.80�82

Another tropical disease caused by the bite of the Aedes mosquito is chikungu-
nya which is caused by the virus of the same name, chikungunya (CHIKV). The
main clinical characteristic of the disease is joint pain even after the acute phase,
which can last from months to years, progressing to a chronic phase, characterized
by physical limitation, which affects the patient’s quality of life. Studies show that
the chronic phase may be related to the evolution of inflammatory rheumatic dis-
eases in predisposed individuals. These clinical repercussions mainly impact the
elderly. In this age group, there is a higher risk of complications due to previous
diseases and a greater propensity for lethality due to the low natural immunological
reserve of age. In addition, even in the acute phase of the disease burden, chikun-
gunya can lead to disability and low quality of life in older individuals.
Comorbidities and chronic health conditions may be exacerbated during the acute
stage of CHIKV infection in elderly patients, such as underlying respiratory disease,
hypertension, or chronic heart disorders, which may lead to hospitalization and
increased disease severity.83�86

Dengue is an acute febrile disease of viral etiology transmitted by Aedes aegypti
mosquitoes, and it is the most important arbovirus in tropical countries, constituting a
serious public health problem. The elderly is more prone to hospitalization due to
dengue virus infection and may present severe forms of the infection. They are also at
a greater risk of death compared to individuals of other age groups, except for young
children. Different studies have reported greater propensity for hospitalization, mortal-
ity, and hemorrhagic dengue in old patients. Elderly people over 60 are at twelve
times higher risk of death than other age groups. In this age group, dengue may even
lead to other complications, such as urinary tract infections. Another important factor
to be considered is dehydration, which can lead to severe symptoms in these
patients.1,87�89

Viral hepatitis is of great concern to the elderly, mainly due to the decline in phys-
iological and immunological capacity, leading to a greater possibility of chronic com-
plications. The etiological agents of viral hepatitis are numerous and with different
modes of transmission, such as fecal, oral, parenteral, and sexual. There are several
reports of serious complications in elderly patients infected with these viruses, leading
to aggravated cirrhosis and death.90,91

125Healthy living and active aging in Latin America and the Caribbean countries



In summary, due to physiological and immunological aging, effective health care
for the elderly in LAC countries is highly necessary. There is a constant need for
research, proper diagnosis and adequate management of tropical and neglected diseases,
which in most cases do not even have a vaccine or effective preventive policies.

6.3.2 Age-related intestinal microbiota changes: the role in
neurodegenerative and metabolic diseases
The microbiota consists of a population of commensal microorganisms present in the
intestine, including bacteria, archaea, viruses, fungi, and protozoa, that together have
fundamental roles in human health. In turn, the microbiome formed by the microbio-
ta and its habitat changes during life and is directly influenced by genetics, lifestyle,
and diet. The aging process is followed by significant changes in the microbiota due to
changes in the immune response, diet, reduced mobility, intestinal function, and mor-
phology, as well as infections and drug administration. Studies have shown decreases
in the Firmicutes-to-Bacteroidetes ratio and reductions in species that produce short-
chain fatty acids (SCFA; primarily butyrate) in the elderly.92,93 It has also been
reported that there is an increased presence of opportunistic bacteria such as
Clostridium perfringens and Clostridoides difficile (C. difficile) in the elderly.94�96

Recently, most of the studies have been focused on the bidirectional signaling
pathway between the intestine and the brain. The normal intestinal microbiota meta-
bolizes the dietary components into amino acids, SCFA, and other metabolites.
SCFAs, such as butyrate, are produced during the fermentation of nondigestible carbo-
hydrates by intestinal bacteria and protect the intestinal epithelial barrier, decrease
cytokine production by inhibiting NF-κB and, and fortify the blood-brain barrier by
regulating microglia function.94,96 A preclinical study in mice showed that transplanta-
tion of aged microbiome into young mice is sufficient to decrease SCFAs in the host
and to produce cognitive declines, such as depressive-like behavior and short-term
memory impairment.97 Microbiota-related protein catabolism affects the synthesis of
neurotransmitters, such as serotonin and overall brain function.94,96

The rapid shift from pre-agricultural diets to processed or ultra-processed foods
rich in refined carbohydrates, trans-fats or saturated fatty acids has resulted in a signifi-
cant change in the intestinal microbiota, a process known as dysbiosis. Dysbiosis alters
the integrity of the epithelial barrier, changes immune responses, and disrupts intestinal
homeostasis. The complex communication between the intestine and the central ner-
vous system (CNS) includes enteroendocrine cells in the gastrointestinal tract epithe-
lium, the enteric nervous system formed by glial cells and neurons, the autonomic
nervous, the vagus nerve, and the immune system.

Food and digestion products, in addition to the microbiota and its metabolites,
influence the release of hormones, cytokines, and neurotransmitters that are carried by
the circulation or the vagus nerve signal to the CNS, where they alter the integrity of
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the blood-brain barrier, the inflammatory response, and consequently brain function-
ing. A diet rich in saturated fats can cause nuclear factor-kappa B (NF-κB) activation,
resulting in the synthesis and secretion of cytokines by immune-inflammatory cells and
enteric glial cells (EGC). Thus, the intestinal inflammatory process extends to the
blood-brain barrier and can lead to neuroinflammation, contributing to the patho-
physiology of depression, memory impairment, stroke, Alzheimer’s, Parkinson’s dis-
ease, and all aging-related diseases.96

In Alzheimer’s disease, a decrease in bacteria promoting anti-inflammatory
responses such as Firmicutes and Bacteroidetes was detected in the intestinal micro-
biome analysis. A positive correlation between intestinal inflammation and deposition
of amyloid-beta plaques in the CNS was suggested by this study, indicating that
microbiota may participate in the pathophysiology of Alzheimer’s disease. Evidence
showed that the microbiota is involved in the microglia maturation and function by
modulating phagocytosis of amyloids and tau proteins.98 In Parkinson’s disease, deposi-
tion of alpha-synuclein, a pathophysiological marker of this disease, can be found in
the gastrointestinal tract before its detection in the brain. Because alpha-synuclein is an
inflammation-related protein, it may be that intestinal inflammation caused by dys-
biosis may be linked to the pathogenesis of Parkinson’s disease.99 The intestinal
microbiota is also involved in the pathophysiology of the stroke, as well as its out-
come. Conversely, stroke causes dysbiosis and can lead to changes in gut function.
Lactobacillus, a bacterium used as a probiotic, was reduced in an experimental stroke
model, and its replacement improved cognitive function and mood, and relieved
age-related neuroinflammation.100

The intestinal microbiome also has a relationship with metabolism and, therefore,
with obesity and type 2 diabetes. The intestinal microbiota in the LAC population has
been scarcely investigated; however, there is evidence in populations of Latin origin
who live on the Mexican border with the United States showing an association
between altering the microbiota with obesity and diabetes; a decrease in the diversity
of bacteria in the microbiota was associated with obesity, low sensitivity to insulin, and
an increase in triglycerides.101 An increase in the Firmicutes�Bacteroidetes ratio in
obese and diabetic patients was reported in some articles; nevertheless, there is still no
consensus. The reason for the lack of consensus might involve differences among the
techniques used in the investigations.102

A systematic review in LAC countries showed an association between healthy food
consumption and its availability in the market. On the other hand, this same study
found that 55% to 79% of advertisements promoted processed and otherwise
unhealthy foods. A positive feature is that the price of traditional diets in LAC (made
up of dry foods such as rice and beans and seasonal fruits) is lower than ultra-processed
foods.103 A healthy diet containing fiber and fermented foods is essential for maintain-
ing a normal microbiota. Policies that influence the choice and consumption of
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healthy foods are the path to the homeostasis of the microbiota and, consequently, to
prevent age-associated diseases, as well as obesity and chronic diseases.

The pathogenesis of aging-related disease is summarized in Fig. 6.3.

6.3.3 Common age-related diseases: cancer, vascular diseases, diabetes
and neurodegenerative disorders
6.3.3.1 Cancer
The median age for cancer diagnosis varies; examples include breast cancer (61 years),
colorectal cancer (68 years), lung cancer (70 years), prostate cancer (66 years), and glio-
blastoma (64 years).1 The Brazilian National Cancer Institute (INCA) estimates for
each year of the 2020�22 triennium, 625 thousand new cancer cases (450 thousand,
excluding cases of nonmelanoma skin cancer). The cancer type with the highest inci-
dence is nonmelanoma skin cancer, followed by breast cancer and prostate (66 thou-
sand each), colon and rectum (41 thousand), lung (30 thousand), and stomach (21
thousand).104 Fig. 6.4 shows the highest incidence cancer types worldwide, in LAC,
and Brazil affecting the age of 60 years or more, for both sexes. Whereas lung cancer
has the highest incidence worldwide, prostate cancer has the highest incidence in
Latin America (source: Globocan 2020105).

Figure 6.3 Microbiota role in aging-related disease. EGC: enteric glial cells. SCFA: short-chain fatty
acids.
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In 2016, the estimated cancer rate in Brazil was 600 thousand, meaning that the
numbers are growing, especially in the elderly population (above 65 years).107 These
numbers represent a challenge for the Brazilian public healthcare system since the
main geriatric initiatives related to oncology do not cover the whole territory, but
occurs more frequently in the southeast Region.107 In addition, Brazil has B556,873
medical doctors and less than 2000 geriatricians, which represents a challenge in the
context of the rapidly growing elderly population.108 In the Spanish-speaking coun-
tries in LAC, the older population also shows a growing trend, and when they are
divided between high- and low-income countries, there is a higher incidence of can-
cer in the aging populations of high-income countries.107 In addition, prostate and
breast cancer are, overall, the most commonly diagnosed with 50% of the new cancer
cases belonging to patients over 65 years.107 This means that LAC countries need
urgent health policies in order to adapt their healthcare systems to the current aging
status and disease profile. This could be attained by improving the geriatrics sector,
developing new prevention strategies, and offering proper oncology assistance for all.

Figure 6.4 Estimated number of new cancer cases in 2020, Worldwide, Latin America and the
Caribbean, Brazil, both sexes, age 601 .106 Data from International Agency for Research on Cancer.
Global cancer observatory. ,https://gco.iarc.fr.; 2020 [accessed 02.05.21]. Globocan 2020 (http://gco.
iarc.fr).
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The CNS is particularly affected by aging, where a functional brain decline occurs
alongside impaired neurogenesis.109 In addition, aging represents an important risk fac-
tor for brain cancer, especially glioblastoma (GBM), which is the most prevalent
malignant primary brain tumor in adults. Advanced age is a negative prognostic factor
for GBM, as aging seems to favor a more permissive microenvironment for tumors.109

The mutagenic events leading to GBM are not fully understood, since the patients
usually go to the clinic when their tumors are at an advanced stage; consequently,
there is little information available regarding genetic analysis of early-stage GBM.
Some common somatic mutations involve the canonical PI3K/MAPK, Rb, and
p53regulatory pathways.110 Liquid biopsy, which is a noninvasive diagnostic tool able
to detect tumors at different disease stages, is a hope to improve our understanding of
brain tumors and other cancer types.

6.3.3.2 Cardiovascular diseases
Cardiovascular diseases are the main cause of disability and death worldwide, account-
ing for about 30% of annual global deaths. Despite these being a problem that signifi-
cantly affects developed countries, low-income countries and middle-income
countries present the highest number of premature deaths related to cardiovascular
diseases.111

Cardiovascular diseases are responsible for 33.7% of deaths in the Americas.112

North America has the record of an annual average of deaths (55.3% in total), fol-
lowed by Latin America (44.3% in total) and the non-Latin Caribbean (0.4% overall).
Nonetheless, Latin America and the non-Latin Caribbean have a higher proportion of
premature deaths when compared to North America.111 Ischemic heart disease is the
predominant cause of death out of all cardiovascular diseases.

In South America, urbanization of the population initially produced an increase
in life expectancy due to a reduction in mortality from infectious diseases.
However, the change in habits associated with urbanization, such as increased rate
of smoking and stress, lack of physical activity, and poor diets (mainly based on fat
and calories), resulted in increased risk factors for cardiovascular diseases such as,
obesity, hypertension, dyslipidemia, and diabetes mellitus.113 In addition, the
increase in life expectancy contributed to an increase in the incidence of cardiovas-
cular diseases since aging is an important risk factor for the development of these
diseases. The aging of the cardiovascular system promotes several changes at the
cellular and physiological levels. Furthermore, a longer life expectancy increases
exposure to risk factors.114

Low socioeconomic status has been considered one of the strongest predictors of
premature mortality as well as morbidity all over the globe. Nevertheless, poor socio-
economic conditions are not considered to be modifiable risk factors in health promo-
tion strategies.115 In fact, a study conducted in Brazil in 2013 revealed significant social
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inequalities in Brazilian adults. The non-white population, people with less education
and without access to private health insurance, had a higher prevalence of risk factors
for cardiovascular diseases, such as smoking, leisure-time physical inactivity, sedentary
lifestyle, heavy alcohol use, and a lower intake of fruits and vegetables.116 Other stud-
ies carried out in the Brazilian population revealed that the prevalence of premature
mortality from cardiovascular diseases is 2.6 times higher in poor areas when compared
to rich areas. Likewise, the reduction in the risk of death from heart disease is faster in
the population living in wealthy areas compared to the population in poorer regions.111

Another disease that must be considered in this context is diabetes mellitus since it is an
important risk factor of cardiovascular diseases.

6.3.3.3 Diabetes mellitus
Diabetes has been reported as one of the ten causes of death around the globe.117 It
has been estimated that more than 465 million people worldwide have type 2 diabetes,
the most common form of diabetes. In LAC, it has been estimated that 31.6 million
people had diabetes in 2019. By 2030, this number will be around 40.2 million peo-
ple. In addition, it has been estimated that it will rise to 49.1 million in 2045.118 The
ocurrence of diabetes in LAC has been growing following the epidemiological transi-
tion. According to the 2016 Global Burden of Disease Study, the incidence
rate increased from 2.74% in 2010 to 3.06% in 2016.119 It has been estimated that
the prevalence of diabetes in LAC is approximately 10%. This prevalence varies across
the countries. For example, Mexico has the highest prevalence, followed by Haiti and
Puerto Rico, while Colombia, Dominican Republic, Ecuador, Peru, and Uruguay
have the lowest diabetes prevalence rates among Latin American countries.120 Diabetes
prevalence increases significantly with age. The elderly population is the age group
most affected by the disease and its complications.118 Furthermore, there are inequal-
ities in the distribution of diabetes by gender, ethnicity, education, and socioeconomic
position.

Diabetes causes multi-organ and multi-system impacts. This disease is associated
with acute and long-term complications. Diabetes is considered one of the leading
causes of death in some LAC countries. In addition, as previously described, it is con-
sidered a risk factor for cardiovascular disease. The main cause of death in patients
with diabetes is cardiovascular disease, accounting for 44% of deaths in those with type
1 diabetes and 52% in those with type 2 diabetes mellitus.112 The systematic review
published by Blasco-Blasco et al.121 assessed the barriers and facilitators in type 2 dia-
betes treatments in LAC. According to the results, the organizational barriers at the
level of the health system are related to socioeconomic barriers due to social inequal-
ities. This implies that people with diabetes in LAC have little capacity to act on their
disease. Thus, diabetes is often not diagnosed or is poorly treated. As a result, there are
high rates of diabetic complications.121
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6.3.3.4 Neurodegenerative disorders
Parkinson’s disease and dementia are two neurodegenerative conditions that must be
discussed in the context of Central and South America healthcare systems, mainly due
to the great social impact they cause. According to the 2015 Global Burden of
Disease, Injury and Risk Factors (GBD) Study, Parkinson’s disease was the fastest
growing in prevalence, disability, and death among the neurological diseases assessed.
Age is the main risk factor for Parkinson’s disease, and other factors, such as exposure
to industrial chemicals and pollutants (pesticides, solvents, and metals) appear to be
correlated with a greater risk of developing the disease. It is expected that with popu-
lation aging and increased life expectancy, the prevalence of Parkinson’s disease will
double in the next generation.122

According to the same study, some differences across countries could be at least in
part explained by inequalities in the socioeconomic and demographic status of each
population. With this respect, countries with a higher per capita income have experi-
enced higher increases in the prevalence and mortality associated with Parkinson’s dis-
ease. For instance, Chile, a country that exhibited a rapid epidemiological transition,
marked by an increased life expectancy, showed the highest increase in the prevalence
of Parkinson’s disease within the period between 1990 and 2016, followed by
Paraguay, El Salvador, Honduras, and Guatemala. Conversely, the LAC countries that
reported the lowest increase in the prevalence of Parkinson’s disease were Argentina,
Cuba, and Uruguay. Regarding the number of deaths attributed to Parkinson’s, Chile
ranks 5th after Paraguay, Haiti, Bolivia, and Honduras. This data is highly relevant
since it provides an epidemiological scenario of Parkinson’s disease in many LAC
countries. Such information is crucial to guide public health policies for the prevention
and treatment of different neurodegenerative diseases, which have a strong association
with the aging of the population in these countries.123

Dementia is related to several diseases that are slow, progressive, evolutionary, and
chronic in nature. The Alzheimer’s disease subtype corresponds to most of the demen-
tia diagnoses. Dementia is one of the main causes of disability in old age, and its inci-
dence and prevalence have been increasing in LAC. The number of people with
dementia is expected to increase fourfold in the period between 2015 and 2050.124

Despite this, there is scarce information on the incidence and the prevalence of
dementia in LAC. These countries face increasing challenges in the diagnosis and
treatment of dementia due to lower educational levels, limited access to healthcare,
and the rapid aging of the population. In addition, the lack of knowledge and stigmas
about the disease also impact the diagnosis and early treatment of dementia.125 Aging,
low cognitive reserve, poor cardiovascular health, and presenting at least one APOE-E
4 allele have been identified as risk factors for the development of dementia.
However, few studies have evaluated these factors in the LAC population. It has been
suggested that the high incidence of dementia in the Latino population may be
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associated with low education, socioeconomic problems, poor access to healthcare,
and high hypertension and diabetes prevalence.126

Several efforts have been made to standardize the diagnosis, promote greater
knowledge about dementia for health professionals and the population, and increase
research on dementia in this Region. However, most LAC countries still have minimal
mental health facilities and do not have specific policies for dementia.125 In addition, a
government effort is needed to promote the prevention of dementia in this Region.
Prevention for dementia begins in childhood, promoting access to high-quality educa-
tion for the population. In addition, preventive measures aimed at risk factors for car-
diovascular disease and diabetes should be encouraged. Moreover, measures to reduce
social isolation, cognitive inactivity, and depression in the elderly are strongly
warranted.126

6.4 Health and social initiatives for the promotion of healthy living
and active aging

Despite technological and medical advances, people are likely to experience multimor-
bidity in later life since the risk of disability and noncommunicable chronic diseases
increases with age and multiple chronic conditions.6 The frail older population will
possibly lead to higher health and societal costs. In LAC, it is imperative to analyze the
aging process and the elements that will enable people to live longer and healthily.

6.4.1 Age-friendly initiatives
An age-friendly city and community are one in which policies, services, and structures
related to the physical and social environment are designed to support and enable old-
er people to “age actively”—that is, to live in security, enjoy good health, and con-
tinue to participate fully in society.127

Two dominant forces are shaping social and economic life in the 21st century:
population aging and urbanization. Understanding the relationship between both phe-
nomena has become a major issue for public policy. One significant policy response
has come from the WHO through its approach to developing what has been termed
“Age-Friendly Cities and Communities” (AFCCs). These have been defined as envir-
onments that are supportive of the needs of people as they grow old.

The “age-friendly city” program was introduced in 2005 during the International
Association of Gerontology and Geriatrics World Congress of Gerontology and
Geriatrics held in Rio de Janeiro, Brazil. The idea was formalized with the launch of
the WHO Global Age-Friendly Cities project in 2006 carried out in 33 cities globally
in northern and southern hemispheres. This project aimed to identify the core features
of an age-friendly city from the perspective of older people, caregivers, and local ser-
vice providers.127 A total of 1485 older adults (60 years and over), 250 caregivers, and
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515 service providers (drawn from public and private sectors) took part in 1 of the 158
focus groups conducted in various cities around the world.128 Findings from the focus
groups identified eight domains that needed to be addressed to increase the age-
friendliness of cities (Fig. 6.5).127

Each of these domains was further defined and presented under the form of a
“checklist of core features” in the WHO Global Age-friendly Cities: A Guide (2007).127

This guide has since become one of the most frequently used tools to assess levels of
age-friendliness of cities and communities in contrasting environments across the
world.128 To encourage the implementation of recommendations from the 2007 proj-
ect, the WHO launched the “Global Network of Age-Friendly Cities and
Communities” (GNAFCC). Since its launch in 2010, the GNAFCC has had a rapid
increase in membership, reaching over 800 cities and communities in the global north
and south by 2019. According to their website (http://www.agefriendlyworld.com), in
LAC there are too few initiatives: municipalities of Zapopan (Mexico); Coamo (Puerto
Rico); Cartago (Costa Rica); Miraflores (Peru); Pato Branco, São José dos Campos,
Veranópolis and Esteio (Brazil); Maipu, Santiago, Quillon and Valdivia (Chile); La Plata
(Argentina) and Montevideo (Uruguay).

Buffel et al.129 argued that the age-friendly movement had been weakened by operat-
ing separately from other urban projects, with the division between the “healthy” and

Figure 6.5 Themes explored in the WHO Global Age-friendly Cities: A Guide (2007).127 From World
Health Organization. Global age-friendly cities: a guide. Geneva: World Health Organization; 2007.
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“age-friendly” cities programs—both WHO-sponsored. Age-friendly initiatives such as
“smart cities,” “healthy cities,” and “sustainable cities” are needed and should be encour-
aged to benefit the elderly’s accessibility in urban settings.130,131 According to Buffel
et al.129, a central part of making cities “age-friendly” should be to connect the age-
friendly ideas with the “smart” and “sustainable” cities movements around supporting
alternatives to cars, increasing energy efficiency and reducing pollution, for example.
Engagement with this type of work can produce both further resources for the movement
and add to the sustainability of existing projects. Another concern on age-friendly work in
policies should challenge social inequality. It means to ensure equal access to the necessities
for daily living and the decision-making processes underpinning urban life, explicitly
addressing gender, social class, ethnicity, and other inequalities affecting the older popula-
tion. The age-friendly policies demand a closer engagement with those neighborhoods
and groups of older people abandoned in the face of urban change.132

Buffel et al.129 proposed that “optimum environments for aging must be regarded
as an interdisciplinary enterprise requiring awareness of the impact of developments
such as the changing dynamics of urban poverty on older people; the consequences of
urban renewal and regeneration; the influence of transnational migration; and chang-
ing relationships between different class, gender, ethnic, and age-based groups” (p. 7).
Moreover, at present, discussions around age-friendliness have been disconnected from
changes affecting urban environments, where private developers are a dominant influ-
ence on the planning and design. According to Harvey (2008, p. 31),133 the result is
that the “quality of urban life has become a commodity, as has the city itself, in a
world where consumerism, tourism, cultural, and knowledge-based industries have
become major aspects of the urban political economy.” That is a necessary closer inte-
gration between age-friendly work and developments in disciplines such as urban soci-
ology, urban economics, and human geography.134

Another issue is the diversity of health experienced by older people. A relevant ques-
tion here is: do age-friendly initiatives reach out to people with all types of health con-
ditions, or are they focused predominantly on the “healthy,” that is, those involved in
different forms of “active aging”?135 Rather, the approach should acknowledge the vari-
ety of groups for whom age-friendly issues are relevant and the need to build environ-
ments, which support and reflect the diversity that characterizes an aging world.

6.4.2 Labor force participation and active aging
Health conditions among 50-, 60-, and 70-year-old Latin Americans have improved in
recent years13 and most occupations have become less physically demanding, which could
increase older individuals’ potential to work in a variety of different jobs.136 Although
declining mortality and improved life expectancy and health are observed in many coun-
tries today,137 unlike their antecedents, nowadays most workers are enjoying a long
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period of retirement. In Brazil, for example, the retirement duration for males is predicted
to double between 1980 and 2025, rising from 5 years (20% of life expectancy) at age 20
in 1980 to 10 years (10% of life expectancy) in 2025.138 However, people live longer
and enter the labor force later because of increasing educational attainment; they are also
leaving the labor force at younger ages.

De Souza, Queiroz, and Skirbekk136 analyzed the Labor Force Participation Rate
(LFPR) in LAC. Defining LFPR as the ratio of the population share of a specific age
(from 15 to 65) that are either working or actively seeking employment (concerning
a reference period) to the total population of the same age. According to their
results, the declining trend in the LFPR of older adult males in Latin America (LA)
cannot be explained by health status alone, since as health status (measured by mor-
tality rates) improves, the labor force participation of older workers declines substan-
tially. At a time of important changes in physical work demands and improved
worker education, workers in most countries have a significant capacity to continue
working into their later years. However, in reality, most years of life gained through
mortality decrease are being spent in retirement rather than being divided between
work and retirement.136

Global Burden of Diseases (GBD) estimates of the number of years lived with disability
(YLDs),139 in 1990 vs. 2015 in a 5-year basis for select younger age groups (45�49 and
60�64) in 1990 to corresponding older age groups (50�54 and 65�69) in 2015, showed
that the health conditions of the 50�54 age group in 2015 were very similar to those of
the 45�49 age group in 1990. The younger cohorts, particularly, have experienced health
improvements. Similarly, by comparing the same age groups in both years, males aged
45�49 lived virtually the same number of years with disabilities in 1990 as 25 years later
in 2015, although the LFPR was substantially higher in 1990.136

Following decades of health improvements among the population, LFPRs today are
lower. Latin American older workers have become healthier yet work less than their
counterparts in earlier decades. For Bolivia, Colombia, the Dominican Republic, Ecuador,
El Salvador, Nicaragua, and Peru, males with better health conditions in the 2000s/2010s
confirm lower LFPRs than their counterparts in the 1990s. Only for Argentina, males
with similar YLDs in the 1990s have higher LFPRs than males in the 2000s.136

By using mortality rates to proxy health status, health improvements have been
demonstrated in many LAC countries (e.g., Brazil, Bolivia, Chile, and Costa Rica),
showing that the mortality risk faced by a 65-year-old male worker in the 1970s is not
faced by his counterpart in the 2000s/2010s until age 71. At the same time, LFPRs
declined steadily across age groups and over time, and given the same mortality level,
the labor force participation of older workers is much lower today than in the past.136

Most Caribbean countries have not introduced programs for older persons to con-
tinue working beyond retirement age, nor have they trained older persons to enter or
re-enter the labor market or introduced programs to assist older persons in the
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informal economy. In all countries for which data are available, gender inequality in
labor force participation extends into later life such that men’s labor force participation
rates almost double that of women’s.140

6.5 Selected health issues among older people: evidence from long-
term cohorts in Latin America

The aging of the population worldwide will increase at a fast rate, as will the number
of families where the elderly live.141 The population growth projection for the year
2050 estimates that, in some countries of the world, including countries of South and
Central America, the number of elderly dependent on care can quadruple.142

The need for long-term cohort studies to study how many illness stressors during
the lifespan affects aging, has become critical for shaping health policies and govern-
mental strategies to ameliorate the long-term burden and health costs of disease. The
burden of endemic tropical diseases (with frequent outbreaks) is of special interest, as
many areas of the LAC countries have peculiar climatic and environmental conditions
that favor infectious diseases and thus require permanent health attention.
Identification of illness-related factors contributing to poor quality of health in aging
people and the predictors of morbidity and mortality are key to reduce the burden
and frailty in the elderly. Estimates like this drive the development of long-term
research to cope with the ever-growing emergence of disabilities and dependence.142

Long-term cohort research with data collection on aging people can help in planning
measures that contribute to the health and well-being of the elderly.

Pirkle and colleagues in 2014, through the longitudinal study, The International
Mobility in Aging Study, analyzed self-reports of older women from Latin countries such
as Colombia and Brazil and established a relationship between teenage pregnancy, espe-
cially for those who were multiparous with more than 2 children, and losses in terms of
physical performance. It was found that early pregnancy provided higher rates of chronic
lung disease, diabetes, hypertension, and poor physical performance in elderly women.143

The identification of predictive factors for disability can potentially contribute to a
better understanding of the underlying mechanisms and to direct vulnerable groups to
effective prevention and early rehabilitation strategies. In this context, a long-term
Brazilian cohort study was conducted aiming at predicting the emergence of the
elderly’s disability in daily living activities. The group investigated depressive symp-
toms, emotional support, and their association with the social network. According to
this study, the depressive symptoms and low emotional support of caregivers have a
strong predictive value for subsequent disabilities in a cohort of elderly with low edu-
cation and income levels, regardless of other covariates.144

There are few studies examining the association between cytokines and chemo-
kines with mortality. A robust 15-year-old Brazilian cohort study included surveillance
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of mortality according to standardized criteria. This study analyzed the influence of
inflammatory markers defined by baseline serum levels of IL-6, IL1�2, TNF, IL-10,
and IL1β and chemokines in Brazilians aged 60 or over. 1191 participants were
included in the analysis during the study period, 601 participants died, and the average
follow-up period per participant was 12.8 years. The most important finding of this
large cohort was that elevated baseline serum IL-6 levels were associated with long-
term mortality, regardless of several important covariates. Other biomarkers were not
associated or showed weak associations with mortality and the ethnicity did not mod-
ify the associations between any inflammatory marker with mortality.145

Another study aimed to assess mortality associated with carotid intima-media thick-
ness (CIMT) in participants in the Strategy of Registry of Acute Coronary Syndrome
(ERICO) study, an ongoing prospective cohort that involved all consecutive cases of
the acute coronary syndrome (ACS) treated at the University Hospital of the
University of São Paulo, Brazil (HU-USP). All cases of ACS that survived in the first
month after the acute event were subjected to CIMT screening. The study documen-
ted that CMIT was mainly influenced by aging, but it was not considered a good pre-
dictor of mortality, neither was cardiovascular disease nor coronary disease.146

Dialysis treatment has been increasingly lifesaving for the aging population enduring
renal failure due to the rise of chronic conditions, such as diabetes and hypertension.
Studies have found advantages of peritoneal dialysis (PD), which can be performed in an
automated fashion (APD) or a continuous ambulatory approach (CAPD), in relation to
hemodialysis. Due to disagreements about the best peritoneum dialysis option for the
patient, 762 elderly adults aged 65 years and over were eligible and selected from the
prospective multicenter cohort Brazilian Peritoneal Dialysis (BRAZPD). Of these, 413
initiated APD and 349 initiated CAPD and were evaluated for their influence on long-
term survival. Up to the 18-month follow-up period, no difference in survival was
observed. However, beyond the 18 months, the APD was a protective factor while the
CAPD elevated the risk of mortality.147

Pharmacotherapeutic treatments have increasingly assumed a prominent place in the
health system given the increase in elderly patients worldwide. It is important to consider
that the elderly patient often suffers from critical biological changes that influence the
pharmacokinetics and pharmacodynamics of drugs. Certain medications and drug interac-
tions are potentially dangerous for this population, gradually creating impaired kidney
function. This may require changes in the administration of medications that must adapt
to complicating comorbidities, impairment of cognitive function, and social status. The
risk-benefit ratio of medication administration being worse among elderly patients on
pharmaceutical therapy148 should be the target of research.

The administration of anticoagulants in the elderly has been underscored, despite the
evident benefits, regarding the recurrence of venous thromboembolism and cardioembolic
events in atrial fibrillation. Medical misconceptions about bleeding risk estimates are the
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reason for this underutilization. A prospective observational study was conducted at the
anticoagulation clinic at Hospital Odilon Behrens in Belo Horizonte, Brazil. The inclusion
criterion in the study was the use of oral anticoagulation continuously or at least for 90
days, and both those who were beginning anticoagulation and patients already on chronic
anticoagulation were admitted. The analysis included a total of 171 patients aged 19�93
years allocated into two groups according to age: elderly, that is, those aged $ 60 years
(79 patients) and nonelderly (92 patients). The mean follow-up time was 2736 84.9 days,
equivalent to 127.9 patient-years. The objective was to investigate the quality of anticoa-
gulation control by comparing elderly and younger patients. The dynamics of anticoagula-
tion were similar in the young and elderly, although these two groups had different levels
of education, cognitive deficits, chronic diseases, and used various medications.149

The fact that knowledge about the efficacy and safety of ongoing therapies needing
further research for obesity among the elderly, motivated a retrospective study in a
public outpatient clinic of Endocrinology and Metabology at Hospital das Clínicas,
Faculty of Medicine, the University of São Paulo. Medical records of 51 patients, aged
$ 60 years, were analyzed since the beginning of treatment and followed for an aver-
age time of 39.36 26.4 months. Patients who consulted at least once in the 6-month
period with a prescription for obesity medication were included. The elderly were
assessed for their weight, body mass index, and height both at the beginning of the
study and every six months until the total period of 2 years, with good tolerance to
long pharmacotherapeutic treatment against obesity.150

In endemic areas of tropical diseases, long-term cohort studies are important to investi-
gate whether vector-borne diseases interfere with mortality rates and the establishment of
comorbidities in aging adults.151 As the population over 65 years old increases, infectious
diseases in this group become a serious public health problem. The increase in infection
rates observed with aging may be due to physiological changes common to “normal”
aging or to aging-related chronic diseases, and with medical, surgical, and diagnostic inter-
ventions. Epidemiological studies in elderly populations are needed to examine the rela-
tionship between specific infectious diseases and risk factors.152

The protozoan T. cruzi is responsible for causing Chagas disease in Latin America,
a serious public health problem that affects approximately 8 million people. A group
of elderly adults from a large long-term Brazilian cohort was evaluated on the relation-
ship between Chagas disease and stroke mortality. This was an important cohort study
that has generated different publications in medical journals. One of the important
results is the causal link between Chagas' disease and the risk of stroke. In addition,
type B natriuretic peptide isolated or related to atrial fibrillation has prognostic value
for stroke mortality in elderly people chronically infected with T. cruzi.153

Noteworthy, is the scarcity of such cohort studies, even in high endemic countries,
which are key to understanding the burden of the disease with aging. This is an
important gap of knowledge that needs to be addressed by the scientific community.
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Before 1965, research on cognitive aging was predominantly descriptive, identify-
ing which aspects of intellectual functioning are affected in older adults compared to
younger adults. Since the mid-1960s, there has been growing interest in how and why
specific components of cognitive domains are affected differently in aging, with an
increasing focus on the neuroscience of cognitive aging.154

The first investigation focusing on cognitive decline in the elderly in LAC in a
low- or middle-income country investigated the association of age, gender, and edu-
cation with the 10-year cognitive trajectory in a well-defined elderly population in
the Bambuí Cohort Study of Aging previously cited in this chapter. Cognition was
assessed using the Mini-Mental State Examination (MMSE) in elderly who were
followed-up with annually. 12,206 MMSE applications were made to 1,461 people at
the baseline. The main conclusions of this analysis demonstrate that people of female
gender and of more advanced school level in the initial period of the study obtained
significantly higher scores in the MMSE, while the elderly participants demonstrated
lower initial levels in this same test. On the other hand, the elderly, women, and peo-
ple with higher education had a faster cognitive decline.155

Another genomic research study was carried out using data from the same Brazilian
cohort to observe the influence of American and African ancestry on cognition during
aging. A worse cognitive performance was observed in those of African descent, but it
did not differ in the cognitive trajectory. The educational level changed the initial asso-
ciation between greater African descent and cognitive performance, as the association
was observed only in those with poor education (,4 years). No association was found
between the ancestry of American Indians and the underlying cognitive function or
their trajectory. Thus, the authors concluded that levels of African and Native American
genomic ancestry had no prognostic value for age-related cognitive decline.156

In another study, longitudinal data compiled from 14 cohorts involving 12 coun-
tries, including Brazil, used a total of 42,170 individuals aged 54�105. It was also
found that cognitive performance decreased with age and more rapidly with increasing
age in different ethnocultural groups and geographic regions. Other correlations were
investigated, such as educational level, sewage, and the individual’s genotype com-
pared to the apolipoprotein E ε4 allele. Patients with APOE4 showed a slightly more
accelerated loss of cognition than noncarriers, with processing speed being the most
affected aspect. It is of great importance to develop international research with multi-
ple scenarios addressing correlations between the genotype of the aging population,
risk factors, lifestyle, and cardiovascular health.157

Because dementia is a public health problem of special concern among older peo-
ple, interventions for both dementia patients and caregivers are needed in countries
facing rapid population aging. Many older people rely on personal assistance in their
homes, often due to disabling health problems. In this sense, it is assumed that the
training of people involved in the care of these elderly people results in improvements
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in the quality of life. In order to investigate this issue, formal caregivers of elderly peo-
ple with dementia who have undergone training were evaluated. For six months, two
Brazilian health institutions in the state of Belo Horizonte, had their 46-elderly people
with dementia and their 25 caregivers accompanied. After analyzing the sociodemo-
graphic profile, the individual cognitive prognosis of the elderly, and assessing the
workload of observing caregivers, it was found that training aimed at qualifying elderly
assistants brings benefits to both the psychological aspects of dementia and to the
behavioral symptoms resulting from the disease.158

Primary care is a crucial tool for the insertion and promotion of physical activity.
However, few studies have evaluated the long-term effectiveness of possible interventions.
One study compared the success of three types of elderly health interventions in primary
care aimed at increasing physical activity and leisure in elderly Brazilians. This research
included 142 elderly residents belonging to an urban cohort in progress in São Paulo
called EPIDOSO (Epidemiology of the Elderly) to assess independence in routine activi-
ties. Elderly people with a minimum age of 60 years were included in the study and eval-
uated broadly at the Center for the Study of Aging. Participants were divided into groups
regarding the degree of multidisciplinary intervention. The first group consisted of mini-
mal intervention, the second group consisted of medical counseling work, and the third
group, in addition to counseling, worked with referrals to accessible programs for stimulat-
ing and guiding physical activities. The application of the International Physical Activity
Questionnaire clarified aspects about physical activity during leisure and demonstrated that
the third group responded to the incentive program significantly higher, including main-
taining changes in the habit of performing physical activity among the elderly.159

Data from another Brazilian cohort called the Longitudinal Study of Health of the
Elderly Brazilian (ELSI-Brazil), were used to verify whether physical activity was a
routine in the lives of the elderly participants and sought to investigate what factors
were associated with the practice of exercises for the purpose of identifying the deter-
minants of this good habit in old age. 9412 residents of 70 municipalities in different
regions of the country were interviewed, and various factors were analyzed according
to the literature. Women and individuals with less education showed less physical
activity during aging. Due to the importance of this practice for healthy aging, public
health programs must be created to reduce the sedentary lifestyle.160

In times of the COVID-19 pandemic, comorbidities and life-long illnesses com-
pound to aggravate the risk of mortality due to SARS-CoV-2 virus infections. The
utmost need of cohort studies in LAC is even more important to better dissect peculiar
environmental and genetic predispositions that influence illness severity and thus the
quality of life of the elderly that may tremendously increase public health costs due to
disability and rehabilitation.

Table 6.1 brings a summary of the cohort studies enrolling elderly people in Latin
America.
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Table 6.1 List of selected long-term cohort studies in Latin American countries addressing aging-related disorders and outcomes.

Study authors Enrolment number
and age

Study aims Methodology Main conclusions

Costa et al.161 n5 1742 $ 60 years Identify predictors of
adverse health events
in the elderly.

Annual individual
monitoring with
interviews, clinical,
hematological,
biochemical tests,
serology for
Trypanosoma cruzi,
anthropometric and
blood pressure
measurements and
electrocardiogram.

Brazilian cohort population
of Bambuí for studying
the aging process in
Brazil.

(Lima-Costa et al.,
2010b)162

n5 1606 . 60 years. Estimate long-term
mortality from Chagas
disease in the elderly.

Interviews and
verification of death
certificates.

T. cruzi infection was a
strong predictor of
mortality among
members of the
cohort.

(Lima-Costa et al.,
2010a)153

n5 1398 aged 60 in
the city of
Bambuí, Brazil.

Investigate the
relationship between
Chagas disease and
mortality in elderly
people from stroke in a
long-term cohort in a
large.

Analysis of deaths
(1997�2007) due to
stroke. Considering the
confounding variables:
age, sex, conventional
stroke risk factors, and
high sensitivity to
C-reactive protein.

The risk of death from
stroke among
participants infected
with T. cruzi was twice
that of those not
infected.



(Horie et al.,
2010)150

n5 51 patients $ 60
years old with at
least one visit in
2007, with at least
6 months of
treatment for
obesity.

Describe the experience
of obesity
pharmacotherapy in
the elderly in a
specialized obesity care
center in Brazil, with a
focus on efficacy and
safety.

Verification of age,
weight, height, and
BMI at study
admission, after 6, 12,
18, and 24 months and
at the last visit. Analysis
of prescription drugs,
dose, duration of use,
adverse effects, and
reasons for
discontinuing
treatment.

Long-term
pharmacotherapy for
obesity was effective
and well-tolerated by
this group of elderly
patients.

(Costa et al.,
2011)149

n5 79 elderly people
$ 60 years

To investigate the quality
of anticoagulation
control among needy
elderly and younger
patients.

Analysis of the quality of
anticoagulation
management.
Comparison of elderly
patients and younger
patients regarding
educational level and
comorbidities.

Elderly patients may have
a similar quality of
anticoagulation, despite
having higher levels of
comorbidities and
polypharmacy. There
is evidence to suggest
the safety of such
therapeutic
interventions in the
elderly.

(Castro-Costa
et al., 2011)155

n5 1606 elderly
people $ 60 years

To investigate the
association of age,
gender, and education
with trajectories of
cognitive decline in
the elderly population
with low education.

Cognition was assessed
annually using the
MMSE. This analysis
was based on 12,206
MMSE measures of
1461 (90%) baseline
participants.

With regard to cognitive
decline, female
participants, with
higher education and
older, show faster
reductions in MMSE
scores.
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Table 6.1 (Continued)

Study authors Enrolment number
and age

Study aims Methodology Main conclusions

(Lima et al.,
2012)163

n5 871 consecutive
surviving patients
not selected more
than 30 days after
ischemic stroke
(55% men, mean
age
66±13 years)

To investigate whether
the estimated
glomerular filtration
rate (eTFG) can be a
predictor of death in
different age groups
after ischemic stroke.

Traditional cardiovascular
risk factors and eTFG
using The Chronic
Kidney Disease
Epidemiology
collaboration formula
were analyzed as
predictors of mortality
for the entire
population of the
cohort and stratified by
age.

The Chronic Kidney
Disease Epidemiology
collaboration formula
measured on the first
day of hospital
admission can be a
simple and reliable
predictor of death after
ischemic stroke in
people under 65 years
of age.

(Sánchez R et al.,
2013)164

n5 65 women aged
70�88.

Describe the clinical
characteristics and
results of long-term
treatment of breast
cancer (CM) in elderly
women.

Review of medical records
of 65 women aged
70�88, with localized
CM, treated with
surgery, postoperative
radiotherapy or systemic
therapy at a Hospital de
Clínicas in Chile.

Screening mammography
in older women
detected smaller tumors
and was associated with
better survival. CM is
the final cause of death
in approximately half of
the cases.

(Pirkle et al.,
2014)143

n5 1040 between 65
and 74 years of age
in Canada,
Albania,
Colombia, and
Brazil.

Assess whether there is a
link between
reproductive history
and physical function
in old age.

Relationship between early
maternal age at first birth
(# 18 years), multiparity
(. 2 births), and low
physical performance.
Data analysis by logistic
regression and general
linear models.

Childbirth in adolescence
can increase the risk of
developing chronic
diseases and physical
limitations in old age.



(Yiengprugsawan
et al., 2016)165

n5 25 formal
caregivers and 46
elderly people with
dementia.

To investigate the effects
of personnel training
for assisted residences
administered to formal
caregivers of the
elderly with behavioral
and psychological
symptoms of dementia
in the institutional
setting.

Caregivers and elderly
residents were
evaluated for
demographic data,
severity of dementia,
global cognition,
functional
performance, quality of
life, behavior, caregiver
burden, depression,
and anxiety. The total
time for data collection
was
6 months.

There was a significant
improvement in the
behavioral and
psychological
symptoms of dementia,
assessed by the
neuropsychiatric
inventory (P, .008),
with no changes in the
other indexes.

(Lipnicki et al.,
2017)157

n5 42,170
individuals aged
54�105 obtained
from
14 cohorts from
12 countries.
Period 1989 and
2011.

To investigate how age-
related cognitive
decline rates vary
between international
cognitive aging cohort
studies. Determine
whether gender,
education level, and
carrier status of the ε4
allele (APOE � 4) were
associated with the
decline.

The standardized MMSE
and memory,
processing speed,
language, and
executive functioning
test scores were applied
using mixed linear
models, adjusted for
sex and education, and
metaanalytical
techniques.

Cognitive performance
decreased with age,
and more rapidly with
increasing age. There
were many similarities
and associations
consistent with
education and the
APOE genotype.
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Table 6.1 (Continued)

Study authors Enrolment number
and age

Study aims Methodology Main conclusions

(Felício et al.,
2017)166

n5 135 elderly
women $ 60 years

To examine whether
handgrip strength
predicts disability in
elderly women with
acute low back pain.

Handgrip strength was
assessed with a Jamar
dynamometer and
disability was assessed
using the Roland
Morris questionnaire
and gait speed test for
12 months.

Caution is needed
regarding the use of
HGS as a predictive
measure of disability in
elderly women with
acute low back pain.
Changes in gait speed
were very small and
unlikely to be clinically
relevant.

(Franco et al.,
2017)147

n5 762 elderly
people $ 65 years.
413 started on
APD and 349 on
CAPD

Describe a cohort of
elderly patients on PD
and evaluate the
influence of the
modality on long-term
survival.

Patients were followed up
until death, transfer to
hemodialysis, recovery
of renal function, loss of
follow-up or
transplantation.
Demographic and
clinical data were
assessed at baseline.

Continuous outpatient
peritoneal dialysis
(CAPD) presented a
higher risk of
mortality. Beyond 18
months, the APD
modality was a
protective factor.

(Lima-Costa
et al., 2017)145

n5 1495 elderly
people $ 60 years

(1) To examine the
association between
multiple cytokines and
chemokines, particularly
IL-6, with long-term
mortality; (2) examine
whether levels of African
and Native American
genomic ancestry affect
the ability of these

Evaluate the associations
between baseline
serum levels of IL-6
and other cytokines
(IL1�2, TNF, IL-10,
and IL-1β) and
chemokines (CCL2,
CCL5, CXCL8,
CXCL9, and
CXCL10) with

The high level of IL-6
(but not other
biomarkers) was
associated with an
increased risk of death.
African and Native
American ancestors
based on the genome
have no impact on the



biomarkers to predict
mortality; and (3) to
compare IL-6 ability to
predict mortality with
that of a comprehensive
morbidity score.

15-year mortality in
1191 mixed Brazilians
aged 60 or over.

prognostic value of IL-
6 for mortality.

(Guerchet et al.,
2018)141

To study the effect of
care dependency
among elderly residents
on the economic
functioning of their
families, in research
sites in areas of
coverage in Peru,
Mexico, and China.

Families with elderly
people were classified
and followed up for 3
years to verify the
economic outcomes
(family income,
consumption, economic
pressure, satisfaction with
economic circumstances,
and health expenses and
residents giving up work
or education to care).

Income from paid work
and government
transfers were lower in
assisted families than in
unassisted families, and
health expenditures
were higher.

(Torres et al.,
2018)144

n5 1014 elderly
people $ 60 years

Examine the social
support capacity, social
network, and basic
measures of depressive
symptoms to predict
the onset of disability
in long-term ADL in a
western middle-
income country.

ADL was measured
annually. Psychosocial
factors included
depressive symptoms,
social support, and social
network. Potential
covariates included
sociodemographic
characteristics, lifestyle,
cognitive function, and
physical health scores
based on 10 self-
reported medical
conditions.

Depressive symptoms and
the low emotional
support of the closest
person have a strong
predictive value for
subsequent disability in
ADL.
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Study authors Enrolment number
and age

Study aims Methodology Main conclusions

(Lima-Costa et
al., 2018)156

n5 1215 elderly
people $ 60 years

To investigate the
association between
African and Native
American genomic
ancestry and long-term
cognitive trajectories in
mixed-race Brazilians.

Cognitive function was
assessed annually using
the MMSE, totaling
12,208 measurements.
Ancestors were assessed
using a broad genome
approach.

Levels of African and
Native American
genomic ancestry had
no prognostic value for
age-related cognitive
decline in this mixed
population.

(Peixoto et al.,
2018)160

8736 participants
(92.8%) aged 50 or
over from the
Longitudinal Study
of Brazilian Aging
(ELSI-Brazil).

Describe the prevalence
of PA among elderly
Brazilians and
associated factors. In
addition, the potential
effect modifiers of the
association between
PA and age were
investigated.

Physical activity was
measured using the short
version of the
International Physical
Activity Questionnaire.
The exploratory variables
were age, sex, education,
ethnicity, marital status,
number of chronic
diseases and medical
consultations, and
knowledge or
participation in public
programs to encourage
PA.

In addition to the
association with marital
status and health
promotion programs,
there was significant
gender and educational
inequality in the
decline in PA in old
age.

(Meireles et al.,
2018)146

644 individuals with
an average age of
61 years

To assess the mortality
associated with CIMT
in the participants in
the ERICO study.

CIMT was assessed by
mode B ultrasound to
assess the risk of
mortality in 180 days,
1�3 years.

The thickness of the
carotid intima was
mainly influenced by
aging. CIMT was not
a good predictor of
mortality in this study.



(Novais et al.,
2019)159

142 elderly people
living in an urban
cohort—São Paulo
(Brazil).

To compare the
effectiveness of three
primary health care
interventions in
increasing leisure-time
PA among elderly
Brazilians.

Randomized participants
in three groups:
minimum intervention,
medical counseling,
and counseling group
and individual referral
to PA programs
(CRG). Application of
the extended version
of the International
Physical Activity
Questionnaire to assess
leisure-time PA at the
beginning of the study,
4 years after the start
without any
intervention,
3 months after the
intervention, and
6 months after the
intervention.

Interventions with
individual referral to
PA programs
effectively produce
sustained changes in
PA among older
Brazilians.

ADL, Activities of daily living; APD, automated peritoneal dialysis; BMI, body mass index; CAPD, continuous ambulatory peritoneal dialysis; CIMT, carotid intima-
media thickness; ERICO, Strategy of Registry of Acute Coronary Syndrome; IL, interleukin; MMSE, Mini-Mental State Examination; PA, physical activity; PD,
peritoneal dialysis.



6.6 Conclusion

In summary, this chapter highlights the increasing challenges faced by aging populations
in LAC countries due to peculiar tropical environments, endpemic diseases, health sys-
tems and accessibility, and cultural and socioeconomic characteristics; calling especial
attention to emerging countries coping with socioeconomic, population growth, and
nutritional transitions. Such panorama requires continuous preventive and intervention
measures and permanent government policies and surveillance to reduce disease burden
and to foster healthy aging and the quality of life of the elderly in a short and long term.
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CHAPTER 7

Identification of metrics of molecular
and cellular resilience in humans and
animal models
Felipe Sierra
Inspire, CHU Toulouse, Toulouse, France

7.1 Biomedicine is focused on disease, not health

The world is aging, very fast, driven by a combination of decreased birth rates and sig-
nificant gains in longevity. While most of the explosive increase in longevity has been
the result of advances that prevent “premature deaths” during childhood and early
adulthood (primarily among childbearing females), significant improvements have also
occurred in life expectancy after age 60, with large portions of the world population
being now in a position to expect a healthy survival into at least their 70s. In fact, it is
interesting to note that, at a time when the average chronological age of humankind
has increased, the mortality rate has diminished for all age groups, and particularly for
the oldest. Thus, a person’s chance of dying at any age has diminished, implying that
people are aging in better health than ever before, so that now an older adult of 75
years has on average the physiological age of a 65 years old of just a few decades ago.

And yet, most people dread getting there, as old age is still invariably associated
with infirmity, disease and frailty. If we have succeeded in significantly postponing
death, why have we not succeeded in postponing disease? The answer is that the ques-
tion is wrong: we have indeed succeeded in delaying both, so that while a diagnosis of
cancer, for example, was a death sentence only a few decades ago, people are now liv-
ing with cancer for years and decades. Similarly, the impact of heart disease has been
significantly diminished through the use of statins, stents and other preventive mea-
sures, as well as post-event therapies and treatments. However, there is indeed still a
catch. While modern biomedicine, nutrition and public health have succeeded in
extending both lifespan and health span, there seems to be a disparity between the rate
of advancement in each category, where despite both having seen steady increases in
the last decades, their rise has not been parallel. Work by Crimmins1 and others has
shown that the increase in longevity lags significantly behind the increase in chronic
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diseases such as diabetes, cancer, stroke, myocardial infarction, and many others, lead-
ing to a situation where people are living longer, but in worse health conditions.

Certainly, this dramatic increase in the prevalence and incidence of chronic diseases
is at least partially driven by the simple increase in the proportion of older adults
within the population, and we need to keep in mind that this is a significant achieve-
ment brought about by the advances in biomedicine during the last century. But
another culprit lies on biomedicine’s use of an antiquated approach, whereby the focus
is not on health, but on disease. Traditionally, medicine has been all about curing the
sick and the diseased, with only occasional efforts at prevention. That is, the health
profession is not focused on health! Of course, tending for the sick is a primary obliga-
tion and need, and nobody will argue that such efforts should be abandoned, but the
entire approach is not helping us at the scale we require in the 21st century. For most
of human history, sickness and death, when not self-inflicted through war and other
activities, was caused by external agents that attacked our organism, such as viruses,
bacteria and parasites. Focusing on combating those acute attacks by external forces
was a reasonable approach that led to the most important advances made in the last
century, including a recognition of the paramount role of hygiene, the development
of vaccines and the establishment of sensible public health services such as clean water
and garbage collection. Unfortunately, the dangers to our health have changed and no
amount of garbage collection or clean water will protect us against chronic diseases
whose etiology does not lay on external organisms attacking us, but are instead the
result of an age-driven decrease in our own body defenses. That is, the current enemy
is not a parasite, but it is an internal enemy: our own body.

7.2 Comorbidities are the prevailing characteristic of older age

So, we need to change the paradigm, but why does the current approach lead to high-
er morbidity, rather than being neutral or positive? The reason is that we are focusing
on fighting one disease at a time, and with a strong emphasis on those diseases that
produce the highest mortality, such as cancer and cardiovascular diseases. As a result,
we have made significant advances in keeping those diseases at bay, thus increasing
survival (i.e., lifespan) of those individuals affected by them. But the problem is that
virtually all chronic diseases increase with age, not only those that kill us. This is called
multimorbidity or comorbidity, and it points to the fact that older adults are rarely
affected by only one disease: they have 2, 3, or as many as 10 complications at the
same time. Addressing each of them individually, under the control of a different spe-
cialist each, leads to polypharmacy and a lower overall quality of life.

Returning to the issue of health span not moving as fast as lifespan as mentioned,
we have made big progress against those diseases that kill us, so that a patient affected
by a cancer (which would have killed her/him in a short time in the past), is now
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allowed a second chance, via chemotherapy, surgery, and other means. The person
lives a few extra years, but because none of the other concomitant diseases and condi-
tions were treated, those extra years are spent in the presence of all those non-lethal
conditions. That is, the lifespan of that individual was extended, but so was the preva-
lence of the accompanying diseases. We can conclude that the approach of addressing
one disease at a time, with a laser focus on the deadliest ones, appears misguided. Of
course, the extra years of life allowed to the patient will likewise accelerate the appear-
ance of new diseases, not the least because some diseases and/or their treatments are
known to accelerate the aging process, so that there will also be a negative effect on
the “incidence” metric. This is unfortunately a natural downside of increasing the life-
span, irrespective of the approach taken to achieve it, so it will be a negative side effect
of both the traditional approach and the new tactics being developed, to be discussed
here.

7.3 Chronological versus physiological age

Given that the nature of the “enemy” has changed, then it is obvious that we are not
using the right tools to fight, and we need to re-think our approach. In sports, as in
war (either in the classical or metaphorical sense), it is necessary to develop two con-
gruent and parallel approaches: an aggressive offense balanced by a solid defense. Since
the enemy we are facing in this case is our own body, then it is reasonable to think
that a good defense is more appropriate to the task than a vigorous attack. Indeed,
much of current medicine is focused on attacking the disease and/or its culprit, and
preventive measures aimed at strengthening the host are a relatively new concept that
is only recently gaining strength.

Cardiovascular diseases (CVD) represent a prime example where significant gains
have been achieved primarily through preventative approaches. The demonstration,
using epidemiological approaches, of multiple conditions that predispose an individual
to disease (cholesterol, HDL, diabetes, smoking, etc.) lead to the development of sta-
tins, drugs that decrease the risk of CVD by lowering cholesterol levels. That early
success in turn focused the attention on additional preventive approaches such as diet
and exercise. This is undoubtedly a success story. However, all efforts so far have
excluded paying attention to the one risk factor which is much stronger than all others
combined: aging. Indeed, while a cholesterol level as high as 280 will give a score of 4
in the Framingham scale, being 75 years old gives by itself a score of 15.2 But this fact
is ignored in the medical profession for a very simple reason: the belief that there is
nothing we can do about aging, so what’s the point of discussing it? That is, however,
a fallacy we are only now beginning to realize. There is a big difference between
chronological age (that which is in your identification, and which is indeed immuta-
ble) and physiological age, the rate at which your body has deteriorated as a function
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of the passage of time. A landmark 2015 study by Belsky et al.3 indicates that, using
physiological markers, the biological/physiological age of 38-year olds can vary dra-
matically, between 28 and 61 years (with a median, as expected, of 38 years). That
high level of variability indicates that chronological age is by no means a good substi-
tute for examining the real biological age of an individual. In fact, we intuitively
know that while our chronological age cannot be modified, our physiological age is
highly malleable, and an unconscious hope that good habits will lead us to a better
aging is in large part what prompts us to try to eat properly, exercise, avoid smoking,
etc. We hope that by doing so we will be in better health, which is just another way
of saying “physiologically younger.”

7.4 Linking aging to disease: geroscience principles

The idea that aging is the main risk factor for most diseases and conditions, coupled
with advances in the basic biology of aging indicating that physiological age is malleable,
led to the development of the concept of geroscience.4 Geroscience proposes that, since
age is the major risk factor for most or all chronic diseases affecting the older adult popu-
lation, then addressing the so-called pillars/hallmarks of biological aging should lead to a
generalized improvement of health and the postponement of diseases and conditions
associated with aging.5 Of course, this concept has existed since times immemorial, but
the trigger that made it currently attractive is the definition of major modifiable drivers
of the aging process.6,7 For almost a century now, diet restriction was the only manipu-
lation known to significantly extend lifespan. In the last couple of decades, scientists
have used that paradigm and other approaches to identify hundreds of genes which,
when individually manipulated, allow a partial recapitulation of life extension afforded
by diet restriction. In turn, those individual genes helped identify a network of molecu-
lar pathways believed to control the aging process, including proteostasis, mitochondrial
metabolism, nutrient sensing, and macromolecular damage/response to stress. In addition
to these molecular events, research on cellular biology identified additional drivers of the
process, such as cellular senescence, inflammation, stem cell robustness and, at least in
some cases, telomere shortening.6,7 While 2 models were proposed at a close interval,
their differences are so minor compared to their similarities that most scientists refer
indistinctively to one or the other. Of note, the microbiome and circadian rhythms rep-
resent two examples of additional potential drivers that were not identified originally
but have come to the forefront in the last few years as potentially important and manip-
ulable players. This underscores the fact that while we do appear to know the major
players important in aging biology, we don’t yet know all of them, so that more
research into the biology of aging is urgently needed.

Inevitably, attempts to validate hypotheses about the relevance of these multiple
hallmarks led to the testing of pharmacological interventions to modify each of them.
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Drugs that aim at improving one or more hallmarks of aging have been termed “gero-
protectors.”8 For example, one of the main pillars of aging identified to date is nutri-
ent sensing, and an important intracellular nutrient sensor is mTOR (which stands for
“mammalian/mechanistic Target Of Rapamycin”). Thus, a pharmacological approach
was already implied in the name of the sensor, and indeed, an early success was the
documentation in 2009 that rapamycin did indeed lead to an increase in lifespan in
both male and female mice of a mixed genetic background, the HET3 mice.9

Subsequent work from many laboratories has indicated that in mice and other species,
rapamycin improves multiple health parameters, and provides resilience against many
models of age-related chronic diseases. In fact, the data on the positive effects of rapa-
mycin in mice is robust enough that attempts have been made to test the effect of
rapamycin or its derivatives in higher animal models, as well as in humans. A small
(phase 1) study in pet dogs indicated no side effects, and an improvement in multiple
parameters of heart function.10 Larger placebo-controlled clinical trials on pet dogs are
ongoing, as well as smaller trials in other translational relevant animal models like mar-
mosets, a small South American non-human primate. Furthermore, a series of studies
in humans has shown that a rapamycin derivative, sirolimus, can improve the immune
response of elderly subjects to influenza vaccination.11,12 Indeed, while it is well
known that older adults often respond poorly to vaccination (because of a phenome-
non termed “immunosenescence”), a pretreatment with sirolimus and another mTOR
inhibitor led to a 30% improvement in anti-influenza titers, 3 months after vaccina-
tion.12 Perhaps more impressive, is that short pretreatment also led to a 40% decrease
in overall infections in the treated group. This data is in stark contrast to the clinical
literature about rapamycin and its derivatives, which are used as immune suppressors
rather than adjuvants. It is possible that the positive effects of the drug on resilience
and overall health overcome the negative immune suppressive effects, although it is
also possible that rapamycin might not act at all as an immunesuppressor in healthy
older adults. It should be noted that a recent phase 3 trial of the drug failed in its pri-
mary endpoint, though this endpoint differed from the endpoints tested in phase 1
and 2 trials. Therefore, research is expected, both in relation to anti-influenza and the
timelier possible effects on the responsiveness to the newly-developed Covid vaccines.
In addition to rapamycin, there is currently significant data accumulated on the posi-
tive effects of manipulating other hallmarks of aging, such as mitochondrial metabo-
lism, cellular senescence and others. Of significance, is the strong current interest in
senolytics, drugs that “preferentially” induce apoptosis of senescent cells.13 Multiple
senolytics and senomorphs (drugs that blunt the negative effects of senescent cells
without actually killing them) have been identified and are being tested now in clinical
trials at different levels up to phase 3. In fact, the strong data and interest in senolytics
has recently led the US National Institutes of Health (NIH) to launch a major
program to map and characterize senescent cells in healthy humans and mice
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(RFA RM-21�008), Cellular Senescence Network: Tissue Mapping Centers (U54
Clinical Trial Not Allowed).

Many other geroprotectors are being tested at various levels, either alone or in
combination; in models ranging from worms to mice and, in some cases, humans.
These include, notably, compounds that boost the levels of NADH,14 and which have
been shown to improve health in small exploratory clinical trials, as well as other che-
micals such as a-ketoglutarate, which acts on mitochondrial health.15 An important
but largely untapped approach is the use of combination therapies, either using multi-
ple geroprotectors together, or using geroprotectors as a way to improve effectiveness
of disease-specific interventions. For example, Campisi’s group has shown that senoly-
sis can improve the response of mice to chemotherapy, by greatly reducing treatment-
induced fatigue.16 Interestingly, the work also showed a significant correlation
between chemotherapy-induced fatigue in humans and their levels of cellular senes-
cence in T cells, suggesting that an application in humans might have a similarly posi-
tive outcome. Again worth emphasizing: the elimination of senescent cells is not a
“directly anti-cancer” approach, but rather, the intervention addresses the issue of
aging being the major risk factor for conditions such as chemotherapy-induced fatigue.

In terms of testing multiple geroprotectors at the same time, it is noteworthy that
emerging data is beginning to show that many geroprotectors seem to act synergisti-
cally upon multiple aging pillars. Thus, for example, improving proteostasis has been
shown to lead to positive effects on age-related changes in other areas including mito-
chondrial metabolism, inflammation, cellular senescence and stem cells.17 This raises
the alluring idea that perhaps it is not necessary to develop interventions against each
of the hallmarks of aging, and that maybe combinations of different geroprotectors
might allow a reduction of dose for each, thus lowering the possibilities of toxic or
negative effects from individual compounds.

7.5 A common thread: improvement of resilience

How is it possible that geroprotectors act on so many different aspects of health and
disease? After all, classical medicine has always emphasized the need for therapies to be
highly selective, as a way to avoid unwanted secondary effects. But geroprotectors rep-
resent a completely different approach, where drugs are not meant to affect individual
pathways involved in the physiopathology of specific diseases. Geroprotectors appear
to act by altering pathways that increase the resilience of cells against external or inter-
nal attacks. In fact, early studies using genetically-modified mice with improved lon-
gevity (Dwarf mice) demonstrated that such mice, as well as the fibroblasts derived
from them, were resilient to a full panel of chemical and physical stressors, including
H2O2, heavy metals, UV light and others.18 The concept of multiplex-stress resistance
was used to describe this effect. The demonstration that mice treated with
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geroprotectors as described above display resistance to several diseases as well as
improved physical and cognitive performance suggest that all (or at least most) gero-
protectors work by increasing resilience to both internal and external stresses. Such a
characteristic should be a litmus test for whether an intervention can truly be called a
geroprotector. But there is a catch: we don’t really know yet how to measure resil-
ience, either in mice or in humans.

7.6 Defining resilience at the molecular level

Before we go any further, we need to define resilience. As defined in Webster’s
Dictionary, resilience is “the capability of a strained body to recover its size and shape
after deformation caused especially by compressive stress,” or “an ability to recover
from or adjust easily to misfortune or change.” It is this last definition that has been
used mostly in socioeconomic studies of, for example, the effects of early lifetime
trauma on late-life health. The literature in this area is extensive, but unfortunately it
is relatively lacking in mechanistic explanations of cause/effect. For that reason, for the
purpose of the following discussion, I will focus on the concept of “molecular resil-
ience” which has been defined as the ability of every cell in our organism to respond
to a challenge and return to homeostasis. Relevant challenges in this context include
both physical (UV light, radiation, heat, cold, starvation) and chemical challenges (oxi-
dants, toxins, chemotherapy) that require an immediate response not only from a few
“target” specialized cells, but by all cells in our body.19

Both physiological and molecular resilience decreases with advancing age. At the
macro level, a quantitative example of this is the decrease in records for different sports
with advancing age. For example, the speed at which a marathon can be run even by
the best trained athlete will decrease as the person ages, because of a loss in the ability
to properly respond to the challenge. At the clinical level, survival from surgery
decreases with the increase in a patient’s chronological age, as does the ability to
mount a proper immunological response to vaccination. The molecular basis for this
decreased capacity to mount a robust response to a challenge is still poorly understood.

It is important to specify that resilience and frailty are not just two sides of the
same coin, and the loss of resilience is not directly equivalent to acquisition of frailty.
Indeed, the timeframes of these two processes indicate that they are not equivalent.
Frailty, as measured by either the Fried or Rockwood metrics, is something that
occurs relatively late in life, usually after significant functional loss and early signs of
disease. In contrast, resilience is something that is lost throughout adult life as described
above, and it is independent of factors such as disease. It is therefore reasonable to sus-
pect that, as the loss in resilience precedes the appearance of frailty, then the appear-
ance of frailty might be the result of resilience loss passing a certain threshold. Once
frailty appears, the organism becomes more susceptible to disease and death. In this
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model, recurring challenges throughout life are normally well-handled by the young
organism, but each time, the response might lead to a new (and less optimal) setpoint,
so that as we age, the setpoint becomes less stable and easy to dislocate, thus leading to
the appearance of frailty, where even minor challenges can no longer be dealt with
appropriately.

In turn, frailty increases susceptibility to disease and death. Furthermore, these three
elements (resilience, frailty and disease) seem to form a vicious circle in which each
player can induce the appearance of the other two (Fig. 7.1). Nevertheless, simply
based on their time of appearance during the course of life, it seems reasonable to sus-
pect that resilience might be a major driver, since as described above, loss of resilience
is already apparent in mid-life, while frailty and disease are more often late events. Of
course, this is a generalization based on epidemiological studies, but as described by
Ferrucci et al., each individual can have his/her own pathway leading to a loss of
health.20

Based on these arguments, it seems relevant to develop measurements of resilience
that can be applied to a healthy population, to assess risk of developing frailty and dis-
ease before these elements appear. Ideally, if we had validated measurements of molec-
ular resilience, it might be possible to quantify the loss of resilience, between 40 and
60 years of age, and with that information, predict the likelihood that the individual
will develop frailty and chronic diseases earlier or later than expected for his/her chro-
nological age. To be clear, it would be expected that a decrease in molecular resilience
should be observed for all individuals between the two ages chosen. The question
therefore is not whether resilience has decreased, but rather, whether that decrease has
occurred at the expected rate, or faster, or slower (Fig. 7.2). However, we do not cur-
rently have a method for measuring molecular resilience.

Figure 7.1 The relationship between resilience, frailty and disease. All three of these elements can
and do lead to death, because all three of them interact with each other in a synergistic fashion
that leads to overall physical deterioration. Because of these interactions, the initiating problem in
a given individual could be any of the three. For example, a serious disease can lead to sudden
onset of frailty and loss of resilience. Equally, incident frailty can accelerate the appearance of
chronic disease and loss of resilience. On the other hand, as argued in the text, at the population
level it appears that loss of resilience predates the appearance of either frailty or disease, and thus
it appears reasonable that our efforts should be put in that element.
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7.7 Measuring molecular resilience

Different from measures of frailty, which is a static representation of the current status of
the individual, measuring resilience requires the imposition of a challenge, so as to mea-
sure the maximal capacity to respond to such a challenge. In a sense, it is akin to the use
of Seahorse technology to measure the maximal capacity of mitochondria to respond to
successive challenges. However, because the goal is to measure overall resilience, a single
stress test will not be sufficiently informative, because what is needed is a multipara-
metric, or multiplex resilience measurement, and applying multiple such stresses to any
individual is obviously problematic, especially if the individual is already suspected of
having low resilience capacity. While this issue is particularly difficult in humans, it is
also problematic in animal models such as mice. It is in principle possible to calibrate
tests to individual challenges such as cold exposure, chemotherapy, surgery, etc., how-
ever, application of a battery of such tests to a single animal will lead to negative interac-
tions, where the stress of responding to a given challenge will necessarily impact the
ability of the subject to properly react to a second or third stress, even if the stresses are
unrelated. Thus, the task ahead is complex: we need to first define which stresses are the
most relevant, then assess which recovery parameters are most informative for each of
these stresses. Then it will be necessary to calibrate both the stress and the response, so
as to obtain measurements that are discriminatory enough among different individuals.
Finally, once all those elements have been optimized for the individual challenge/
response combinations, then a series of successive tests would need to be devised so that
multiple challenges can be applied in close succession. Then each test other than the

Figure 7.2 The value of measuring resilience early in life. Frailty is a condition that develops late in
life, after the onset of disease and disability. In contrast, loss of resilience occurs throughout adult-
hood, and even in the absence of disease or significant loss in function. It is proposed that, if mea-
sured longitudinally at different times during adulthood (40 and 60 years in the figure) the rate of
decay could be measured against the “expected,” allowing a physician to assess if an individual is
losing her/his resilience at the anticipated speed, faster or slower. If an individual is losing resilience
faster than expected, then administration of a geroprotector would be an appropriate prophylactic
to reduce the risk of later developing frailty, chronic diseases, or premature death.
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very first one would need to be recalibrated for an expected response that takes into
account the stress produced by the previous test(s). It seems like a enormous task and it
would obviously not be possible to apply it to humans.

Since we are defining molecular resilience as the ability of every cell to respond to
challenges, a possible alternative is to develop tests that can be applied, not to the indi-
vidual, but to cells derived from them. Because millions of cells can be derived from
small biopsies (which by themselves could serve as a parallel in vivo test), such cells
could be subjected to multiple stresses in parallel. The main limitation of this approach
lies in proving whether or not cells in culture retain the resilience capacity shown
in vivo by the organism from which they are derived. It has been shown that fibro-
blasts from long-lived mice indeed display multiplex resistance, as compared to control
mice18; however, in that case, the difference in lifespan (and supposedly, resilience)
was driven by a genetic mutation in the growth hormone pathway, and thus it makes
sense that physiological effects of the mutation would be retained in the cells that still
contain the mutation. In contrast, for example, it has been shown that while caloric
restriction leads to an improvement in immune function when tested in vitro, actual
immune function in the live animal is negatively affected by caloric restriction.21 That
is, the protective effect is lost once the cells are no longer under the stress of nutrient
scarcity. Current efforts in the stem cell field, where recent work is starting to show
that it might indeed be possible to retain epigenetic marks driven by aging after repro-
gramming, might help alleviate this roadblock.22 Nevertheless, efforts are currently
underway to test whether mouse fibroblasts in culture can recapitulate the resilience
observed in live mice, but no results have been published to date.

But where do we start, if we want to standardize measures of resilience but we don’t
know the role of resilience in future health? It’s a chicken-and-egg proposition, unless
we accept the premise that decreased resilience early in life will lead to worse late-life
health outcomes. The identification of a discriminating stress/response combination
could separate young mice with strong and weak response, and then the animals can be
left to age and their late-life health/longevity can be measured. This still requires the
assumption that the testing itself did not differentially alter future health and longevity.
Since the same test was applied to all individuals, this would be a reasonable assumption,
except if we consider that, because of the extra effort required to mount a response, an
individual with lower resilience might be more negatively affected by the testing itself.

A solution to this conundrum is to begin by testing, not in the individual (which is
the ultimate goal), but in a cohort already known to display altered (improved or
reduced) late-life health and longevity. Testing could be done in animals that differ in
their late life outcomes due to changes in behavioral interventions, rather than genetic
ones, such as for example diet-restricted mice, or mice allowed to exercise freely
(extended health and longevity), as well as mice under a high-fat diet or exposed to
non-lethal stresses such as chronic exposure to toxins (decreased health and longevity).
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Such cohorts with pre-known endpoints of interest can therefore be used to standard-
ize resilience measurements, both in the whole organism, and in cells derived from
them and maintained in such a way as to preserve the epigenetic marks expected to be
introduced by the behavioral manipulations.

To end this topic, ideally a composite measurement of resilience could include a
mixture of measurements that can be done in the whole organism and others that
need to be done in vitro. For example, even in a human patient, a cardio stress such as
exercise to exhaustion could be combined with measuring the rate of closing of a
small skin biopsy, which would provide the cells necessary to test more aggressive tests
such as exposure to chemotherapy, UV or oxidative challenges.

7.8 We need to develop resilience metrics in animal models

As we have seen, developing resilience tests is not a trivial endeavor, and unless
in vitro models can be validated, translating these methodologies to humans is even
more challenging. And yet, it is crucial that we undertake this effort, not only as a pre-
lude to deploying such tests in humans, but also because of the intrinsic value of
developing the methodology in mice for research purposes.

Since longevity is always a relevant endpoint, research into the basic biology of aging
has traditionally taken advantage of short-lived species. But even the roughly 3-year life-
time of mice can be a roadblock to progress in looking for geroprotectors and we need
to establish pre-screening methodologies that can accelerate and focus the process. An
effort has been made by the creation by the NIH of the Caenorhabditis Interventions
Testing Program (CITP), designed to test potential geroprotectors in a genetically hetero-
geneous set of Caenorhabditis species (including, but not solely C. elegans).23 The approach
allows for the rapid testing of many potential geroprotectors, in multiple related species, a
process that in principle allows for the identification of compounds that extend longevity
in multiple genetic backgrounds. However, the testing is restricted to a single outcome,
longevity, and it is done in species that are evolutionarily quite distant from humans.
Development of resilience measurements that can be applied to young mammals and be
predictive of future health and longevity would be invaluable in reducing the time,
money and effort necessary to provide an early indication of possible efficacy, as well as
assessment of potential side effects of new geroprotectors or combinations.

In addition, as with other aspects of biomedical research, developing methodolo-
gies in mice allows researchers to control many variables that are not possible to con-
trol in humans. Mice also allow for the assessment of the predictability of the
technologies. As mentioned above, a major premise of the field is that measurements
of resilience at a young or middle-aged point will be predictive of late-life health,
morbidity and mortality. While reasonable, that premise has not been proven and, in
addition, it is likely that not all possible challenges and response dyads will be equally

171Identification of metrics of molecular and cellular resilience in humans and animal models



predictive. Yet to prove a prediction about health several decades down the line is
problematic. For that reason, development of appropriate methodologies in mice is a
necessary step before translation can be envisaged.

7.9 Translation of resilience measurements to humans

Measurement of resilience in humans is complicated. First of all, application of physical
stresses and challenges is, in many cases, fraught with ethical issues. For that reason,
attempts are being made to use “natural” stresses such as elective surgery and events
such as bone fractures. In the case of the first category, the limitation is that the popu-
lation that pursues elective procedures is not representative of the whole population,
and in fact it is skewed towards more robust individuals. In the second category, the
limitation is the absence of proper pre-event data. Nevertheless, these approaches are
likely to provide early indications of possible measurements. On the other hand,
events—programmed or not—will not be usable as measurements for the entire popu-
lation, which has not been subjected to such events (and can’t be induced to do so).
Other stresses can be used if the response is measured more carefully. For example,
exercise to exhaustion is used to measure cardiovascular fitness, and response to vac-
cines could be used to measure the immune response. While these stresses measure the
function of specialized tissues, careful monitoring of the responses, beyond what is
done in routine care, might be useful as a substitute measure of resilience.

In addition to measuring responsiveness in the whole patient as above, it would be
ideal to develop measurements of resilience in vitro, in cells cultured from a small skin
biopsy. However, for this approach to succeed, the same limitations described above
apply, in terms of demonstrating that cells (usually fibroblasts) derived from individuals
retain their resilience properties in vitro. As in the case of experiments done in Dwarf
mice, it is likely that at least the genetic component of resilience might be retained,
while the environmental modifiers retained in the epigenetic code might be lost in
culture. It is crucial that further work on maintaining the age and environmental
marks of cells in culture be accelerated.

7.10 Conclusions

Developing the methodology to measure molecular/cellular resilience is a challenging
task. Multiple roadblocks will need to be addressed in order to develop reliable and
predictive methodologies. We have discussed some of the issues that need resolution
but, because of space limitations, the analysis has been superficial, and a more in-depth
discussion within the research community is necessary. The challenges apply to efforts
in any species, including humans, but there is a need to develop these methodologies
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in mice, before we can begin to think about translating them to the human
population.

One exciting possibility discussed is the possible use of cells in culture, rather than
the entire individual. This is not only relevant in the case of humans, where ethical
considerations would preclude the application of multiple stresses, but it is also an
important avenue to explore in mice, since the development of a multiplex-resilience
panel would require the application of multiple successive stresses to the same animal,
thus severely complicating the interpretation of results. The use of cells in culture
would dramatically simplify the task, but many issues remain unresolved, including the
development of technologies to allow cells derived from patients (or mice) to retain
the epigenetic marks suspected to represent the effect of the environment on the indi-
vidual’s resilience.

In spite of these challenges, development of such measurements is of paramount
importance if we are to develop truly preventive health measures and implement
geroscience-based approaches to human health.
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A metabolic and mitochondrial angle
on aging
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8.1 Aging and longevity: revisiting the evolutionary perspectives and
controversies

The increasingly aged human population (mainly in developed countries) represents a
significant scientific achievement and privilege associated with medical, social, and eco-
nomic progress. However, it also poses several challenges to national health and social
care systems. Besides, the uncoupling of biological evolution with the fast technical
progress achieved by humanity has minimized the role of natural selection and rendered
aging almost an undesirable physiological event that most people desire to delay as
much as possible. All this has been challenging modern gerontology to focus on poten-
tial strategies to extend the lifespan, but primarily to mitigate the negative thoughts often
associated with aging and aged individuals (Fig. 8.1).

Figure 8.1 Aging-related alterations. Mitochondria- and ROS- related factors gradually increasing
or decreasing with age.
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Aging is not just a psychosocial matter, it involves molecular, cellular, and tissue
changes towards a progressive impairment of metabolic function.1 Indeed, mortality and
morbidity increase exponentially upon aging and, though these factors might be insignif-
icant in early life, the inevitable deterioration of tissues and organs over time leads to a
notable increase in mortality in older age.2 Therefore, we can ask ourselves whether: (1)
aging is a gradual, time-dependent programmed event (or sequence of events)—chronic
phenoptosis, and (2) if it would be advantageous to delay, slow, or even stop such events
to further extend the organism’s lifespan1—neoteny, studied in organisms such as the
naked mole rat.3,4 In this respect, we must remember that aging is an essential evolu-
tionary mechanism that promotes diversity within a population (for example, due to the
distinct phenotypic changes or development rate across individuals). Aging also constitu-
tes a demographic buffer that accounts for eliminating the more senior and weaker indi-
viduals upon adverse conditions to maintain a young, healthy and reproductively
competent population, thus increasing the pressure of natural selection and, ultimately,
its biological evolution.1 However, in some species (such as in the naked mole-rat,
Heterocephalus glaber, or to a lesser extent, in H. sapiens) the social organization has mini-
mized the role of natural selection and, therefore, aging became a harmful atavism that
is sought to be replaced by an extension of youth (neoteny) to increase longevity.3

Humans more frequently aim to counteract the effects of aging, possibly through neo-
teny mechanisms, namely a rapid growth of the brain from a human embryo or the main-
tenance of immature brain structures across the lifespan.5 This is supported by
transcriptomic studies demonstrating that the reconstruction of the human prefrontal cor-
tex after birth (particularly for genes associated with neuronal development and synaptic
function) is much slower than in other primates,6�8 thus prolonging the youth of the
brain and delaying its senescence (as observed in the naked mole rats, as detailed later).
Similar delays occur in lungs, skeletal muscle, eye, hair covering, or sexual maturation, but
not in the heart, liver, or kidneys.1 Taken together, this means that while aging could be
considered a programmed sequence of events that are crucial for evolution, and neoteny
could effectively extend the longevity of individuals, the lack of clarity on the precise
mechanisms limits the development of interventions that could enhance this process.

8.2 Aging and longevity: challenging the traditional views for
mitochondrial-derived oxidative stress

Controversies aside, dysfunctional energy metabolism is a well-described and
evolutionarily-conserved aging feature.9�11 In 1972, Harman proposed that aging
arises from the progressive accumulation of byproducts of normal respiration within
the mitochondria, the so-called mitochondrial free radical theory of aging.12�14 The
theory was based on two premises: (1) free radicals damage biomolecules (as evidenced
by radiation chemistry), and (2) free radicals occur in living organisms (which was

178 Aging



demonstrated at this time).15 Initially, free radicals were postulated to be the culprit of
aging; later on, other reactive oxygen species (ROS) were also included. This theory
has been developed and modified16 and gave birth to several daughter theories.
Emphasis on oxidative stress as the cause of oxidative damage prompted some authors
to reformulate the theory as the oxidative stress theory of aging.17

More recent studies extended this notion by focusing on the oxidative injury to
mitochondrial DNA (mtDNA) and its eventual effect on gene expression, DNA repli-
cation and mutation as putative causes of age-related mitochondrial and tissue
damage18�21 (Fig. 8.2). Accordingly, aging can promote mtDNA damage in humans,

Figure 8.2 Mitochondria-derived oxidative stress in aging and longevity. More than a psychosocial
issue, aging comprises many progressive molecular, cellular and tissue changes across time that
alter the metabolic and mitochondrial function, ultimately rendering the organism more prone to
stress, disease and death. Adding to this, aging is an essential evolutionary mechanism and a
demographic strategy to promote diversity within a population and the biological evolution of spe-
cies. Among the mechanisms that affect and are affected by aging, we emphasize, for example,
the changes in intracellular signaling pathways, the regulation of intracellular metabolism and pro-
teostasis/defense mechanisms, or gene expression. These aging-related alterations may negatively
impact the mitochondrial function and DNA, leading to excessive (mitochondrial) ROS and a deficit
in mitochondrial antioxidant defenses. As a consequence, oxidative stress may arise, ultimately
affecting the species’ longevity. Abbreviations: Δ- alteration; ROS, reactive oxygen species.
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rodents, Drosophila melanogaster or Caenorhabditis elegans,13,22�25 and such injury is exac-
erbated in higher organisms lacking proper antioxidant defenses and reduced in those
overexpressing mitochondria-targeted catalase (see below). Moreover, in C. elegans
lacking the mpst-1 gene, the absence of the mitochondrial enzyme that synthesizes
hydrogen sulfide downregulated this antioxidant/modulatory molecule, thus increasing
ROS levels and mtDNA damage, and reducing life and healthspan.26�28 Analogous
results were obtained in C. elegans lacking the mev-1 gene that encodes for a key com-
ponent of the mitochondrial complex II - the succinate dehydrogenase cytochrome b:
complex II activity was downregulated, increasing mitochondrial ROS production
and oxidative damage, and ultimately reducing their lifespan.29�31 Nevertheless, and
despite the more extensive nuclear and mitochondrial DNA oxidative damage, the
longevity of mice heterozygous for the mitochondrial superoxide dismutase (SOD2)
did not change significantly.32 Similar results occurred in C. elegans depleted of
SOD2.21 Others also failed to correlate the mtDNA content in guanine-cytosine with
the resting metabolic state, further determining mammalian longevity.33�35 One possi-
ble explanation for such apparent discrepancies could be the methodological limita-
tions in the measurement and availability of validated markers of the oxidative damage
to mtDNA, in contrast with nuclear DNA assessments.21 Moreover, we cannot
exclude that such inconsistencies may reveal that mtDNA changes may not control
aging and longevity or that this relation may not be as simple as initially expected.21 It
is also possible that a compensatory activation of, for example, intracellular signaling,
ROS production/detoxification, or DNA repair/turnover mechanisms might contrib-
ute to such contrasting observations.21 Moreover, it remains debatable whether such
increased mtDNA injury is a cause or a consequence/symptom of aging.

Better metabolic regulation and improved proteostasis/intracellular quality control
mechanisms may exert beneficial roles in delaying aging and extending lifespan; all
mechanisms in which mitochondria play a crucial role.21 Accordingly, recent studies
revealed the importance of mitochondrial dynamics, including fusion and fission
events, in maintaining cellular homeostasis and, ultimately, in healthy aging and lon-
gevity.36 The disruption of mitochondrial fusion and fission mechanisms affects the
mitochondrial morphology in different organisms.37�41 Although Byrne et al.
observed that locomotor activity was impaired in C. elegans depleted from mitochon-
drial fission or fusion genes in an age-dependent manner, such changes were more vis-
ible in those lacking the fusion machinery.36 These fusion-depleted nematodes also
presented more evident alterations in mitochondrial morphology, especially at the ear-
lier stages of muscle development.36

Conversely, fission proteins' loss was more detrimental in the C. elegans neurons,
especially at the later stages of adulthood.36 In a sophisticated approach, Chen et al.
observed that blunting fusion mechanisms in disrupted fission models improved tissue
function and lifespan.42 In contrast, fission disruption rescued the deficits in
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mitochondrial morphology, locomotion, and neuronal function upon losing fusion
genes.36 Others found that regardless of the mitochondrial dynamic mechanism
affected, the health and behavior of C. elegans was reduced, thus reinforcing the need
for a tight balance between mitochondrial fusion and fission mechanisms across aging,
with fusion playing a homeostatic role in mitochondrial health and longevity.36,43 On
the other hand, fission may intervene mainly in later life to counteract age-related
stress (for example, by promoting the clearance of abnormal mitochondria through
mitophagy).36,44

An alternative key role of mitochondria in the aging process is activating the innate
immune system, which stimulates ATP and ROS production to initiate antiviral and
antibacterial mechanisms.45 Studies demonstrated that the impairment of the mito-
chondrial respiratory chain elicited immune mechanisms in several organisms (as fur-
ther detailed in Mao et al.).46 A recent paper described that mutation of the
mitochondrial chaperone hsp-6/mtHSP70 gene activated transcriptional signaling
mediated by MDT-15 and the nuclear hormone receptor, NHR-45 to initiate a
xenobiotic or immune response.46 Notably, this process was blunted by removing
mdt-15 or nhr-45 and improved the health and lifespan of C. elegans.46

8.3 Changes of mitochondrial function and structure associated with
aging

8.3.1 Oxidative phosphorylation and aging
Mitochondria, the center of oxidative metabolism, are crucial in both health and in
many human diseases' pathogenesis. Thus, it is not surprising that the mitochondrial
bioenergetics' alterations have been repeatedly associated with aging and cellular
senescence.47�50 In the early 1990s, a progressive loss of complex IV activity in the
human extraocular muscles had already been demonstrated as a hallmark of the aging
process.51 A similar observation was reported in human limb muscles and in the dia-
phragm.52 The authors observed first sporadic alterations in the 3rd and 4th decade,
and then more obvious alterations in the 6th to 9th decade of life.52 The studies con-
ducted in Chinese populations of various ages (from 31 to 76 years old) showed that
respiratory control and ADP/O ratios measured in liver mitochondria decrease with
age.53 Pharmacologic inhibition or genetic manipulation of oxidative phosphorylation
(OXPHOS) complexes has been shown to promote the aging process. Inhibition of
complex I by rotenone54,55 or knockdown of the complex I assembly factor
NDUFAF147 have been shown to induce cellular senescence. Likewise, decreasing
complex II activity by desferroxamine mesylate can also induce premature senes-
cence.48 Compromised complex III activity by either knockdown of the mitochon-
drial Rieske iron-sulfur polypeptide (RISP)56 or complex III inhibition with
antimycin A can also induce a senescence arrest in cells.57
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The aged mammalian brain shows a decreased capacity to produce ATP by oxida-
tive phosphorylation, and it is assumed that this decreased capacity for energy produc-
tion becomes a rate-limiting factor under physiological conditions in aged individuals.
Detailed analysis of bioenergetic parameters in the brain and heart mitochondria from
young (2 months) and old (28 months) rats performed by Cocco et al. showed an age-
related decrease in brain respiratory fluxes but not in heart mitochondria. The age-
related decrease in the respiratory rate in the presence of NAD-dependent substrates
was associated with a consistent decline in complex I activity in brain mitochondria.
On the other hand, heart mitochondria showed an age-related decline of complex II
activity.58 Mitochondria from senescent cells show decreased mitochondrial membrane
potential, increased proton leak, and increased ROS generation.59�61 It was recently
reported that mitochondria from senescent cells had decreased fatty acid oxidation,
resulting in increased accumulation of lipids.62

Pandya et al. investigated alterations of mitochondrial bioenergetics parameters in
liver, lung and heart of young, adult, middle-aged, and old-aged male Brown Norway
rats, and found a decreased ATP-generating respiration (state III respiration) in heart
and lung mitochondria of the aged animals. Interestingly, an opposite result was
observed in liver mitochondria. Moreover, heart and liver mitochondrial bioenergetic
rates and enzyme activities remain higher than those in the lung across all stages of
aging.63 The studies performed by Navarro et al. showed that mitochondria isolated
from the brain of aged animals have decreased membrane potential and increased size
and fragility.64,65 In comparison to young (4 months) rats, hippocampal mitochondria
isolated from aged (12 months) and senescent (20 months) animals had decreased state
III respiration with NAD-dependent substrates as well as decreased in the activities of
complexes I and IV of OXPHOS.65 Age-dependent rat brain alterations in OXPHOS
complexes and further mitochondrial proteins, such as HSP60, mitochondrial aconitase
and ATP synthase have been demonstrated by Dencher et al. Interestingly, the authors
found age-related alterations in the oligomerization state of the ATP synthase and age-
related changes in the supramolecular architecture of OXPHOS complexes, all of
which are consistent with a decreased rate of ATP production with age.66

Another tissue particularly affected by age-related degenerative symptoms is the
muscle. Muscle wasting is a hallmark of aging and the primary reason for declining
physical abilities.67 Rooyackers and colleagues studied a decrease in muscle endurance
capacity due to mitochondrial decay that follows the aging process intensively. They
described a decline in muscle mitochondrial protein synthesis rate in middle-aged
human individuals (546 1 year) compared to young individuals (246 1 year).
Interestingly, no further decline in the rate of mitochondrial protein synthesis occurred
at an advanced age (736 2 years). Observed muscle proteome changes were accompa-
nied by decreasing activities of mitochondrial enzymes accelerating with increasing
age.68 Quantitative proteomic analysis of skeletal muscle obtained from healthy
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individuals aged 20 to 87 years showed that in muscles from older persons, proteins
related to energetic metabolism were downregulated. On the other hand, proteins
involved in innate and adaptive immunity, proteostasis, and alternative splicing were
upregulated.69

Comparison of bioenergetic parameters and protein expression levels in synaptic
mitochondria isolated from mature (5 month old), old (12 month old) and aged (24
month old) mice performed by Stauch et al. revealed that proteomic alterations found
in synaptic mitochondria correlate with preservation of mitochondrial function.70

Further studies by Stauch et al. showed that despite changes in the expression profiles
of several metabolic pathways, including glycolysis, the tricarboxylic acid cycle, and
oxidative phosphorylation, mitochondrial bioenergetic parameters were unaffected.
The authors postulated that the observed proteomic changes during aging may com-
pensate for functional defects aiding in mitochondrial function preservation.71

Genomic studies performed using C. elegans and D. melanogaster also confirmed that
the mitochondrial electron transport chain components are affected by aging. In both
cases, an approximately twofold decrease in the expression level of several genes encod-
ing proteins involved in ATP synthesis and mitochondrial respiration has been found.72

Comparison of the transcription profiles of genes encoding mitochondrial proteins in
atrial tissue from aged ($65 years old) and comorbidities-matched adult (,65 years old)
patients showed that the expression of 87 (out of 1008) genes encoding mitochondrial
proteins were downregulated (87/101) what was accompanied by a significant decrease
in the functional activity of complex I.73 An interesting study showing alterations in
gene transcripts and functional activity of mitochondrial oxidative phosphorylation com-
plexes in aging hearts found that almost 90 out of 614 genes encoding mitochondrial
proteins in ventricles of aged rats were downregulated. Among them, 39 affected genes
were encoding proteins involved in oxidative phosphorylation. Alterations in the heart
of aged animals' gene expression profile resulted in reduced mitochondrial functional
capacity, with decreased complex I and complex V activities.74

A decline in mitochondrial function can be associated with normal aging and the
development of a wide range of age-related diseases such as intestinal disorders (e.g.,
mucosal barrier dysfunction, intestinal dysmotility, and chronic constipation), that are
highly prevalent in the elderly population. Schneider et al. showed that intestinal dis-
orders are associated with an age-dependent decline of mitochondrial function.75 It
has also been demonstrated that age-related accumulation of mutations in mtDNA
affecting OXPHOS complexes may harm the intestinal epithelium function.75,76

Multiple reports suggest that cytochrome c oxidase-deficient crypts increase in size
with age, possibly due to the accumulation of mtDNA mutations during aging.76�79

Greaves et al. found that in colonic epithelium from human subjects aged 18�84 y,
approximately 50% of crypts present some form of respiratory chain deficiency or
decreased expression of subunits of multiple complexes.75,76
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8.3.2 Mitochondrial morphology and dynamics in aging
Mitochondrial morphology in living cells is heterogeneous and can range from small
spheres to interconnected tubules. Changes in mitochondrial shape have been related
to many different cellular processes such as development, neurodegeneration, calcium
signaling, ROS production, cell division, and apoptotic cell death.80 An interesting
study compared the impact of aging on the ultrastructure and mitochondrial function
in mouse tissues and in D. melanogaster. They found that cardiac mitochondrial func-
tion and ultrastructure were maintained during aging. About 50% of mitochondria in
aged flies showed altered inner membrane organization and compromised respiratory
activity.81 Sastre et al. showed that in both intact hepatocytes and isolated liver mito-
chondria, decreased mitochondrial membrane potential and increased mitochondrial
size can be correlated with aging, whereas the number of mitochondria per cell and
mitochondrial mass was unchanged.82

Several proteins involved in mitochondrial fission are dysregulated with age, which
likely contributes to the changes in mitochondrial network architecture seen in old
organisms.83 Aged mice demonstrate reduced DRP1 activity and altered mitochondrial
morphology in several tissues, including neurons, skeletal muscle, and oocytes.39,84

Alterations in mitochondrial dynamics (fusion and fission) have been shown to trigger
cellular senescence.85�87 The fission 1 (FIS1) protein is downregulated during senes-
cence, leading to mitochondrial elongation.88 On the other hand, processes that stim-
ulate mitochondrial fission reduce senescence-associated phenotypic changes.86,88

Changes in mitochondrial dynamics associated with the aging process were observed
in different models including D. melanogaster, and fungal models (Podospora anserina and
Saccharomyces cerevisiae). In fungal models, dynamin-related protein 1 (Dnm1p) dele-
tion, mediates fission, retards aging, and extends lifespan.89 On the other hand, D. mel-
anogaster models show an opposite trend. Upregulating Drp1 expression in midlife
extends the lifespan of D. melanogaster.90 Similarly, overexpression of Parkin in D. mel-
anogaster extended lifespan, and was accompanied by a reduced level of the D. melano-
gaster orthologue of mitofusin (Marf), which typically increases in amount with age in
flies.91 Interestingly, in D. melanogaster ovarian germline stem cells, mitochondrial
dynamics shifted toward fission during aging.92

Aged skeletal muscle in mice shows an increased mitofusin 2/DRP1 ratio and lon-
ger intermyofibrillar mitochondria.93 Furthermore, aged human endothelial cells
(HUVECs) show a similar downregulation of both DRP1 and FIS1 expression, as
well as elongated mitochondrial networks.85 Recently, it was found that the RNA-
binding protein Pumilio2 (PUM2) binds Mitochondrial Fission Factor (MFF) mRNA
and prevents its translation. Coupled with the finding that PUM2 levels increase with
age in humans, mice, and nematodes, this study demonstrates a post-transcriptional
mechanism by which mitochondrial fission and mitophagy are impaired.94 Moreover,
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both anterograde and retrograde mitochondrial trafficking decrease with age.83,95

Mitochondrial dynamics link to existing pathways that regulate lifespan in C. elegans.
Mitochondrial trafficking in distal neuronal processes declines progressively with age of
C. elegans but in the case of long-lived daf-2 mutants, the authors observed delayed
age-associated changes in mitochondrial morphology, constant mitochondrial density
and maintained trafficking rates.96 Thus, at present, there is no clear association
between either fusion or fission and lifespan; and promoting either process may have
diverse effects, depending on the signaling and metabolic context. Several lines of evi-
dence support the notion that a decline in mitochondria functions contributing to
aging is generally accompanied by alterations in the activity and/or the level of mito-
chondrial enzymes. Changes in the mitochondrial morphology and dynamics have
been summarized by Sun et al.97 as well as by Giorgi et al.98

8.4 A metabolic angle on aging

From the large number of studies on aging that have been made on numerous organ-
isms representing all parts of the tree of life, a common theme is that aging is associ-
ated with fundamental alterations in the central metabolic fluxes that sustain energy
generation and biosynthesis of cell components. In mammals, the essence of these
alterations can be thought of as a systemic breakdown in energy and carbon homeosta-
sis11 that is likely visible in all tissues, although some are much more affected than
others. Given the importance of intracellular substructures and organelles in metabo-
lism, the ultimate factors of metabolic dysfunction related to aging, such as the onset
of oxidative stress above and beyond the tonic level of normal physiological function
and the accumulation of damaged proteins, are intimately intertwined with a damage
of these structures. Here, we will highlight aging effects by focusing on dietary carbo-
hydrate, lipid, and protein metabolism. Nutrient metabolism provides interesting case
studies that illustrate both the multifactorial and feed-forward mechanisms that con-
tribute to cellular dysfunction and death. It also underpins the most effective interven-
tion currently known for delaying the effects of caloric restriction aging.

8.4.1 Carbohydrate metabolism and aging
Carbohydrate metabolism has many aspects that make it susceptible to the factors of
aging. The main product of nutrient carbohydrate metabolism is glucose. It is the pri-
mary fuel for the brain and central nervous system (CNS); hence a highly complex
system that coordinates glucose metabolism in many peripheral tissues such as the liver,
kidney, and skeletal muscle has evolved to ensure the constant supply of glucose to
the CNS independently of its dietary availability. This is enabled by maintaining a
remarkably constant concentration of circulating glucose through the selective control
of glucose uptake by tissues that are not obliged to oxidize glucose for energy, such as
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the skeletal muscle. Glucose uptake is coordinated with tight regulation of endogenous
glucose production by the liver and kidney. While there are various biological control
mechanisms involved in maintaining glucose homeostasis, the most important is the
insulin-glucagon axis. When there is a surfeit of glucose, such as during meal absorp-
tion, the principal actions of insulin are to attenuate any rises in blood glucose levels
by stimulating glucose uptake in tissues such as adipose tissue and muscle while at the
same time suppressing endogenous glucose production and promoting glycogen syn-
thesis in the liver. When glucose becomes scarce, and blood glucose levels fall, gluca-
gon restores normal glucose levels by stimulating endogenous glucose production
through glycogen mobilization and promoting de novo synthesis of glucose from
other precursors, a process known as gluconeogenesis. One of the most well-known
processes associated with aging is the development of insulin resistance, where the effi-
cacy of insulin-mediated glucose uptake by adipose tissue and skeletal muscle and its
suppression of hepatic glucose output are impaired. This results in a chronic elevation
of blood glucose levels, a condition known as hyperglycemia.

Among other consequences, an overabundance of glucose results in the deleterious
modification of the structure and function of many proteins by glycation,99 a sponta-
neous process mediated by the reactive aldehyde functionality of the open-chain form
of glucose. Thus, these glycated proteins contribute to the overall accumulation of
damaged proteins. Another consequence of excess glucose is that it begins to be
metabolized by non-canonical pathways that generate even more reactive glycating
agents, notably methylglyoxal, that further add to the burden of damaged proteins.100

Alongside this disruption of glucose homeostasis, oxidative stress products directly
impair glucose’s glycolytic metabolism in affected tissues by inactivating
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). They also cause aggregation of
inactivated GAPDH to form a highly cytotoxic entity that causes mitochondrial dys-
function.101 Thus, in summary, both the systemic regulation of glucose levels and its
metabolic fate are compromised by aging. The consequences include the erosion of
glycolytic capacity and an increased burden of damaged intracellular proteins. As men-
tioned, insulin resistance is a crucial driver of these derangements, which begs the
question of how this condition originates in the first place. It seems that the answer to
this, at least in part, lies in aging-induced alterations of nutrient lipid metabolism.

8.4.2 Lipid metabolism and aging
In most mammals, lipid oxidation accounts for most whole-body energy generation,
accounting for B80% of ATP synthesis in cardiac muscle and more than 50% for aero-
bically exercising skeletal muscle. Lipids, specifically triglycerides, are also the most com-
pact and inert form of energy substrate storage, for which adipose tissues have evolved
to sequester and efficiently mobilize when required. Importantly, when there is an
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excess of other macronutrients, notably carbohydrates, lipids are converted to triglycer-
ides by both the liver and adipose tissue. After an extended period of overfeeding, which
is defined as an excess of caloric intake over that expended, triglycerides accumulate.
Adipose tissues accommodate this by expanding the size of individual adipocytes and
generating additional adipocytes through adipogenesis. When there is a demand for lipid
oxidation by other tissues such as muscle, triglycerides are hydrolyzed to fatty acids and
glycerol, and these are released into the bloodstream. Any fatty acids that are not oxi-
dized are re-esterified by the liver and transported back to adipose tissue. While trigly-
cerides themselves are metabolically inert, free-fatty acids,102 as well as some precursors
of triglyceride synthesis such as fatty acyl CoA and 1,2-diacylglycerols,103 can have
highly disruptive effects on metabolic control, in part by interfering with insulin signal-
ing. Aging promotes the increase of the above and other so-called lipotoxic species in
many different tissues, but in particular, liver, heart, kidney and skeletal muscle.

Lipotoxicity is mediated in two main ways. The first is through promoting the loss
of mitochondrial function and their metabolic capacity to oxidize free fatty acids,
thereby attenuating the main route for fatty acid clearance via oxidation.104 Thus,
there is an accumulation of fatty acids and long-chain acyl-CoA species in the cytosol,
where they have access to insulin-signaling components. The second is by promoting
a shift in lipid distribution from adipose tissue to other tissues to form so-called ectopic
lipid pools.105 Aside from some special exceptions, such as high-endurance athletes,
the accumulation of ectopic lipid in a given tissue is invariably associated with meta-
bolic perturbations that in part are mediated by lipotoxicity. In the liver, this manifests
as nonalcoholic fatty liver disease (NAFLD), while in the skeletal muscle, this is associ-
ated with impaired insulin-mediated glucose uptake. Thus, age-induced dysfunctions
in lipid metabolism also promote loss of glucose homeostasis through the interference
of insulin actions.

8.4.3 Protein metabolism and aging
Dietary protein is digested into amino acids, and a significant fraction of these are uti-
lized to synthesize muscle protein. Muscle protein is continually turning over, and a
stable lean body mass represents a balance between anabolic synthesis from amino acid
precursors and catabolic degradation back into amino acids. A positive balance
between synthesis and breakdown provides the basis for muscle remodeling and
increased muscle mass, while a negative balance results in atrophy and loss of strength.
This balance between anabolic and catabolic fluxes is regulated by the mammalian tar-
get of rapamycin complex, (mTORC)106 which is responsive to both nutrient and
endocrine states. Anabolic fluxes are highly upregulated with meal ingestion and ele-
vated amino acid levels, increased insulin concentrations, and high intracellular ATP
levels, contributing to the activation of protein synthesis via mTORC.107

187A metabolic and mitochondrial angle on aging



In comparison, the rate of muscle protein breakdown to amino acids is relatively
constant. Aging is associated with muscle mass loss and, consequently, body strength
in a process known as sarcopenia.108 This is in part due to an attenuated stimulation of
muscle protein synthesis in the postprandial state and, may reflect decreased tissue
ATP levels secondary to mitochondrial dysfunction109 and impaired insulin actions.110

8.4.4 Nutrient metabolism and caloric restriction
In many different organisms, caloric restriction prolongs lifespan and delays or attenu-
ates much of the aging comorbidities.111 Concerning macronutrient metabolism,
many of the adverse factors associated with aging are promoted or exacerbated by
excessive food intake, particularly lipids and carbohydrates. While the most significant
effects of caloric restriction on both longevity and quality of life are obtained through
an entire lifetime of adherence,112 it appears that engaging in caloric restriction at any
stage of life, including advanced age, can bring benefits.113 In this regard, it is
notable that for type 2 diabetes and NAFLD, diseases that have factors common to
aging, such as loss of insulin sensitivity and dyslipidemia, caloric restriction is also a
highly effective intervention.114,115

8.5 Oxidative stress and aging

8.5.1 Reactive oxygen species and their reactions
Energy production in aerobic cells is mainly based on reactions of biological oxidation.
However, apart from the reactions that fuel cellular energetics, many uncontrolled
oxidation reactions lead to ROS formation (Fig. 8.3). ROS are formed in endogenous
reactions, including autoxidation of reduced compounds such as metal ions and thiols,
as by-products of some enzymatic reactions, and induced by exogenous factors such as
ionizing and UV radiation, ultrasound and many xenobiotics. The main cellular
sources of superoxide are mitochondria, in which a fraction of oxygen is reduced in a
one-electron pathway instead of being fully reduced to water116 and NADPH oxi-
dases, generating superoxide as the main product.117 In mammalian mitochondria,
seven major sites of superoxide production have been identified: the ubiquinone-
binding sites in complex I (site IQ) and complex III (site IIIQo), of the electron trans-
port chain (ETC) glycerol 3-phosphate dehydrogenase, the flavin in complex I (site
IF), the electron transferring flavoprotein:Q oxidoreductase of fatty acid beta-
oxidation and pyruvate and 2-oxoglutarate dehydrogenases.118 Estimates of the frac-
tion of oxygen which is subject to one-electron reduction in the mitochondrial respi-
ratory chain by various researchers differ in a broad range (0.1%�5%), although likely
to be in the lowest part of this range. The factors that control ETC generation of
ROS in vivo are not fully understood. Much of our current understanding stems from
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Figure 8.3 Formation of main reactive oxygen species (ROS), lipid peroxidation and ROS scaveng-
ing. Excitation of ground-state (triplet) oxygen molecule 3O2 generates a singlet oxygen. One-
electron reduction of molecular oxygen forms superoxide radical anion, two-electron reduction
leads to the formation of hydrogen peroxide. The reaction of H2O2 with transition metal ions is the
primary source of hydroxyl radical, the most reactive ROS. Oxidation of chloride ions by H2O2 forms
hypochlorite. The reaction of superoxide with nitric oxide generates peroxynitrite (the two latter
species are also called reactive nitrogen species, RNS).



studies with isolated mitochondria and cells.119 It has been found that the primary
determinant of mitochondrial ROS (mROS) production is the redox state of the
ETC. For example, inhibition of ETC electron carriers typically causes them to be
more reduced, which increases their propensity to generate superoxide. Another major
determinant of mROS production is the proton motive force (PMF) across the inner
mitochondrial membrane. The PMF is generated as protons are extruded out of the
matrix into the intermembrane space by complexes I, III, and IV of the ETC. An
increase in mROS production is observed when PMF increases.120

ROS are generated under physiological conditions and play a role in cellular sig-
naling.121,122 Their lifetime and local concentrations, and thus reactions are controlled
and kept within physiological limits by antioxidant enzymes and antioxidants.
However, situations may occur in which there is an excessive generation of ROS, or
the levels of antioxidants/antioxidant enzymes are too low to keep control of ROS;
such situations are called oxidative stress (OS). Classically, oxidative stress was defined
as “a disturbance in the pro-oxidant-antioxidant balance in favor of the former.”123 A
more recent definition refers to oxidative stress as “an imbalance between oxidants and
antioxidants in favor of the oxidants, leading to a disruption of redox signaling and
control and/or molecular damage.”124

ROS differ in their reactivity, the most reactive being the hydroxyl radical HO•,
which has the highest standard redox potential of 2.31 V (thus oxidizing all biomole-
cules) and reacts with most molecules at diffusion-controlled rates (second-order rate
constants of an order of 109 M/s). Thus, reactions of HO• are rapid and non-selective.
Hydroxyl radicals may abstract the α-hydrogen from polyunsaturated fatty acid resi-
dues (PUFARs), initiating the chain reaction of lipid peroxidation, damage proteins,
carbohydrates, and nucleic acid bases.125

Superoxide anion radical and hydrogen peroxide are considerably less reactive and
can react with a smaller group of substrates. In the cell, their main targets are FeS clus-
ters and thiol groups. Reversible oxidation of the most reactive thiol groups of pro-
teins is the main mechanism of “redox signaling.”126 Protein phosphatases appear to
be especially susceptible to controlling their activity by ROS in this manner, as they
possess a reactive cysteine that can be reversibly oxidized in their catalytic domain, and
such oxidation inhibits their dephosphorylation activity.127 Specific examples of pro-
tein phosphatases known to be regulated in this manner are protein tyrosine phospha-
tase 1B (PTP1b), phosphatase and tensin homolog, and mitogen-activated protein
kinase (MAPK) phosphatases.128

Abstraction of the α-hydrogen from a polyunsaturated fatty acid residue (PUFAR)
of a phospholipid, initiating lipid peroxidation, is relatively easy from a chemical per-
spective. Moreover, lipid peroxidation is a chain process, which may proceed with a
high yield, so its products are relatively abundant. For these reasons, lipid peroxidation
was the first and most extensively studied consequence of OS. Abstraction of the
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α-hydrogen leads to the formation of an alkyl radical and rearrangement of double
bonds. The alkyl radical reacts with oxygen forming a peroxyl radical, reactive enough
to abstract a α-hydrogen from another PUFAR, which propagates the chain reaction
and forms a lipid hydroperoxide (a primary product of lipid peroxidation).

Further transformations of lipid hydroperoxides (mainly β-scission) generate
secondary products of lipid peroxidation, among them malondialehyde (MDA),
4-hydroxynonenal (HNE) and 4,5-dihydroxydecenal (Fig. 8.3). Consequently, a
popular, although unspecific, assay for measuring oxidative stress via lipid peroxidation
is the colorimetric assay based on the reaction of MDA with thiobarbituric acid.129,130

Lipid peroxidation also generates isoprostanes; F2-isoprostanes are considered better
biomarkers of lipid peroxidation and in vivo indicators of oxidative stress than the
thiobarbituric-reactive substances on which the MDA assay is based.131

Aldehyde groups of reducing sugars react with thiol and amino groups of other
entities (mainly proteins, as these are, in terms of mass, the most abundant biomole-
cules in the organism) forming Schiff bases. This reaction is the first step of the nonen-
zymatic glycosylation (glycation) of these compounds. Rearrangement of Schiff bases
initiates reactions leading to the formation of advanced glycation end-products. As
ROS are formed and participate in these reactions, and oxidation reactions accompany
glycation, the whole process is often referred to as glycoxidation.132,133 Apart from
glycoxidation, carbohydrates can also be targets for ROS action, which can cause
strand scission and modification of saccharide residues. Since carbohydrates often play
a role in protein and cell recognition and in antigens, oxidative modifications may
lead to alterations in their antigenic properties and abilities to serve as substrates for
recognition.134

Aggressive ROS can also induce formation of protein peroxides (protein peroxida-
tion)135 which, like lipid peroxides, are relatively unstable and enter into further reac-
tions forming more stable products. ROS’s most commonly assayed protein oxidation
products are carbonyls, resulting from oxidation of mainly amine groups to carbonyl
derivatives. The main carbonyl protein oxidation products are: glutamic semialdehyde,
a product of oxidation of arginine; aminoadipic semialdehyde, a product of lysine oxi-
dation; 2-pyrrolidine, a product of histidine oxidation; and 2-amino-3-ketobutyric
acid, a product of threonine oxidation.136 The two significant compounds which con-
tribute to protein carbonyl groups are γ-glutamyl semialdehyde and aminoadipic semi-
aldehyde. After metal-catalyzed oxidation, they are the main oxidation products of
proteins and can account for 55%�100% of the total carbonyl content.137 Proteins can
also react with sugar glycation/oxidation products and lipid peroxidation (such as
MDA and HNE). Such modifications may also introduce carbonyl groups on proteins.

Other oxidative protein modifications include methionine and thiol oxidation; the
first oxidation steps of these reactions are reversible. Reactions with reactive nitrogen
species (RNS) lead to nitrosylation of protein thiol groups and nitration of mainly
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tyrosine and (with much lower yield), tryptophan and histidine residues. Reactions
with hypochlorite form chlorotyrosine. There is a set of specific products of oxidative
modifications of individual amino acids for example, 2-oxohistidine, dityrosine, or N-
formylkynurenine.133,138 A particular class of protein modification products, consisting
of oxidized, dityrosine-containing, crosslinked proteins formed mainly by reactions of
chlorinated oxidants with plasma proteins, predominantly albumin, are called advanced
oxidation protein products (AOPP). In vivo, the chlorinated oxidants are generated by
activated phagocytic cells containing myeloperoxidase.139,140

Oxidative damage to nucleic acids includes strand breaks and oxidative modifica-
tions of nucleic acid bases, which may cause mutations and malfunction of nucleic
acids.141 The nucleoside 8-hydroxy-20-deoxyguanosine (8-OHdG) or 8-oxo-7,8-
dihydro-20-deoxyguanosine (8-oxodG), present in DNA or released from DNA in the
process of DNA repair, is the most frequently assayed marker of oxidative DNA dam-
age, although other oxidative modifications are also assayed.142

8.5.2 Reactive oxygen species as the cause of aging
The garbage catastrophe theory of aging postulates that the process of aging may derive
from poor clearance of oxidatively damaged molecules, which further hinder cellular
catabolic and anabolic functions and increase the probability of death. In young organ-
isms, this undigested material is diluted due to intensive growth; when development is
complete, age-related damage accumulates and mainly affects postmitotic, non-
proliferating cells and extracellular matrix.143 These damaged molecules may be gener-
ated by ROS and other nonenzymatic reactions of compounds constituting living
organisms (e.g., glycation or spontaneous protein denaturation).144 The term “parameta-
bolism” has been proposed for this set of unavoidable spontaneous reactions due to the
inherent chemical reactivities of selected metabolites and macromolecules.145,146

Nonenzymatic ROS formation is, indeed, a key component of parametabolism.
Several lines of evidence support the free radical theory of aging. Generally, accu-

mulation of oxidative damage to macromolecules is observed with aging. Caloric
restriction, the first and most studied experimental manipulation demonstrated to
increase lifespan and retard aging, has been shown to reduce oxidative damage to
lipids, DNA, and proteins.147 Mutations in the insulin/IGF-1 signaling pathways (age-
1, daf-2, and daf-16 mutants) increased the lifespan of C. elegans, which was correlated
with reduced oxidative damage and increased resistance to oxidative stress.148

Overexpression of human cytosolic superoxide dismutase 1 (SOD1) in motor neurons
of D. melanogaster increased the lifespan of the flies by up to 40%.149

However, many experiments have cast doubts on the general validity of the free
radical theory of aging. If aging is due to ROS’s damaging reactions, supplementation
with exogenous antioxidants should extend the lifespan. Experiments brought about
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conflicting results. For example, in C. elegans vitamin E (α-tocopherol) increased life-
span in two studies, but not in a third. Likewise, trolox, an α-tocopherol derivative,
increased lifespan in one study, but not in another. Lifespan was also slightly increased
by a mixture of tocotrienols, antioxidants similar to α-tocopherol. α-Lipoic acid
increased lifespan (two studies), but N-acetylcysteine and vitamin C did not.
Superoxide dismutase mimetics, EUK-8 and EUK-134 compounds, increased the life-
span of C. elegans in one study, but four other groups did not see this effect.

Even when antioxidant administration increases the lifespan, the question remains:
is the effect indeed due to reduced oxidative damage? Doses of trolox and α-lipoic
acid that increased lifespan also increased resistance to heat shock, suggesting the possi-
bility that these compounds might increase lifespan by inducing a stress response, that
is by a hormetic effect, and not by their antioxidant action.150 A large-scale analysis of
68 randomized trials including 232,606 participants from the general population,
including patients with heterogeneous diseases has generally reported no effect of anti-
oxidant supplements on overall mortality or even a significant increase in mortality in
subjects receiving β-carotene, vitamin A, and vitamin E.151 A metaanalysis including
50 randomized controlled trials with 294,478 participants showed no evidence to sup-
port the use of antioxidant supplements to prevent cardiovascular diseases.152

8.5.3 Antioxidant defense in aging
The most effective defense system against oxidative stress is the glutathione system.
Under oxidative conditions, reduced glutathione (GSH) is reversibly oxidized to gluta-
thione disulfide (GSSG). From the concentrations of GSH and GSSG, the glutathione
system’s redox potential can be calculated according to the Nernst equation.153

During the aging process, the plasma cysteine concentration in humans is constantly
declining while the amount of oxidized cysteine (cystine) is likewise increasing, lead-
ing to a constant age-related increase in the cystine/cysteine redox potential by
0.2 mV/year. Other studies suggest this change is not linear throughout life: the redox
potential of GSSG/GSH was found to be constant up to the age of 45 y, but then
increases at a rate of 0.7 mV/year.154 Thiol groups of human serum albumin, which
provide most of the blood plasma’s thiol groups, also become oxidized with age.155

Several groups have observed an age-related decline in intracellular glutathione
concentration and a decrease of the antioxidative capacity.156�160 However, there are
other reports, which did not find such a decrease, and some studies even show an age-
related increase in the glutathione content of some tissues.161

Uric acid is a hydrophilic radical scavenger and is present in high concentration
both in intracellular and extracellular compartments. Its effects are more important in
the extracellular compartment, which is poorer in other antioxidants compared to the
intracellular milieu. Some authors reported augmentation of uric acid levels with age

193A metabolic and mitochondrial angle on aging



in human plasma,162,163 while others found no significant difference156 or even lower
uric acid plasma levels.164�166

Another group of compounds protecting cells against oxidative damage is the antiox-
idant vitamins A, C, and E (retinol, ascorbate and α-tocopherol). The concentrations of
vitamins A, C or E are strongly dependent on individual nutrition. This could be the
reason why some groups reported higher values of retinol in older adults167 while others
showed no effect168 of age or even decreasing amounts of retinol in the plasma of older
adults.169 Similar divergent data have been published for α-tocopherol.167,169

Regarding the main antioxidant enzymes, some investigators found a decrease in
the total superoxide dismutase activity with age.158,170�172 Other researchers could
not detect any age-related difference173 or even increased SOD activity with
age.174,175 These discrepancies may be related to the fact that total cellular SOD activ-
ity is contributed by both cytoplasmic SOD1 and mitochondrial SOD2. Previously,
no age-related differences in total activity or SOD1 activity in human skeletal muscle
were reported, while the activity of SOD2 was found to increase.176

Glutathione peroxidase (GPx) oxidizes glutathione to remove hydrogen peroxide. It
was reported that an increased GPx activity,157,170,172 or a decreased activity158,160,164,171

accompanied aging or that age had no impact on the GPx activity.173,177 For glutathi-
one reductase (GSSG-R) and glutathione S-transferase (GST), negative correla-
tions157,160,172 or no changes with age177 were reported. Reduction,160 no significant
change158,171,173 or an increase of catalase activity with increasing age170,176 were also
reported.

As a note of caution, many of these results cannot be generalized as they are influenced
by sex, nutrition status, and the respective tissue examined. For example, catalase and
SOD2 activities decreased in old males’ hearts but increased in the hearts of old females.178

In the rat, MDA concentrations increased in old males and decreased in old females.179

Manipulation of the endogenous defense (i.e., the main antioxidant enzymes) pro-
vided results inconsistent with the free radical theory of aging. SOD1, predominantly
a cytosolic enzyme, but also found in the mitochondrial intermembrane space (IMS),
is one of the major antioxidant enzymes in the cell. Knockout and overexpression
studies yielded unexpected results. Whole-body knockout Sod1 mice, for example,
presented an increase in age-related loss of muscle mass, whereas its muscle-specific
knockout did not show this phenotype.180 The authors concluded that this phenotype
is caused by redox-mediated signaling effects rather than ROS-induced damage.
Interestingly, Sod1 expression in C. elegans increased the median lifespan of affected
animals by 33% while increasing peroxide levels and oxidative damage to proteins.181

According to the authors, this increase in lifespan may result from increased daf-16-
mediated stress response instead of a ROS decrease. While early studies in D. melanoga-
ster did not show any effect in animals overexpressing SOD1, similar studies nine years
later reported an up to 48% increase in median lifespan.182,183 In contrast, SOD1
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overexpression in mice did not affect animals’ lifespans, while its targeted inactivation
resulted in a 30% reduction of the lifespan.184,185 In summary, genetic studies on
SOD1 in different animal species resulted in vastly different outcomes, shedding con-
fusion on its antioxidative effects in the aging process.

Overexpression of SOD2 in transgenic mice reduced oxidative damage (protein car-
bonyls and F2-isoprostanes) but did not affect their lifespan.186 However, the overex-
pression affected the incidence of age-related pathologies.187 Methionine sulfoxide
reductase-A (MsrA) repairs oxidized methionine residues within proteins and may func-
tion as a general antioxidant. MsrA2/2 mice have been reported to increase hyperoxia
sensitivity, but their mean and maximal lifespan was not affected.186,188 Thioredoxin 2
(Trx2), the mitochondrial form of thioredoxin, is the electron donor for several antioxi-
dant enzymes (peroxiredoxins, MsrA, etc.), but also plays a major role in repairing the
oxidized cysteine residues in proteins. Trx2 null mice are embryonically lethal.189

Trx21/2 mice were viable and showed reduced levels of Trx2 in all tissues studied,
increased levels of oxidative damage to DNA, lipids, and protein, and diminished
mitochondrial functions (decreased ATP synthesis and increased ROS production) in
several tissues.190 However, the Trx21/2 mice showed only a slight decrease (7%)
in mean lifespan and a 16% decrease in the maximum lifespan.186 Partial deletion
or even, in some cases, total deletion of relevant antioxidant enzymes did not
affect the animals’ lifespan. From among single and double deletions, SOD1/SOD2
(Sod12/2/Sod21/2); SOD1 and glutathione peroxidase (GPx)1 (Sod12/2/Gpx12/2),
SOD1 and GPx 4 (Sod12/2/Gpx41/2), SOD2 and Gpx1 (Sod21/2 and Gpx12/2);
SOD2 and Gpx4 (Sod21/2/Gpx41/2) and Gpx1 and Gpx4 (Gpx12/2/Gpx41/2),
only the double mutants that were null for Sod1 showed significant differences in the
survival curves compared to WT mice (defined as B20% decrease in mean lifespan
and a more than 30% decrease in maximum lifespan).185 Contrarily, transgenic mice
carrying additional genes for SOD1, SOD2, catalase, GPX4, SOD1 1 SOD2, or
SOD1 1 catalase did not have a prolonged lifespan, although they showed decreased
markers of oxidative damage.186 Interestingly, in C. elegans, knockouts of peroxisomal
catalase, peroxiredoxin, thioredoxin or glutathione S-transferase was reported to
decrease the lifespan.150

In addition, even evidence has been gathered that increasing the generation of
ROS may increase longevity in some cases. The apparent explanation may involve the
dual role of ROS: they cause molecular damage and serve as signals and act as modu-
lators of physiological processes. To consider this aspect, the cell signaling disruption
theory of aging has been proposed.191

It was pointed out that interventions preventing oxidative damage mostly do not
affect longevity but have an apparent effect on preventing frailty and its transition to dis-
ability. Frailty is a geriatric concept by which a more senior person shows a lack of well-
being, unintentional weight loss, a relatively low grip strength, lowering the speed of
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walking, difficulty standing, etc. The free radical theory of frailty postulates that free
radicals (and other ROS) are the leading cause of frailty rather than healthy aging.192

8.5.4 Mitochondrial free radical theory of aging
One of the features of the mitochondrial free radical theory is the central role that
mitochondria play in the generation of ROS from the electron transport chain, ATP
production, and the numerous potential feedback loops in the regulation of mitochon-
drial and cellular function, in which redox state and ROS might create “vicious
cycles.”193 This theory’s basic idea is that ROS formed as a byproduct of oxidative
phosphorylation, is responsible for accumulating somatic mutations in mtDNA. Some
mammalian mtDNA characteristics were thought to make it highly susceptible to oxi-
dative damage, including its proximity to ROS production sites from the respiratory
chain, lack of protection by histones, and limited capacity to repair DNA damage.
Steady-state levels of oxidative modifications observed in mtDNA, especially 8-
OHdG, are several-fold higher than those in the nuclear DNA.194 According to the
assumption of the mitochondrial theory of aging, mtDNA mutations result in the pro-
duction of faulty components of the respiratory chain complexes, leading to still more
ROS production. This vicious cycle of mitochondrial ROS production and damage
leads to global oxidative stress, disruption of cell and tissue functions, and organism
aging. Almost all of the 1200 or so proteins of the mammalian mitochondrial prote-
ome are encoded by the nuclear DNA, translated in the cytosol, and imported into
mitochondria. mtDNA only encodes about 1% of the mitochondrial proteome corre-
sponding to 13 proteins that are essential for mitochondrial function (they are all criti-
cal components of the OXPHOS complexes). Moreover, the human mitochondrial
genome codes for two rRNAs (12S and 16S) and 22 tRNAs essential for protein syn-
thesis in the mitochondria. Because of the crucial role of the mitochondrial genome in
the respiratory chain function, accumulation of mtDNA mutations can result in an
energy crisis, oxidative stress, or cell death, contributing to the aging phenotype.
Mutations of mtDNA are known to lead to severe impairment of cellular energy con-
version and tissue dysfunction, as documented by identifying many mitochondrial dis-
eases with pleiotropic symptoms.195

Observational and experimental evidence for the validity of the mitochondrial free
radical theory of aging is equivocal. Birds live much longer than mammals of the same
size. For example, pigeons live 35 years, whereas rats only live four years. When free
radical production is studied in pigeons’ and rats’ isolated mitochondria, pigeon mito-
chondria produces less ROS.196 Available data supports a negative correlation between
free radical production in isolated mitochondria and lifespan in homeothermic verte-
brates and flies.196�199 However, there is an interesting exception to this rule: the
naked mole rat, H. glaber. The naked mole-rat is the longest-living rodent with a
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maximum lifespan of 32 years. Despite the extraordinary longevity of this species,
naked mole-rat mitochondria do not produce fewer free radicals than mouse (maxi-
mum lifespan: 4 years) mitochondria. Due to elevated mitochondrial ROS production
and low antioxidant activity,200 naked mole-rats have even higher levels of oxidative
damage to lipids, proteins, and DNA than mice.201

Overexpression of human catalase in mitochondria of transgenic mice increased
their median and maximum lifespans (by 10%), delayed cardiac pathology and cataract
development, decreased H2O2 production, reduced oxidative damage including aconi-
tase inactivation, and diminished mitochondrial DNA deletions and point mutation of
mtDNA in heart and muscle tissues. These results suggest that mitochondrial H2O2

plays a vital role in aging and determining the lifespan of the animals and supports the
mitochondrial free radical theory of aging.202�204 Interestingly, similar overexpression
of catalase targeted to peroxisome, its standard location within the cell, or to the
nucleus, had modest and insignificant effects on murine lifespan. This indicates that
the catalase’s mitochondrial localization is key to lifespan extension in this model.202

In line with this finding, the mitochondria-targeted antioxidant SkQ1, prolonged the
lifespan of inbred male mice in specific pathogen-free conditions and outbred mice,
and dwarf hamsters in conventional or outdoor cages.205

Decreasing the rate of mitochondrial ROS generation can prolong the lifespan.
Additional evidence for mitochondrial ROS involvement in aging comes from obser-
vations of mice with a mutation of the p66Shc gene, which encodes three adaptor pro-
teins (p66Shc, p52Shc and p46Shc). These mice show reduced ROS generation and
increased resistance to ROS-mediated apoptosis, thereby having a prolonged life-
span.206 Further studies have shown that p66Shc is a mitochondrial redox enzyme
located in the mitochondrial intermembrane space, producing H2O2 from electron
leakage during oxidative phosphorylation.207 Phosphorylated p66Shc accumulates
within mitochondria, activates mitochondrial Ca21 response and induces apoptosis.208

While apoptosis is beneficial in developing organisms, excessive apoptosis in adult or
aging ones may deplete organs of cells and limit their functionality. Interestingly, pri-
mary fibroblasts obtained from centenarians and liver, heart, lungs, skin, and dia-
phragm from adult mice express higher levels of p66Shc than the younger
counterparts.209,210

Caloric restriction decreases mitochondrial ROS generation (though short-time
calorie restriction was reported to lack effects) while increasing various organisms' life-
span.211 Caloric restriction is a complex intervention affecting the organism at various
levels. Further experiments, which shed light on the relevance of the mitochondrial
free radical theory of aging, were based on modifying the specificity of the mitochon-
drial DNA polymerase (polymerase γ POLG). Homozygous knock-in mice that
express only a proof-reading-deficient version of PolgA, the nucleus-encoded catalytic
subunit of POLG, develop a mtDNA phenotype with a three- to fivefold increase in
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the levels of point mutations, as well as increased amounts of deleted mtDNA. This
increase in somatic mtDNA mutations is associated with reduced lifespan and prema-
ture onset of aging-related phenotypes such as weight loss, reduced subcutaneous fat,
alopecia (hair loss), kyphosis (curvature of the spine), osteoporosis, anemia, reduced
fertility, and heart enlargement, proving, according to authors, a causative link
between mtDNA mutations and aging phenotypes in mammals.212 However, despite
the increased mutational load in mtDNA, mitochondria from these mice did not show
increased oxidative stress. Levels of H2O2, markers of oxidative damage to DNA (8-
OHdG), proteins (protein carbonyls), and lipids (F2-isoprostanes) were not signifi-
cantly different in the somatic tissues between mutant and wild-type mice.213 The
in vivo levels of H2O2 were not increased in young PolgA mutant mice, although
they carried an excessive amount of mtDNA mutations at this stage. In a subset of tis-
sues, studies of end-stage PolgA mutant mice showed a slight increase of intramito-
chondrial H2O2 compared to wild-type controls.214 Another criticism of this
experiment was that the levels of mutations in the mutator mice were more than an
order of magnitude higher than typical levels in aged humans. In particular, point
mutations in aged human tissues are much less abundant than those causing premature
aging in mutator mice.215

Another group reported data on heterozygous knock-in (PolG2/1) mice. These
mice accumulated 500 times more point mutations than control animals, but they did
not show any significant reduction in the lifespan. These data do not support the role
of mtROS in the regulation of longevity.204 However, only point mutations were
analyzed, so it is impossible to discard a relevant role for deletions in aging.

Experiments on modifications of mitochondrial superoxide dismutase level do not
support the mitochondrial theory of aging either. While mice homozygous Sod22/2

knockouts result in prenatal or neonatal lethality associated with dilated cardiomyopa-
thy and lipid accumulation in the liver,216 the heterozygotes are viable. The Sod21/2

mice have reduced (by 50%) SOD2 activity in all tissues throughout life. They show
an augmented oxidative damage, including increased 8-oxodG level in mtDNA in
liver and brain compared with wild type (WT) mice and a 100% increase in tumor
incidence in old Sod21/2 mice compared with the old WT mice. The Sod21/2 mice
showed partially reduced (30%�80%) scavenging activity for superoxide anions in all
tissues throughout life and increased oxidative damage to mitochondria compared
with the Sod21/1 mice.32,216�218 However, their mean and maximum lifespan were
identical to those of the WT mice. Also, biomarkers of aging, such as cataract forma-
tion, immune response, and formation of glycoxidation products carboxymethyl lysine
and pentosidine in skin collagen, changed with age to the same extent in both Sod21/2

and WT mice.32 Overexpression of SOD2 did not alter either lifespan or age-related
pathologies.187
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It has also been hypothesized that oxidative stress might promote longevity and
metabolic health according to the concept of mitochondrial hormesis (mitohormesis).
The mitohormesis theory postulates that low levels of oxidative stress induced by
either calorie restriction, exercise,219 or other stimuli may trigger adaptive responses
that improve overall stress resistance, probably via increasing endogenous antioxidant
defense, which may eventually reduce chronic oxidative damage220 and subsequently
achieve lifespan extension. This concept is supported by a study in C. elegans demon-
strating that respiration inhibition increases mitochondrial ROS production and signif-
icantly increases lifespan via mitochondrial ROS mediated activation of hypoxia-
inducible factor-1 (HIF-1).221 Low levels of oxidative stress induced by dietary restric-
tion, especially glucose restriction, have been shown to enhance mitochondrial metab-
olism and extend lifespan in various model organisms, including D. melanogaster222 and
C. elegans.223 For instance, an increase in the C. elegans lifespan by glucose restriction
has been ascribed to mitochondrial respiration and oxidative stress induction. This
effect was demonstrated to be dependent on the 50-AMP-activated protein kinase
(AMPK), and the lifespan extension is abolished by pretreatment with antioxidant N-
acetyl cysteine, which suggests that ROS are required for lifespan extension by dietary
restriction.223 Although definitive evidence of hormesis in lifespan regulation in mam-
malian models is still lacking, care should be taken when developing antioxidant ther-
apy. The theory of mitohormesis could have important translational implications as an
ideal antioxidant therapy that prevents oxidative damage induced under pathological
conditions without interfering with ROS needed for hormesis and cellular signaling.
Mitochondrially-targeted catalase may play a role in such a mechanism since the Km

of the catalytic activity of catalase is .10 mM, so that this enzyme is less likely to be
effective at the lower intracellular H2O2 concentrations that may be involved in sig-
naling or hormesis but may protect against damaging concentrations of hydrogen
peroxide.193

8.5.5 Accumulation of reactive oxygen species-induced damage
with aging
Generally, numerous studies are demonstrating an accumulation of oxidative damage dur-
ing aging.147 However, it should be kept in mind that the level of products of ROS-
induced damage in cells or extracellular fluids is a resultant of three factors: (1) the rate of
ROS generation, (2) the activity of antioxidants/antioxidant enzymes, and (3) the rate of
repair or removal of products of ROS reactions; all can change with age and be affected
by such factors as nutrition and age, which contributes to the variability of results.

During the aging process, the concentration of F2-isoprostanes in the urine was
found to increase,224,225 although similar increases in serum F2-isoprostane concentra-
tion of young and older men after eccentric exercise have also been reported.226
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Numerous studies have revealed a significant age-related increase in the plasma con-
centration of MDA.156,164,168,170,171,227�229 The level of protein-bound MDA resi-
dues, detectable with antibodies, increased with age.168 A positive correlation between
the HNE concentration in the blood plasma and the individual’s age has been found.
The HNE values correlated positively with the MDA values and negatively with the
glutathione system’s antioxidative status.156

It has been estimated that in senescent cells, almost 30% of proteins involved in
enzymatic or structural functions are dysfunctional due to oxidative damage.230 The
age-related increase of protein-bound carbonyl content has been found in tissues
such as the heart, muscle or brain176,231�233 and in the blood plasma of healthy
people.156,171,228,234 Carbonylation may alter the polypeptide chain’s conformation,
which leads to partial or total inactivation of the protein function. The consequent
loss of function or structural integrity of carbonylated proteins can have many
downstream functional consequences and may underlie the subsequent cellular
dysfunctions and tissue damage.235 Protein carbonylation was demonstrated to
modify enzymes and functions of other proteins like DNA binding of transcription
factors.236 Carbonylation can lead to functional impairment of proteins involved in
insulin signaling.237 The level of AOPP has also been reported to increase with
advancing age.133

Not all proteins are uniformly susceptible to oxidative damage. Using an immuno-
chemical probe for oxidative damage, mitochondrial aconitase was shown to be partic-
ularly vulnerable to oxidative damage accompanying aging in D. melanogaster.
Similarly, the mitochondrial adenine nucleotide translocase, glutamine synthetase, and
creatine kinase were shown to show high vulnerability. These proteins can also be
inactivated by nitration.238

An increase in the nitrated proteins has been observed during aging in various
human and animal tissues,239 however only a limited number of proteins undergo
nitration. A proteomic approach identified about 40 nitrated proteins out of 1000 dur-
ing an inflammatory challenge. These included a large number of mitochondrial pro-
teins that regulate cellular energy metabolism. One of these proteins was SOD2,
which is selectively nitrated at Tyr-34 and inactivated by nitration. Prostacyclin
synthase (PGI2) is another protein that is nitrated and inactivated by very low peroxy-
nitrite levels. Nitration of tyrosine residues in glutamine synthetase by peroxynitrite
leads to inactivation of the enzyme and compromises regulation of glutamine synthe-
tase by adenylation. Peroxynitrite-mediated nitration of lymphocyte-specific tyrosine
kinase inhibits its ability to phosphorylate tyrosine residues, which is the basis of a sig-
nal transduction mechanism involved in a myriad of pathways, including those medi-
ated by neurotrophins. Creatine kinase is another key intracellular enzyme regulating
energy metabolism that is nitrated and inactivated by peroxynitrite.238 Covalent modi-
fication of various proteins by tyrosine nitration is associated with the modification of
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biological functions of various organs/tissues such as skeletal muscle, heart, brain, and
liver in aging.240

Irreversibly oxidized proteins usually are repaired or degraded by the proteasome
and/or lysosomes and replaced by de novo synthesized proteins. If the oxidative damage
is faster than the proteolysis rate, oxidized proteins accumulate within the cells.
Depending on their location and composition, these aggregates are called inclusion bod-
ies, plaques, lipofuscin, ceroid, aggregosomes or Lewy bodies. The waste material which
is stored in lysosomes is called lipofuscin or age pigment. Apart from proteins, lipofuscin
contains triglycerides, free fatty acids, cholesterol and phospholipids, some amounts of
carbohydrates and metals (Fe, Cu, Al, Zn, Ca, and Mn). Lipofuscin composition signifi-
cantly varies between different types of cells, but all lipofuscin pigments are resistant to
degradation, most likely due to the presence of peptides crosslinked by aldehydes into
plastic-like structures.241 As the proteasomal and lysosomal systems cannot degrade these
aggregates, the accumulation is a progressively and continuously ongoing process over
the cell lifetime. These high molecular weight aggregates are inhibitors of the proteaso-
mal proteases and enhancement of their formation compromises the removal of dam-
aged proteins.242 Because of their ability to bind transition metals such as iron and
copper, coupled with the fact that lipofuscin is a fluorochrome, these aggregates seem to
sensitize lysosomes and cells to blue light, a process which might be important for the
pathogenesis of age-related macular degeneration.241,243 In mitotically active cells, lipo-
fuscin is diluted with every cell division, but in postmitotic cells, a steady increase of
lipofuscin accumulation is observed, and it is an established hallmark of aging. In crusta-
ceans, lipofuscin has been used for the determination of age. Mitochondria may contrib-
ute to lipofuscin’s cellular accumulation, especially under conditions of inhibition of
mitochondrial fission or Lon protease downregulation.244

There is consensus on the decline of proteasomal activity in mammals during
aging, although the exact reasons for such alteration are still under discussion. It may
be explained by changes in the proteasomal system’s composition and/or structure, at
least in part induced by modifications of proteolytic enzymes, both irreversible oxida-
tive damage and reversible (also redox-dependent) posttranslational modifications.244

It has been estimated that up to 200 oxidative modifications of guanine bases per
cell occur each day.245 Oxidative damage to nuclear DNA and mtDNA of tissue cells
increases with mammalian age.194 Oxidized form of guanosine, 8-oxodG, which is
present at a frequency of about 1025�1026 per dG in extracted DNA.246 A higher
level of 8-oxodG was detected in mtDNA compared to nuclear DNA, suggesting that
mtDNA is more susceptible to oxidative damage.22,247 The 8-oxodG level in mtDNA
increases with age.22 Since 8-OHdG lesions can be efficiently repaired, imbalances
between oxidative modification rates of guanosine and repair mechanisms may explain
the conflicting results on the role of 8-OHdG accumulation in aging. Whereas some
groups found an age-related increase in damaged bases,224,248 others detected no
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change or even a decrease in the 8-OHdG level of elderly subjects.226,245,249 Diet and
the metabolic rate of the individuals are the other factors influencing the amount of
detectable DNA damages.245,250

Furthermore, research was carried out in different organs and it is possible that 8-
OHdG damage is accumulating in some organs, while in others, the repair process is
more efficient and no DNA modification is observed. There are many other oxidative
DNA modifications, and it is not clear whether efficient repair systems exist for all of
them. Such unrepairable damages may accumulate in ever-increasing amounts with
aging.

Reactive organic molecules can react irreversibly with nucleic acids and form cova-
lently bound DNA adducts. The adduct spectrum is broad, ranging from simple meth-
ylation of guanine to bulky adducts such as benzo[a]-pyrene diolepoxide-I-DNA
adducts (BPDE-I-DNA), also called I-compounds. Several researchers described an
age-related increase of I-compounds.251�253 In contrast, other authors found no differ-
ence in the concentration of 7-methyl-, 7-(2-hydroxyethyl)-guanine and other
adducts in peripheral lymphocytes from subjects at different ages.254,255

The length of telomeres can be a valuable biomarker of oxidative stress during the
aging process. In dividing cells, telomeres are shortened by each cell division as DNA
polymerases cannot fully duplicate the ends of the chromosomes. Several studies have
linked telomere attrition with the aging process.256 In addition to cell division, telo-
meres can also be shortened by oxidative damage and/or mutations.257

8.5.6 Age-related oxidative modifications of mitochondria
With increasing age, mitochondria show changes in morphology and oxidative phos-
phorylation activity.258 Moreover, proteasomal activity decreases, autophagy is
impaired, and mitochondrial dysfunction emerges with an activity decrease of
OXPHOS, β-oxidation, and the Krebs cycle and an increase of ROS production that,
in turn, may further damage mitochondria.259 In a longitudinal study, mitochondrial
respiratory activity estimated in ex vivo muscle samples showed an age-related
decrease; this decrease correlated with the in vivo decline of oxidative capacity, cardio-
respiratory fitness, and muscle strength.260

A decline in mitochondrial function accompanies aging in model organisms and
this decline might, in turn, contribute to the observed age-dependent decline in organ
function. A decline in mitochondrial function in humans has been observed, and this
decrement may predispose to specific age-related diseases.261 Mitochondrial mutations
increase in frequency with age in both animal models and humans,262,263 although the
levels and kinds of mutations appear to differ between tissues and even within tis-
sues.264 While some have speculated that the increased levels of mitochondrial muta-
tions contribute to aging and age-related diseases,265 others have questioned whether
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these mutations ever reach a significant enough level to contribute to the aging pro-
cess.266 Indeed, since mitochondrial DNA exists in hundreds to thousands of copies
per cell, the detection of mutated mitochondrial DNA does not in itself imply dys-
function, as it is generally believed that mutational load must exceed a threshold value
(perhaps exceeding 60% of all mitochondria within a given tissue) to become a signifi-
cant phenotype.267

Several studies have reported that changes in mtDNA copy number occur in aging
organs, whereas other studies found no such changes.268 One possible confounding
factor when assessing mitochondrial function and mtDNA copy number is that the
relative proportion of different cell types and tissue composition often change in aging
organs due to regeneration, fibrosis, and inflammation. In addition to mtDNA-driven
effects, which are comparatively easy to diagnose, the mitochondrial function can also
be influenced by exogenous signals such as hormones269 and physical activity.270 This
makes it difficult to distinguish between direct and indirect causes of mitochondrial
dysfunction in aging.

The rates of mitochondrial superoxide and hydrogen peroxide generation increase
with age and correlate inversely with the lifespan of animals271; and they are higher in
the ad libitum fed than in calorie-restricted mice in the brain, heart, and kidney at
each age. In contrast, there was no clear-cut overall pattern of age-related or dietary-
related changes in antioxidant defenses provided by SODs, catalase, and glutathione
peroxidase.272

The 8-oxodG lesion is commonly considered a mutagenic lesion, because it can
base pair with adenosine, leading to a G to T transversion.273 However, these trans-
version mutations might be rare in mitochondria because in vitro assays have shown
that POLG has a decreased efficiency in incorporating nucleotides opposite to 8-
oxodG during replication of mtDNA.274 Also, when POLG was able to add a nucleo-
tide opposite to 8-oxodG, the correct cytosine was much more likely to be inserted
than adenosine,275 which argues that G to T transversion mutations in mtDNA are
rare and that this type of oxidative stress-induced lesion is a less prominent source of
point mutations in mtDNA.

Furthermore, 8-oxo-dGTP is actively removed from the nucleotide pool by
MTH1276 and from mtDNA by the base excision repair machinery, shared among
mitochondria and the nucleus.277 The base excision repair (BER) enzyme 8-
oxoguanine glycosylase (OGG1) recognizes and removes the 8-oxodG base,278 fol-
lowed by gap-tailoring, gap-filling, and DNA ligation performed by APE-1, POLG
and DNA ligase 3, respectively.279 If adenosine is erroneously inserted opposite of 8-
oxodG, the adenine DNA glycosylase (MUTYH) removes the adenosine before 8-
oxodG removal by OGG1.280 There are reports on the increase in the 8-OHdG in
mitochondrial DNA.281,282 Surprisingly, Ogg12/2 and Mutyh2/2 double-knockout
mice do not accumulate mutations of mtDNA.283 Descriptive data from humans
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comparing the mtDNA mutation load in the brain from young and aged individuals
showed an apparent increase in point mutation load with age, but the mutation pat-
tern was not consistent with G:C to T:A transversion mutations caused by oxidative
damage.284 Instead, the reported mutations were mainly transition mutations consistent
with replication errors and/or spontaneous deaminations.285 Similar mutation patterns
have also been reported in tumors and aging mice.286,287 Experimental studies in
Ogg1-deficient Drosophila melanogaster, which also have reduced Sod2 activity, surpris-
ingly showed no increase in G:C to T:A transversion mutations.288 Thus, several lines
of evidence make it reasonable to conclude that oxidative damage may not be a pri-
mary contributor to mtDNA mutations.

Mitochondrial DNA damage has been shown to increase with age, and its rate is
higher compared to nuclear DNA. However, it is necessary to distinguish point muta-
tions from deletions, for example, it has been argued that the point mutations do
not204 whereas deletions do correlate with the lifespan of mice.203 This may be related
to mitochondria having multiple DNA copies, protecting from heteroplasmic
mutations.

Multiple studies have robustly documented that somatic mutations in mtDNA pro-
gressively accumulate with age in a variety of tissues of humans,289�292 rhesus mon-
keys,293 and rodents,294,295 which leads to a mosaic dysfunction of oxidative
phosphorylation only affecting a subset of the cells in a tissue. Currently, a matter of
debate is whether these mutations play a causal role or just correlate with aging.
However, there are strong indications that they can contribute to aging phenotypes.
Many lines of studies have revealed that multiple deletions of mtDNA occur in
the skeletal muscle, heart, and brain of aged humans and mice and suggest that a
broad spectrum of mtDNA deletions accumulate with age. Many types of tandem
duplications in the D-loop region of mtDNA were identified in various tissues of
elderly subjects.296,297 Some pathogenic point mutations in mtDNA’s tRNA
genes298,299 and high levels of point mutations in the D-loop region of mtDNA300,301

have also been found to accumulate with age in human tissues and cultured human
skin fibroblasts.

Terminally-differentiated tissues with active oxidative metabolism, such as skeletal
muscle, heart, and brain, accumulate relatively higher levels of mutated mtDNA dur-
ing the aging process. Many of these mtDNA mutations start to occur after the mid-
30s and accumulate with age in postmitotic tissues of humans.291,302 The occurrence
of mtDNA deletions was correlated with reduced mitochondrial respiratory chain
enzyme activities in aging human skeletal muscles.303,304 Here, most studies showed
that the overall percentage of a specific mutated mtDNA is lower than about 0.1% of
total mtDNA molecules in any somatic tissue examined.305 These levels are far lower
than a threshold of mtDNA mutation required for a defective electron transport sys-
tem in patients with mitochondrial myopathies.306 However, most investigations are
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screened for mtDNA mutations in the whole tissue rather than individual cells. The
mutated mtDNA molecules may be unevenly distributed and can accumulate clonally
in specific cells, causing a mosaic pattern of respiratory chain deficiency in somatic tis-
sues during aging. Moreover, the unevenly distributed mutated mtDNA molecules
may have been primarily diluted by wild-type mtDNA when the whole tissue was
used to screen for mtDNA mutations. The idea of a mosaic pattern of mtDNA dam-
age was supported by some evidence showing that the proportion of mtDNA with a
large-scale deletion correlated well with that of cytochrome c oxidase (COX)-negative
fibers in the same subjects.307 Using a single-fiber PCR method or the laser-capture
microdissection technique,308,309 it was further demonstrated that COX-negative
fibers in the skeletal muscle of normal elderly subjects and aged rats contain reduced
levels of full-length mtDNA and high levels of mtDNA deletions. Most mtDNA dele-
tions, regardless of whether they are causing mitochondrial disease or are found in
aging, affect the major arc of mtDNA310,311 and are classified into two categories. The
majority of the large deletions are type I deletions flanked by homologous or near-
homologous repeats. Deletions not flanked by repeats are known as type II deletions
and have been reported to colocalize with secondary DNA structures such as hairpins,
cruciform, and G-quadruplex structures.310,312

Using both histological and polymerase chain reaction (PCR) analyses, it was
shown that mtDNA deletions clonally accumulate to high levels within COX2/
SDH1 regions (. 90% of total mtDNA) in vastus lateralis muscle of human subjects
aged 49�93 years.313 Moreover, the amplitude of decline in the deletion-containing
mtDNA levels in the transition regions and mitochondrial electron transport chain-
normal regions immediately adjacent to the transition regions, suggests that the accu-
mulation of mtDNA deletions precedes the electron transport chain deficiency.313

The high levels of accumulated mtDNA deletion were also observed to link to enzy-
matic and morphological abnormalities of mitochondria in muscle fibers from aged
rats.314 These observations strongly support the notion that mtDNA deletions play a
causal role in mitochondrial dysfunction of skeletal muscle fibers with age, a process
that may ultimately lead to fiber loss.

Parkinson’s disease patients carry high levels of mtDNA deletions in some dopa-
mine neurons in substantia nigra.315�317 High levels of deleted mtDNA are also found
in a subset of dopamine neurons in normal aging human brains, but the levels are gen-
erally higher in Parkinson’s disease patients.315 Notably, the proportion of mtDNA
with deletions increased significantly with age, and neurons containing over 60% of
deleted mtDNA molecules were associated with a striking loss of COX activity. These
findings suggest that mtDNA mosaic seems to parallel the occurrence of the bioener-
getic mosaic, and mtDNA mutations can reach relatively high levels in some cells of
elderly subjects. Consequently, the accumulation of mtDNA mutations with age in
human and rodent tissues can cause adverse effects and play a causal role in aging.
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The presence of mtDNA deletions was also found to correlate with aging and
aging-related diseases in humans. In these cases, the overall amount of mtDNA dele-
tions is low in the whole tissue, but the levels can be very high in individual cells. The
levels of mtDNA deletions increase with age in brain,318 retina,319 skeletal muscle,314

sperm,320 ovaries,321 hepatocytes,302 and heart.262,322 Interestingly, cells with high
levels of mtDNA deletions are not a feature of every age-associated neurodegenerative
disease and is, for example, not present in patients with Alzheimer’s disease.323 There
has been a debate about whether these changes represent clonally-expanded mtDNA
deletions generated early, late in life, or both.318,324 Although the correlation between
the occurrence of clonally-expanded mtDNA deletions and aging is evident, the
amount of mtDNA deletions varies between various tissues and even between individ-
ual cells of a given tissue due to the random drift of the deleted mtDNA mole-
cules.295,313,314,325 Because of this mosaicism, PCR-based methods typically identify
low levels of mtDNA deletions in tissue homogenates (,10%), whereas single-cell-
based detection approaches can result in very high levels of mtDNA deletions in indi-
vidual cells.326

Muscle fiber regions with the highest number of deletions colocalize within regions
of COX deficiency and muscle atrophy in aging individuals.308,309 A mouse model
with an inducible expression of a mitochondrially-targeted restriction enzyme has
been generated.327 These mice accumulate mtDNA deletions, leading to decreased
OXPHOS capacity, thus demonstrating that mtDNA deletions can have detrimental
in vivo effects when present at high enough levels. These results strongly suggest that
mtDNA deletions are one driving force behind the occurrence of at least some cells
with age-related OXPHOS dysfunction.

The content of lipid peroxides in mitochondria is increased with age.328 The
extent of lipid peroxidation was also correlated with alterations in mitochondrial respi-
ration and OXPHOS activity, inner membrane barrier properties, maintenance of
mitochondrial membrane potential, and mitochondrial Ca21 buffering capacity.329

Cardiolipin resides primarily in the inner membrane of mitochondria, and the highly
unsaturated nature of the fatty acyl chains in cardiolipin is required for the optimal
function of many of the proteins involved in the mitochondrial respiratory chain. It
has been shown that increased ROS production from mitochondria may result in oxi-
dation and depletion of cardiolipin and inhibition of cytochrome c oxidase activity.330

Peroxidation of cardiolipin can impair the inner membrane’s barrier function and facil-
itate the detachment of cytochrome c from the mitochondrial respiratory chain,
thereby facilitating the initiation of apoptosis.331

The amounts of proteins with oxidative modifications in mitochondria, such as
oxidation of the sulfhydryl groups of proteins or protein carbonyl formation, are
increased with age.132,332 The age-related increase in the level of oxidized proteins
was also observed in human skin fibroblasts and the mitochondrial fraction
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accumulating higher protein carbonyl levels than the whole-cell lysate of these skin
fibroblasts. This increase in the level of proteins with oxidative modifications corre-
lated with a decline in the intracellular ATP level.333 Aconitase and adenine nucleo-
tide translocase are preferred targets of oxidative damage to mitochondrial proteins
during the animals' aging.334,335 In addition, DNA polymerase γ was shown as one of
the major targets of oxidative damage in the mitochondrial matrix, which may reduce
mtDNA replication and DNA repair activities in mitochondria.275 Oxidative modifi-
cation of proteins can alter protein structure and/or result in a loss of their normal
function, which might lead to further ROS production from mitochondria.

Various authors have suggested that abnormal mitochondrial ROS production and
detoxification contributes to mitochondrial dysfunction and cardiomyopathy in old
age.336�338 An age-dependent reduction in cardiac mitochondrial OXPHOS function
is related to the decline in mitochondrial state 3 respiration due to diminished activity
of electron transport complexes I and IV (both have subunits encoded by mtDNA). In
contrast, complexes II, III, and ATP synthase are relatively unaffected.64 Impaired
electron transport chain function is directly related to elevated electron leakage
and generation of mROS. As the heart has a high metabolic demand and is rich in
mitochondria, it produces considerable amounts of ROS within mitochondria as a
byproduct of OXPHOS and is especially susceptible to oxidative damage.
Mitochondrial production of ROS significantly increases in hearts with advanced
age.339 The age-related cardiac phenotype was significantly attenuated in mice overex-
pressing catalase localized in mitochondria (mCAT). They also have lower age-
dependent accumulation of mitochondrial protein carbonyls, suggesting prevention of
mitochondrial oxidative damage as a mechanism for cardiac aging protection.
Peroxisomal overexpressed catalase or exogenously-introduced N-acetyl-cysteine
(NAC) were ineffective, underscoring mitochondrial specificity’s importance in the
antioxidant intervention.340

Sarcopenia is the loss of skeletal muscle mass and function with age. Sarcopenia is a
significant public health concern due to exercise intolerance, increased morbidity, and
loss of independence in the elderly. Skeletal muscle, like heart, relies on mitochondria
to meet the majority of the ATP demands for sustained muscle contraction.
Mitochondrial function in skeletal muscle is very dynamic in which the metabolic rate
can vary by at least an order of magnitude during rest to work transitions and varying
with the nutritional state. One consequence of this variation in mitochondrial function
is that increased mitochondrial ROS production periods are a normal part of skeletal
muscle physiology. These transient increases in ROS modify muscle function and play
an essential role in the beneficial adaptations to exercise training.341 Mitochondria in
aged skeletal muscle have an increased capacity to produce H2O2 when measured
under ex vivo conditions.342 In aged skeletal muscle of both mice343 and humans344

reduced mitochondrial coupling (P/O) and depression of skeletal muscle metabolism
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was demonstrated. Mitochondrially-overexpressed catalase preserved mitochondrial
function and insulin sensitivity in the skeletal muscle of aged mice.345

The current evidence strongly supports an essential role of mitochondrial oxidative
stress in declining skeletal muscle function with age, while its role in skeletal muscle
atrophy with age is still controversial. The most robust evidence supporting a role for
oxidative stress in age-related muscle atrophy comes from mice lacking SOD1; the
absence of SOD1 leads to mitochondrial dysfunction associated with a premature loss
of skeletal muscle mass in aging mice.346 Muscle fibers from SOD1 mice accumulated
mitochondria around the neuromuscular junction, and showed a loss of motor units
and disruption of neuromuscular junctions. Muscle-specific knockout of SOD1 did
not result in muscle atrophy, increased oxidative stress or mitochondrial dysfunc-
tion,347 but did cause a loss of specific force throughout life.

Age-related sensorineural hearing loss or presbycusis is the gradual loss of hearing
with aging. The sensorineural hearing loss is usually more severe for high-pitched
sound, which eventually leads to difficulty in understanding speech. The pathology is
characterized by age-dependent loss of sensory hair cells, spiral ganglion neurons, and
stria vascularis cells in the inner ear cochlea. Mice with the deletion of the mitochon-
drial pro-apoptotic gene Bak, attenuated age-related apoptotic cell deaths and pre-
vented presbycusis. Oxidative stress induced BAK expression in primary cochlear cells,
while mCAT suppressed BAK expression, reduced cell death, and prevented presbycu-
sis. These findings suggest a central role of mitochondrial ROS-induced apoptotic
pathway in presbycusis. Caloric restriction prevents presbycusis via reduction of oxida-
tive damage by NAD-dependent protein deacetylase sirtuin-3 (SIRT3). In response to
caloric restriction, SIRT3 directly deacetylates and activates mitochondrial isocitrate
dehydrogenase 2, leading to increased NADPH levels and an increased ratio of
reduced-to-oxidized glutathione in mitochondria, thereby enhancing the mitochon-
drial glutathione antioxidant defense system.348

Enhanced activation of mitochondrial permeability transition pore (mPTP) by
aging in different tissues and organisms was observed. While short, infrequent, opening
of the mPTP also triggers protective pathways, increasing the frequency and duration
of the mPTP is associated with more persistent oxidative damage that may contribute
to aging. Since mPTP opening contributes to the ROS production which in turn, fur-
ther potentiates mPTP activation, mPTP opening may constitute another “vicious cir-
cle” of enhanced mROS production.349

8.6 Potential strategies against aging to increase longevity

8.6.1 Metabolic control-related approaches
In the face of the above evidence on the promising benefits of targeting the metabolic
pathways and, in particular, the numerous roles of mitochondria within the cell that
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are affected by aging, we will discuss below some of the most recently metabolic and/
or mitochondrial approaches that aim to prevent, maintain or recover metabolic/mito-
chondrial functions across aging, and to ultimately extend an individual’s lifespan.
Among the most promising antiaging metabolism-targeted strategies, are caloric/die-
tary restriction, the recovery of melatonin levels/function, sirtuins activation, mito-
chondrial uncoupling, and physical activity.

8.6.1.1 Caloric/dietary restriction
During the last decade, dietary restriction (the reduction of calorie intake without
causing malnutrition)350 arose as one of the most promising ‘eternal youth elixirs’,
with proven beneficial results in a plethora of species, from fungi to humans.1,351�353

Such benefits were achieved either by reducing caloric intake by 30%�40% (rather
than complete starvation) or by reducing the consumption of specific amino acids
(such as methionine, instead of the simultaneous reduction of all the essential
ones).202,354�357 When blood methionine levels are depleted, the organism delays the
aging process to focus its energies in overcoming what it perceives as a starvation
period.1 Moreover, caloric restriction blunted the age-related mitochondrial dysfunc-
tion that affects multiple tissues.358 Strikingly, recent studies demonstrated that inter-
mittent fasting also ameliorates blood cholesterol and glucose levels359,360 and could
therefore represent a promising antiaging approach.

8.6.1.2 Melatonin
Another promising antiaging player appears to be the hormone melatonin, mainly
produced within the brain pineal gland. Melatonin most likely acts through its major
role in the circadian rhythm-related tight control of cellular metabolism.361 This
hypothesis was supported by the dietary restriction-mediated rescue of melatonin’s
daily peak (usually at midnight) upon aging,361�363 alongside a dietary restriction-
induced rejuvenation of circadian rhythm-related genes (especially those associated
with stress resistance) in the aged liver, muscle, and epidermis.364,365 Following the
putative antiaging role of melatonin, the “eternally young” naked mole rats showed
an atrophied epiphysis, together with a mutations in the genes coding for the two
main melatonin receptors and downregulation of enzymes involved in the brain
metabolism of serotonin to melatonin.366,367

8.6.1.3 Sirtuins activators
Sirtuins (SIRTs) are one of the first families of longevity proteins to be revealed,
which induce changes that promote survival during times of adversity in response to
signals like the amount of energy, daylight timing, and other types of environmental
stress. Sirtuins are a family of NAD-dependent enzymes first identified as deacetylases
that catalyze the posttranslational modification of histone and non-histone proteins.368

209A metabolic and mitochondrial angle on aging



Among the seven SIRTs found in mammals, SIRT 3, 4, and 5 are present in
mitochondria.369

Although SIRTs are considered critical modulators of aging and aging-related dis-
eases, their role in lifespan extension remains an intense matter of debate.350

Nevertheless, the increasingly described involvement of SIRTs 1�7 in the benefits of
calorie restriction points towards a promising therapeutic role of SIRT activation
against age-related disorders (such as diabetes, metabolic syndrome, cardiomyopathies,
nonalcoholic hepatic steatosis, chronic inflammation, neurodegenerative diseases, and
cancer).370�372 Regarding the role of SIRTs in blunting cellular senescence and pro-
moting organismal longevity, some authors suggest the involvement of insulin/IGF-1
signaling and AMPK.369 Moreover, SIRTs may be involved in the caloric restriction-
associated lifespan extension and in mitohormesis processes.373,374

Exogenous SIRTs activators or molecules capable of replenishing cellular NAD1

pools371,375 were involved in various biological models of aging-related diseases.
Nicotinamide mononucleotide (NMN), a key NAD1 intermediate, could restore sev-
eral critical aspects of aging in mice, such as muscle-type switching, insulin sensitivity,
oxidative phosphorylation, and gene expression,376 as well as it was able to restore
NAD1 levels and prevent diet- and age-induced type 2 diabetes.377 Among the exoge-
nous SIRT activators, the most well-known is resveratrol.375 The discovery of resvera-
trol (3,5,4-trihydroxystilbene), a stilbenoid present in many fresh fruits (including grapes,
blueberries, and raspberries), as an activator of sirtuin 1,378,379 lead many to propose an
explanation for the unusually low rates of mortality from chronic heart diseases in
French people, from regions with high consumption of their local wine.380 Associated
to sirtuin 1 activation, resveratrol improves mitochondrial function by stimulating mito-
chondrial biogenesis, an effect mediated by a decrease in the acetylation of peroxisome
proliferator-activated receptor-gamma coactivator (PGC-1α), as the master regulator of
mitochondrial biogenesis, binding to and promoting the activity of various transcription
factors that ultimately lead to increased mitochondrial numbers.381 Nevertheless, over
the years, resveratrol’s insolubility and low bioavailability blunted a search for new possi-
ble synthetic activators that could be more potent and efficacious.

8.6.1.3.1 Resveratrol showed cytotoxicity against several cancers (namely
leukemia, skin and prostate cancer)382,383

More than 14,000 SIRT activators have been identified after resveratrol, including
plant-derived metabolites that activate sirt1 (e.g., flavones, stilbenes, chalcones and
anthocyanidins),375 and synthetic molecules. Among the latter compounds that activate
sirt1 allosterically,384,385 examples include imidazothiazoles (namely SRT1720), thiazo-
lopyridines (namely STAC-2), benzimidazoles (namely STAC-5), bridged ureas
(namely STAC-9), cilostazol, paeonol, statins, hydrogen sulfide and persimmon.386�392

Other natural molecules with potential antiaging properties include quercetin, butein,
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fisetin, kaempferol, catechins and proanthocyanidins.393 The strategies to replenish
intracellular NAD1 pools may involve the stimulation of enzymes from NAD1 bio-
synthesis or the inhibition of CD38 hydrolase.394�396 Indeed, mounting evidence sug-
gest that such NAD1-boosting molecules (including NMN and nicotinamide
riboside)376,397�399 may recover the intracellular NAD1 pools and activate all SIRT
1�7 isoforms in elderly individuals.350 Additionally, recycling NAD1 from nicotin-
amide mimics calorie restriction and increases yeast longevity.400,401 Among the
enzymes that regulate NAD1 levels, which inhibition could present a therapeutic
potential, examples include CD38, CD157, NAMPT (Nicotinamide phosphoribosyl-
transferase), and malate dehydrogenase-1.350 Of note, besides its role in the Krebs
cycle, during which NAD1 is reduced to NADH, malate dehydrogenase 1 appears to
also be involved in cellular senescence.350 To our knowledge, the currently available
CD38 inhibitors include apigenin, quercetin, and GSK897�78c.395,402

8.6.1.3.2 Food nutrients
Increasing attention has been paid to functional food nutrients, that is natural
compounds included in the diet, as potential antiaging, pro-longevity, preventive
and/or therapeutic strategies by interacting with SIRTs. Among them, dietary
polyphenols appear to be beneficial against neurodegenerative, cardiovascular,
metabolic, and inflammatory diseases, and cancer, most likely by stimulating
SIRT1 deacetylase activity.350,403

8.6.1.3.3 Curcumin (1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-
dione), a diarylheptanoid derived from the rhizome of Curcuma longa, is also a
promising antiaging compound, despite its effects as a mitochondrial
uncoupler in isolated mitochondria404

Its antiaging actions may be related to its anti-inflammatory and antioxidant prop-
erties.405 Low doses of curcumin may act as a protective agent, whereas in high
doses, it could act as a cytostatic, cytotoxic, and genotoxic agent,405 observations
that are consistent with hormetic actions. However, the action of curcumin on
aging is controversial. At low concentrations, curcumin could neither postpone
replicative senescence nor protect cells from doxorubicin-induced senescence but
did increase sirtuins and AMPK in vascular smooth muscle cells undergoing repli-
cative senescence.406 Curcumin also increased the positive effect of exercise and
prevented fatigue in animals, an effect associated with an increased level or activity
of AMPK and sirtuin 1.407,408 Although some natural compounds offer the advan-
tage of being nontoxic, readily available, and with the potential to be included in
supplements, their clinical preventive/therapeutic potential in humans remains
unestablished.350
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8.6.1.4 Sirtuin inhibitors
While sirtuins' stimulation might be a promising therapeutic strategy against aging and
its associated disorders, their selective inhibition may, on the contrary, constitute
potential anti-cancer approaches. However, in this case, a potent sirtuins inhibitor
must necessarily be specific to a single sirtuins isoform, being processed by the enzyme
into a non-catalytic intermediate that competes with the standard substrate and binds
with higher affinity to the active site of that sirtuin isoform.409 The currently known
sirtuins inhibitors include nicotinamide (NAM), thioacyllysine-containing compounds,
sirtinol, and its analogs, splitomicin and indole derivatives and tenovin and its analogs;
the latter four classes inhibit sirtuins via non-covalently binding to the active site.350

More specifically, Compound 6 potently inhibits the deacetylation-catalyzed by sirt1
and, to a lower extent, by sirts2 and 3; SirReal 2, Compounds 7 and 8, and AK-7
potently inhibit sirt2; Tenovin-6, salermide, and benzodeazaoxaflavin are small-
molecule inhibitors of sirt1 and sirt2; Suramin binds into the B- and C-pockets of the
NAD1 binding site and to the substrate-binding site of sirt5.409�414 Interestingly, the
sirt2 inhibitor AK-7 can cross the blood-brain barrier, decreasing neuronal polygluta-
mine inclusions and cholesterol levels, thereby exerting neuroprotective effects.415

8.6.1.5 Mitochondrial uncoupling
Although the chemiosmotic proton circuit across the inner mitochondrial membrane
links ATP production to substrate oxidation,416,417 the basal leak of protons into the
mitochondrial matrix (or basal mitochondrial proton conductance) is responsible for a
mild mitochondrial uncoupling.369 Under physiological conditions, this
evolutionarily-conserved proton leak contributes to 20%�25% of the metabolic rate,
constituting an important energy drain.418 Interestingly, the basal mitochondrial pro-
ton leak has been hypothesized to protect against the overproduction of reactive oxy-
gen species and, ultimately, against oxidative stress—the “uncoupling to survive
hypothesis”.416 Though the mechanisms underlying such basal mitochondrial proton
leak remain debatable, some authors suggested a role for the SLC25 superfamily of
mitochondrial solute carriers, while others hypothesized that it may result from the
activation of the mitochondrial ADP/ATP carrier.419

Besides the basal mitochondrial proton leak, the activation of uncoupling proteins
(UCPs) may result in an inducible proton conductance,420,421 which appears to play a
role in cancer cell metabolism and tumor progression.369 Despite some controversy,
such mitochondrial uncoupling may promote tumor cells' metabolic reprogramming,
thereby decreasing oxidative stress and cell death mechanisms and ultimately allowing
cancer cells' proliferation.422 Conversely, others reported that female mice with higher
metabolic rates and higher mitochondrial uncoupling also showed an increased life-
span.423 This study further supported the “uncoupling to survive hypothesis.”
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8.6.1.5.1 UCP1 was first identified in the 1970s and is the most well-known
member of UCPs424,425

UCP1 is predominantly expressed in brown adipose tissue, being stimulated by the
sympathetic nervous system’s activation by cold temperatures and the subsequent
release of free fatty acids. Then, UCP1 dissipates the proton gradient across the inner
mitochondrial membrane and uncouples electron transfer from ATP synthesis. The
electron transfer chain activity increases, releasing the energy as heat.426,427 Indeed,
UCP1 was traditionally associated with the thermogenesis mechanisms in mam-
mals.424,425 More recently, others proposed that UCP1 may constitute a symporter for
protons and fatty acid anions.419

8.6.1.5.2 UCP2, UCP3 and UCP4
UCP2 is ubiquitously expressed throughout the body, including the brain and pancre-
atic β-cells.369 Though Dietrich and Horvath hypothesized that UCP2 could be a piv-
otal player in regulating lifespan and senescence,428 studies performed in mice with
upregulation or downregulation of UCP2/UCP3 provided contradictory data.369 For
example, McDonald et al. did not observe significant alterations in mice’s lifespan
overexpressing or lacking UCP2 and UCP3.429 Conversely, others reported that mice
lacking UCP2 had a shorter lifespan, while UCP2 overexpression failed to extend
their survival.430 UCP4 stabilizes calcium homeostasis and maintains human neural
cells' mitochondrial function while protecting against oxidative stress and apoptosis.431

Given these controversial results and the lack of knowledge on the role of UCP2
and 3 in basal mitochondrial uncoupling,419,420,432 one can hypothesize that other
mechanisms may crosslink mitochondrial uncoupling to longevity. One such mecha-
nism could be the caloric restriction-like features of mitochondrial uncoupling (includ-
ing the decrease in mitochondrial membrane potential and in ATP synthesis), which
has been demonstrated to extend longevity358 (as previously discussed). Other putative
mechanisms could be the lower ATP/AMP-induced activation of AMPK, the inhibi-
tion of mTOR and induction of autophagy/mitophagy, and the activation of mito-
chondrial biogenesis.369,433 Of note, the increased respiration and NADH oxidation
rates that arise from the mitochondrial uncoupling may in turn increase the NAD1/
NADH ratio and activate SIRTs and their antiaging effects369 (as previously detailed).

8.6.1.5.3 2,4-dinitrophenol (DNP) and carbonyl cyanide p-(trifluoromethoxy)
phenylhydrazone (FCCP) are well-studied pharmacological uncoupling
compounds369

DNP and FCCP are lipid-soluble, weak acids that function as protonophores, increas-
ing the metabolic rate and, therefore, appearing to constitute promising anti-
obesogenic treatments.369 DNP was even considered a potential metabesity therapy,
which includes obesity-related complications, neurodegenerative disorders and
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accelerated aging.434 Indeed, some authors observed that chronic administration of
low doses of DNP to mice reduced diet-induced obesity, insulin resistance and also
prolonged their life.435,436 Increased tissue respiratory rates accompanied these observa-
tions, as well as normalization of blood glucose, triglycerides, and insulin levels and a
reduction in hydrogen peroxide levels in DNA and protein oxidation.435 In line
with this, Goldgof et al. observed that chronic DNP treatment reduced body and
fat mass, and hepatic steatosis in females fed a high-fat diet, which also displayed a
higher energy expenditure without changes in food intake, and by the recovery in
their glucose tolerance.436 These beneficial effects of DNP may be mediated by a
decrease in lipid storage and the stimulation of insulin sensitivity in adipose
tissue, skeletal muscle and liver.433 Moreover, we cannot exclude an effect of DNP
in neurons from appetite-regulating brain areas and/or in neuroinflammatory
mechanisms.433 Thus, chronic administration of low, nontoxic, doses of DNP
could be a potential therapeutic approach against obesity and type 2 diabetes.433

More recently, studies demonstrated that low doses of DNP also protected mouse
neurons against Parkinson’s disease and could thus constitute a promising treatment
herein.437,438

However, we must bear in mind that the low selectivity/efficiency, the severe
side effects (including hyperthermia), and the toxicity (or even death) associated
with high doses render the therapeutic potential of DNP and FCCP very lim-
ited.434,439 In this respect, Kamour et al. reported an increase in the number of
humans presenting toxicity symptoms or even dying after exposure to DNP.440 In
a recent study, Quirós et al. observed that FCCP decreased mitochondrial mem-
brane potential and increased superoxide levels in HeLa cells, without significantly
changing ROS measured by H2DCFDA dye.441 Furthermore, another protono-
phore, CCCP, was found to dissipate mitochondrial membrane potential in HeLa
cells and to inactivate the fusion protein, OPA1 mitochondrial dynamin like
GTPase (OPA1).442 Similar observations were made in HeLa cells and mouse
embryonic fibroblasts with other uncouplers, which appeared to induce mitochon-
drial shrinkage into spheroid structures.443 According to the authors, these mito-
chondrial morphology and function changes may allow their clearance through
mitophagy,443 as discussed elsewhere.

To overcome the limitations associated with the “traditional” mitochondrial
uncouplers, several safer and therapeutically promising mitochondrial- or tissue-
targeted uncouplers (e.g., the targeted expression of UCP1 in skeletal muscle444,445 are
currently under development).417 For example, niclosamide-induced mitochondrial
uncoupling targets p53-deficient tumor cells for apoptotic death.446 Furthermore, a
mild mitochondrial uncoupling activity of UCP1 targeted towards mice’s skeletal mus-
cle improved their energy expenditure and metabolism, reduced their muscle mass,
and extended their longevity,447�450 also decreasing the incidence of lymphoma.444
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Additionally, oxidative phosphorylation capacity was attenuated in the skeletal muscle
from the HSA-UCP1 mice,451 whereas their glucose uptake, fatty acid oxidation, and
insulin sensitivity were recovered.452�454 Of note, this improvement in peripheral glu-
cose homeostasis of HSA-UCP1 mice was independent from the amelioration of obe-
sity.454 Surprisingly, isolated mitochondria from skeletal muscle of HSA-UCP1 mice
had lower superoxide levels,451 but both the production of reactive oxygen species
and the activity, for example, of catalase, were increased.452 This suggests that the
mitochondrial uncoupling-induced activation of antioxidant defenses in skeletal muscle
may correspond to a mitohormesis process.455 A mild mitochondrial uncoupling may
elicit the integrated stress response pathways, including antioxidant defenses, mito-
chondrial biogenesis, and the unfolded protein response, to ultimately resist cellular
stress and increase longevity.455�457 However, prolonged or intense activation of the
integrated stress response may culminate in cell death.458

Another striking observation in muscle from HSA-UCP1 mice was the downregu-
lation of the Itpr1 gene that encodes the IP3 receptor type 1, the main calcium-release
channel at the endoplasmic reticulum and, thus, a key molecule in the intracellular
calcium homeostasis and signaling.459 This appears to correlate with the increased
endoplasmic reticulum stress markers reported in these mice.459 Additionally, Ost et al.
described that ULK1, a pivotal regulator of mitophagy, was activated in an AMPKα2-
dependent manner in muscle from HSA-UCP1 mice under mild mitochondrial
uncoupling.453 According to these authors, this could constitute a compensatory
mechanism for maintaining cell viability and mitochondrial homeostasis upon
aging.453,460,461 Therefore, AMPK activation upon mitochondrial uncoupling might
be more effective than dietary restriction in delaying aging.439

8.6.1.6 Physical activity
Physical activity is another increasingly studied antiaging approach. Although physical
exercise appears to increase health span rather than lifespan,462 Holloszy demonstrated
that the physical activity associated with running in a wheel extended the lifespan of
rats by 10%.463 Beyond this, we must emphasize the importance of physical activity in
maintaining and recovering muscle function,464 or even preventing its degeneration
along with aging.465 Accordingly, long-term moderate physical exercise delayed the
loss of grip strength and improved the physical performance in aged rats.466,467 Hence,
regular physical exercise could be more efficient in preventing/recovering skeletal
muscle from age-dependent degeneration (and ultimately prolonging lifespan) than
dietary restriction.439

Among the molecular mechanisms underlying such positive effects of physical
activity/exercise on skeletal muscle upon aging, examples include stimulating antioxi-
dant defenses, general muscle function, and mechanisms that protect against its atro-
phy.439 Strikingly, there are already some exercise mimetics, that is pharmacological
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compounds that stimulate the above mechanisms and appear to benefit muscle func-
tion and other tissues.439,468,469 These exercise mimetics include, for example, metfor-
min and resveratrol, and were found to extend the lifespan of several
organisms.439,468,469 However, we must bear in mind that none of the currently avail-
able exercise mimetics alone can activate many molecular mechanisms affected by
physical activity. Therefore, they may not fully reproduce the effects of physical activ-
ity on skeletal muscle.439 An example of this intricate crosstalk is the alternate stimula-
tion of the opposite signaling pathways mediated by AMPK and mTOR induced by
physical activity.439

Although pharmacological compounds activate these cascades (the so-called perfor-
mance-stimulating drugs in sports), mTOR’s overactivation may antagonize AMPK,
promoting cellular glycolysis and ultimately inflammatory processes.439 On the other
hand, using AMPK activators (most of them anti-diabetic drugs) upon high nutrient
levels may exacerbate ATP production, leading to mitochondrial hyperpolarization,
the consequent formation of reactive oxygen species, and oxidative stress injury. The
abnormally high levels of ATP may be also accompanied by a decrease in ADP con-
tent that may, in turn, affects muscle function.439 Although the well-known AMPK
stimulant 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR) demonstrated a
beneficial effect on muscle tissue, its chronic administration also induced muscle
atrophy.470

These controversial results point to the need for some caution when considering
exercise mimetics to delay age-related (muscle) degeneration and prolong longevity.
Although further studies are needed, Knorre and Severin hypothesized that the use of
mitochondrial uncouplers could be interesting in this context, by allowing a moderate,
controlled decrease in mitochondrial membrane potential and ATP synthesis (as
detailed previously).460

8.6.2 Mitochondria-related antioxidant approaches
8.6.2.1 What can we learn from the “eternal youth” of the naked mole rat?
Besides dietary restriction, recent evidence also points towards the antiaging potential
of mitochondria-targeted antioxidants.1 This is mostly based on studies showing the
involvement of mitochondria-derived ROS in aging,471�473 and the higher vulnera-
bility of aged animals to oxidative stress-mediated damage (namely to the brain).474,475

In contrast, newborn animals and naked mole rats were more resistant to oxidative
stress, and the short-lived nematode C. elegans (lifespan B2 weeks) presented low
ROS levels that inhibited apoptosis.476,477 In this respect, we must emphasize several
embryonic-like features that naked mole rats present during adulthood and aging that
may provide valuable insights: the lack of a mitochondrial reticulum in skeletal
muscle formed by small fused mitochondria, low levels of adenine nucleotides in
heart mitochondria, partial downregulation of the ADP-induced mitochondrial
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respiration/membrane potential upon the decrement in the content of this adenine
nucleotide in heart and liver, lower lipid peroxidase index, unchanged (or even high-
er) levels of ROS and unsaturated fatty acids, unchanged antioxidant parameters (espe-
cially the activities of catalase and superoxide dismutase, and the levels of reduced
glutathione), entire proteasomal content, the inclusion of serine residues in their
β-actin structure, as opposed to the easily oxidizable cysteine residues.

These hallmarks may account in part for these rodents' high resistance to age-
related oxidative injury,3,366,478,479 thus reinforcing the concept of ROS involvement
in aging and age-related disorders.1 Accordingly, aging involved different observations,
including, apart from changes in the activities of antioxidant enzymes, discussed
before, the activation of the cytochrome c—p66shc complex within the mitochondrial
intermembrane space, the activation of the lipoate dehydrogenase at the mitochondrial
matrix and the stimulation of monoamine oxidase at the outer mitochondrial mem-
brane, ultimately blunting the detoxification and allowing an overaccumulation of
(mitochondrial) ROS.1 Of note, Ku et al. correlated the lower levels of the protein
deacetylase sirtuin 3 (SIRT3) upon aging with the downregulation of mitochondrial
antioxidant enzymes.196

The naked mole rats are also protected against glucose tolerance changes, glycated
hemoglobin, or blood vessel elasticity upon aging, and thus may be less prone to
alterations in glucose homeostasis, diabetes, or blood vessel disorders.1 Strikingly, these
animals preferentially metabolize fructose (rather than glucose) through the fructose
pathway,1 thus rendering their metabolism more versatile in terms of substrate
choice. However, their high intracellular fructose levels could also exacerbate protein
(including hemoglobin) glycation,480 whereas the formation of glyceraldehyde, lactate,
and protons could eventually increase their ROS levels.1 Since neither oxidative
stress nor glycated hemoglobin increased in naked mole rats, this implies strong
and effective antioxidant defense mechanisms against aging.481�483 Moreover, the
expression of the GluN2D subunit of the NMDA receptor for glutamate in their
adult hippocampal neurons, in contrast with its decrement upon aging in other
rodents, may further constitute an adaptive mechanism against oxidative stress-
and hypoxia-mediated damage.1 This may likely occur by efficiently regulating the
Na1 and K1 (and indirectly also Ca21) gradients across the plasma membrane under
hypoxia (and its consequent downregulation of ATP synthesis in mitochondrial oxida-
tive phosphorylation). Consequently, their neuronal depolarization might be short-
ened, as well as the triggering of apoptosis.1 Despite normal neurogenic and
migrational events, hippocampal and olfactory neurons from adult naked mole
rats also present features of a prolonged maturation, including the expression of struc-
tural plasticity markers, or morphogenic and spatial synaptic rearrangements484 that
may ultimately render their brains more plastic and less prone to age-related neurode-
generative diseases.1
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8.6.2.2 Mitochondria-targeted antioxidants in delayed aging
Endogenous small molecule antioxidants play an important role in any organism to
alleviate oxidative damage. Many antioxidative small molecules are either synthesized
by the human body (glutathione, bilirubin) or absorbed from food (vitamin E, poly-
phenols). Naturally, supplementation with small molecule antioxidants has been
regarded as a promising therapy against ROS-induced conditions as well as aging. A
problem all these substances have in common is that their delivery is untargeted,
meaning they are distributed widely in the body and might not even enter the cellular
compartments where oxidative damage occurs, for example, in mitochondria.
Multiple clinical trials with antioxidant supplementation were conducted, but an
increase in various diseases and even increased mortality warranted their quick abortion
(for a comprehensive review, see151).

It is plausible that mitochondria-targeted antioxidants may play a beneficial role
against aging and ultimately prolong the lifespan. Using the classical antioxidants N-
acetylcysteine and ascorbate or catalase stimulation, Griffith et al. observed protection
against thymus alterations upon aging.485 Other authors showed that the administra-
tion of the novel triphenylamylphosphonium cation before reoxygenation rapidly
downregulated the activity of mitochondrial complex I and the subsequent formation
of hydrogen peroxide in an animal model of hypoxia/reoxygenation. The observed
effect was a reduction in mitochondria-related oxidative stress and in the area of myo-
cardial infarction, most likely by stabilizing protein sulfhydryl groups.486 One strategy
that has been tested during recent years is the use of mitochondria-targeted antioxi-
dants, not only to specifically inhibit mitochondria-generated ROS in the context of
different pathologies (reviewed in487�490), but also attempting to increase lifespan.

Mitochondria drug discovery programs are lengthy and complex processes that pri-
marily focus on identifying hit/lead compound(s) that can target the dysfunctional
organelle, or any specific intrinsic target, without changing healthy parameters.491 After
this process, lead optimization is needed to refine the structure(s) and produce more
potent and selective compounds.492 As well, in this course, the pharmacokinetic proper-
ties of the lead structure are also fundamental. The tailored structural modifications are
regularly based on analog design, including the use of (bio)isosterism, to provide libraries
enriched in chemical diversity that can establish robust structure-property-activity/toxic-
ity relationships. The lead optimization process must be systematically carried out and
supported by structure-based drug design techniques using molecular modeling, among
others.493 In parallel, attention is also focused on the detailed profiling of physicochemi-
cal (e.g., solubility, lipophilicity, ionization, stability), permeability and in vitro ADME-
Tox (Absorption, Distribution, Metabolism, Excretion and Toxicity) properties to maxi-
mize the therapeutic index and minimize side effects.494 If one or more of these proper-
ties is less than ideal, it might be necessary to screen many more compounds specifically
for those properties. If successful, the candidate(s) will be tested during in vivo model(s),
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and a drug candidate can be elected to undergo clinical development and ultimately
become a marketed medicine.495

As the drug discovery process is complex and risky, some shortcuts can accelerate
the discovery of new chemical entities, such as drug repurposing/repositioning496 or
bioinspired chemistry that is based on the principles used by nature. Dedicated drug
delivery systems for targeted delivery and/or controlled release can also be a valuable
tool to facilitate the lead optimization process, including the modulation of ADMET-
Tox properties.497 Based on these concepts, we highlight the discovery of the
mitochondria-targeted antioxidants described below, namely MitoQ, SkQ1 and
AntiOxBEN2 and AntiOxCIN4. Generally, the core is a natural endogenous or exog-
enous scaffold and the carrier the TPP cation. The modulation of the ADMET prop-
erties has been performed in the linker by a molecular modification strategy called
homologation. The list below represents some examples of mitochondria-directed
antioxidants in which the potential to decrease mitochondrial oxidative stress was stud-
ied. Only a few were tested in the context of lifespan extension.

8.6.2.2.1 MitoQ
Mitoquinone (also known as MitoQ) is one of the most well-studied mitochondria-tar-
geted antioxidants. MitoQ comprises the lipophilic triphenyl-phosphonium (TPP) cation
covalently bound to the endogenous antioxidant ubiquinone (which is also a pivotal com-
ponent of the mitochondrial electron transport chain) via a ten-carbon alkane.498�501 Of
note, the three phenyl groups in the MitoQ structure allow the TPP cation’s stability and
protect the molecule against nucleophilic attack.500 Although MitoQ readily crosses the
neuronal cell membrane due to its negative membrane potential and to the lipophilicity
and hydrophobicity of MitoQ, the positive charge of TPP drives the molecule immedi-
ately into the matrix face of the inner mitochondrial membrane, where it accumulates at a
100-fold higher concentration.500�502 Then, MitoQ can be reduced by the mitochondrial
complex II to the ubiquinol form (Mitoquinol), which can, in turn, be oxidized to ubi-
quinone (Mitoquinone) and then rapidly reduced again to ubiquinol. These cycles of
reduction-oxidation allow MitoQ to maintain an efficient chain-breaking antioxidant
capacity, targeting mainly lipid hydroxyl radicals499,500,503�505 and the formation of a
superoxide506 to protect neurons against mitochondria-derived oxidative stress.500 Besides
preventing lipid oxidation,503 MitoQ attenuates age-related impairment in the rodent
brain mitochondrial respiratory chain, ATP synthesis, and membrane potential.507

Furthermore, MitoQ decreases neuronal inflammation and demyelination, improves
remyelination mechanisms, and mitigates neuronal axonal loss.500,501 As a result, MitoQ
recovered cognitive and memory function.500,501

MitoQ also reduced oxidative damage and cell death in cells cultured from
patients with Friedreich ataxia (a rare neuronal disorder).500 Similar beneficial effects
of MitoQ were described in mouse models of spinocerebellar ataxia type 1,508
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amyotrophic lateral sclerosis,509 Parkinson’s disease,510 together with the inhibition of
cytochrome c release from mitochondria, inhibition of caspase 3 and DNA fragmenta-
tion in bovine aortic endothelial cells.500 Administration of MitoQ in drinking water
for four weeks was associated with preservation of vascular endothelial function in old-
er mice, including decreased superoxide generation by arterial mitochondria; also,
MitoQ reversed an age-related increase in endothelial susceptibility to acute mito-
chondrial damage.511

MitoQ decreased heart dysfunction and mitochondrial injury in a rat model of
ischemia-reperfusion injury.500 Furthermore, MitoQ stimulates the mitochondrial
uptake of CoQ10, ultimately protecting cells from animal models and human patients
of Alzheimer’s disease against oxidative damage.500,501,512 These findings were con-
firmed in a C. elegans model overexpressing human Aβ, in which MitoQ extended
lifespan and mitochondrial electron transport chain efficiency.513 Additionally, MitoQ
promoted neurite growth and cell viability, downregulating the expression of mito-
chondrial fission markers in N2a cells expressing the mutant APP protein.514 It also
stimulated PGC1α expression, prevented membrane depolarization, and free radical
formation, while stimulating cytochrome oxidase activity, thereby protecting against
Aβ-mediated toxicity.514

Hence, we can hypothesize that MitoQ may constitute a promising therapeutical
approach against still incurable neurodegenerative diseases (namely Alzheimer’s,
Parkinson’s, and Huntington’s disease). Accordingly, Yin et al. (2016) observed that
MitoQ alone protected STHdhQ111 cells against mutant huntingtin-induced oxidative
injury, mitochondrial dysfunction and synaptic impairment.515 Interestingly, these
authors also reported a synergistic effect of MitoQ plus the SS-31 peptide (further
detailed later) in diminishing mitochondrial fission and upregulating mitochondrial
fusion in such a cellular model of Huntington’s disease. In a recent study, Pinho et al.
described that the MitoQ-induced recovery of the motor coordination in the R6/2
mouse model of Huntington’s disease was associated with protection against their
muscle markers for oxidative injury (including carbonyl groups and mitochondrial
superoxide dismutase 2).516 This was accompanied by reduced muscle reactive oxygen
species-related autophagy upon MitoQ administration, despite no significant changes
in their molecular chaperones' levels.516 These observations contrast with the MitoQ-
related reduction in ROS’s mitochondrial formation and the resulting decrease in
mTOR and ULK1 phosphorylation in Atg proteins and LC3-II conversion into LC3-
II, that culminated in the protection of C2C12 myoblasts against autophagy.517

According to Pinho et al., the selective protective effects of MitoQ in muscle from
R6/2 mice may be explained by its higher bioavailability within this tissue, in contrast
with the lower brain levels of the antioxidant.516 Hence, MitoQ may improve periph-
eral rather than central nervous system defects (e.g., at the muscle level) associated
with Huntington’s disease.
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In light of this, it is not surprising that MitoQ is used in currently undergoing (as
well was used in already completed) several clinical trials on, multiple sclerosis
(NCT04267926), nonalcoholic fatty liver disease (NCT01167088), asthma
(NCT04026711), sickle cell anemia (NCT04109820), Parkinson’s disease
(NCT00329056) or Hepatitis C (NCT00433108), (http://clinicaltrials.gov). However,
MitoQ dosage could be a limitation in clinical trials, since concentrations above
0.3 μM were toxic for neuronal cells.518 Furthermore, Sakellariou et al. did not
observe a protective effect of MitoQ against the loss of muscle mass and function or
oxidative markers in aged mice.519 Effects of MitoQ on aging-related phenotypes has
been recently reviewed.520

8.6.2.2.2 SkQ1
One of the most promising mitochondria-targeted antioxidants is SkQ1, a molecule
that consists of a TPP cation covalently linked to a plastoquinone core.521 This mole-
cule not only efficiently slowed down age-related mechanisms and disorders (e.g., in
human eyes and animal models), but also prolonged the mean lifespan of plants, fungi,
crustaceans, insects, fish, and mammals (including old, immobilized animals).205,522�524

Strikingly, SkQ1 or its rhodamine analog, SkQR1, also protected against renal dis-
orders,490,524�530 myocardial infarction, stroke522,523,531 and neurodegenerative dis-
eases (such as Alzheimer’s disease and multiple sclerosis).490,532 Moreover, SkQ1 is
currently undergoing clinical trials on dry eye syndrome (NCT02121301;
NCT03764735; NCT04206020; http://www.clinicaltrials.gov).

Although the antioxidant effect of SkQ1 remains incompletely understood, it
appears to be dose-dependent. In small concentrations, SkQ1 may scavenge the free
radicals resulting from cardiolipin oxidation, whereas, in higher doses, SkQ1 may
mildly uncouple the transmembrane uptake of fatty acids by acting as a protonophore,
similarly to the well-known uncoupler dinitrophenol.527,533 However, one cannot
exclude a possible interference of SkQ1 with the complex cytochrome c—p66shc to
blunt the formation of superoxide anion from oxygen. As already mentioned, the
knockout of the p66shc gene was shown to extend mice’s longevity.206,534,535

Together with evidence that low concentrations of dinitrophenol may extend the life-
span of D. melanogaster and mice,435,536 further suggests a promising role for SkQ1 and
its uncoupling-like effect. In line with these findings, mitochondria-targeted antioxi-
dant SkQ1 has been shown to prolong the lifespan of inbred male mice in specific-
pathogen-free (SPF) condition, outbred mice, and dwarf hamsters in conventional or
outdoor cages.205

Regarding the potential therapeutic effect of SkQ1 or SkQR1 against age-related
neurodegenerative diseases, Kapay et al. observed that, similarly to another
mitochondria-targeted antioxidant (MitoQ), pretreatment of hippocampal slices with
SkQ1 or SkQR1 completely abolished the damage induced by the amyloid-β
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peptide,532 which accumulates within the brain upon aging and plays a role in
Alzheimer’s disease pathogenesis.532,537 Although the precise mechanisms underlying
such protective effects of SkQ1 and SkQR1 remain elusive, mitochondrial-derived
ROS and their consequent induction of the mitochondrial permeability transition
pore upon amyloid-β accumulation may trigger a damaging cascade towards neuronal
death that may ultimately lead to Alzheimer’s disease.538,539

Despite the above-described promising results from preclinical studies involving
MitoQ and SkQ1, their approval by the Food and Drug Administration faced several
challenges.490 As such, new mitochondria-targeted compounds are urgently needed to
overcome these limitations and provide efficient and safe therapies.

8.6.2.2.3 AntiOxBEN2 and AntiOxCIN4

In line with the limitations described above, novel hydroxybenzoic and hydroxycin-
namic acid-derived mitochondriotropic antioxidants were developed (AntiOxBENs
and AntiOxCINs, respectively).490 To date, AntiOxBEN2 and AntiOxCIN4, which
resulted from the conjugation of gallic acid with the lipophilic TPP cation540 and the
conjugation of caffeic acid with the TPP cation via an alkyl spacer, respectively,
revealed important antioxidant and iron-chelating properties.490,540�542 Mitochondria
accumulate both compounds in a membrane potential-dependent manner.540�542

Significantly, the accumulation of AntiOxCIN4 within the mitochondria does not
interfere with its morphology or polarization.541,542 Regarding its antioxidant effect,
AntiOxBEN2 was shown to protect against lipid oxidation and oxidative stress in dif-
ferent cell types, including rat cardiomyoblasts, human skin fibroblasts, and hepatocyte
cells.540 Similarly, AntiOxCIN4 rescued oxidative stress-related injury and maintained
the intracellular pool of reduced glutathione in isolated liver mitochondria and hepatic
cells.541 In a very recent study, our group demonstrated that the chronic treatment
with both compounds for 72 h upregulated reduced glutathione, mitochondrial NAD
(P)H and SOD2 levels in cultured primary human skin fibroblasts without significantly
affecting the mitochondrial membrane potential or SOD1 expression.543 These altera-
tions were accompanied by a common upregulation of the regulator of cellular antiox-
idative stress response, NRF2, by the AntiOxBEN2 and AntiOxCIN4, whereas the
expression of the antioxidants HMOX1 and NQO1 was affected differently by these
compounds.543 Although neither AntiOxBEN2 nor AntiOxCIN4 inhibited skin fibro-
blast death resulting from loss of glutathione, AntiOxBEN2 successfully counteracted
hydrogen peroxide-induced cell death.543 These results, together with the increment
in reactive oxygen species promoted by the chronic administration of AntiOxBEN2

and AntiOxCIN4, suggest that they may elicit endogenous protective mechanisms to
mitigate oxidative stress under such conditions.543 However, further studies are war-
ranted to clarify these issues and the therapeutic potential of AntiOxBEN2 and
AntiOxCIN4 against age-related disorders.
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8.6.2.2.4 Other mitochondrially-targeted antioxidants
8.6.2.2.4.1 TEMPO and Mito-TEMPO Other mitochondrially-targeted antioxidants
showed similarly promising results. Mito-TEMPO on the one hand, consists of 2,2,6,6-
Tetramethylpiperidinyloxyl (TEMPO) coupled to a TPP cation. TEMPO is a
stable radical with strong antioxidative effects and has alleviated renal failure in mice with
partial nephrectomy.544 Another promising candidate is tiron (4,5-dihydroxy-1,3-benzene-
disulfonic acid), a chemical entity that serves as an antioxidant and an iron chelator. Tiron
treatment has proven superior to MitoQ against both hydrogen peroxide- and UV-
radiation-induced ROS, possibly due to the unique combination of its properties.545

8.6.2.2.4.2 Szeto-Schiller (SS) peptides It has been demonstrated that the synthetic
SS peptides’ interaction with mitochondrial cardiolipin is what affects mitochondrial
membrane curvature, however, they also can act as a mitochondrially-targeted antioxi-
dant. The structure of this family of small molecules comprises four amino acids alternat-
ing with aromatic groups (one of which is a 20,6’-dimethyltyrosine residue) and a cation
renders them potent antioxidants518,546,547 that are also able to accumulate at the inner
mitochondrial membrane in a mitochondrial membrane potential-independent man-
ner.499 This later feature of SS-peptides is due to their positive charge and lipophilic
properties of aliphatic chains and hydrophobic aromatic rings518,547 and may ultimately
allow these antioxidants to target damaged mitochondria, thus rendering them promising
against mitochondria-associated disorders.548 To date, four SS-peptides were developed:
SS-02 (Dmt-D-Arg-Phe-Lys-NH2), SS-20 (Phe-D-Arg-Phe-Lys-NH2), SS-31 (D-Arg-
Dmt-Lys-Phe-NH2), and SS-19 (Dmt-d-Arg-Phe-atnDAP-NH2).

518,547

Regarding SS-02 and SS-19, studies showed their high potential for internalization
within the cell and their immediate selective uptake by mitochondria which, in the
case of SS-19, may be partially dependent on mitochondrial membrane poten-
tial.518,547 SS-02 also reduces hydrogen peroxide to oxygen and water and counteracts
the oxidation of linoleic acid and low-density lipoproteins.518,547 Similarly, SS-20 and
SS-31 bind to cardiolipin, an essential lipid for the inner mitochondrial membrane’s
integrity.518,547 SS-20 binding to cardiolipin maintain mitochondrial cristae’s stability,
prevents release of cytochrome c and restores mitochondrial electron transport chain’s
proper functioning upon ischemia-reperfusion .500,518,547,549 Given the widely
described involvement of amyloid-β (Aβ, a pivotal player in Alzheimer’s disease neu-
ropathology) on cardiolipin loss and the subsequent compromise in mitochondrial cris-
tae and electron transport chain integrity, SS-20 and SS-31 peptides may also exert a
beneficial effect herein.550

To our knowledge, SS-31 appears to be the most studied SS-peptide. It contains the
same amino acids as SS-02, but in a different arrangement that raises the antioxidant
potential of SS-31.518,547,551,552 Its linear uptake kinetics, independent from receptor- or
transporter-mediated mechanisms, suggests that SS-31 is readily taken up by endothelial,
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renal, and intestinal epithelial cells, myotubes, cardiomyocytes, macrophages or neurons,
whereby it accumulates at the inner mitochondrial membrane (rather than at the mito-
chondrial matrix).551 Importantly, SS-31 appears not to affect normal mitochondria
structure or function,551 while it effectively mitigated lipid oxidation, the production of
reactive oxygen species, and scavenging of hydrogen peroxide, for example, in rodent
models of amyotrophic lateral sclerosis and myocardial infarction.551,553 SS-31 also coun-
teracted mitochondrial reactive oxygen production and mitochondrial dysfunction upon
ischemic conditions, increasing ATP production, most likely by blunting the peroxidase
activity of cytochrome c.551 Besides, binding of SS-31 to cardiolipin at the inner mito-
chondrial membrane stabilizes cytochrome c function within the electron transport chain
in mitochondrial damaging conditions.551 Manczak et al. further demonstrated that SS-
31 stimulated neurite growth, protected against the dysfunctional cytochrome c oxidase,
maintained mitochondrial membrane potential, and improved ATP synthesis, thereby
preventing Aβ25�35-induced mitochondrial dysfunction and cell death in mouse neuro-
blastoma N2a cells and in primary neuronal cells expressing the mutant amyloid precur-
sor protein (APP).514,554 This neuroprotective role of SS-31 might also involve the
downregulation of mitochondrial fission and the upregulation of PGC1α, FOXO1,
NMDA receptor, and Prxs genes,514 as well as the improvement in synaptic activity in
neurons expressing mutant APP.514,554 Similar therapeutic effects of SS-31 were
reported by Calkins et al. in mitochondria and synapses of the Tg2576 mouse model of
Alzheimer’s disease.552 More specifically, SS-31-treated Tg2576 mice showed a recovery
in their axonal mitochondria transport, number, and size, as well as with their protection
against oxidative damage.552 Adding to this, SS-31 exerted a synergistic effect when co-
administered with the small molecule antioxidant Mdivi1 to N2A cells transfected with
mutant APP, by improving mitochondrial function, mtDNA copy number, and cell via-
bility, and lowering Aβ1�40 and Aβ1�42 levels.

553 These pieces of evidence further rein-
force the therapeutic potential of SS-31, alone or in combination with other
antioxidants, against Alzheimer’s disease.

In another age-related disease, sarcopenia, Sakellariou et al. reported that, despite no
effect on muscle mass and function loss, chronic subcutaneous treatment with SS-31 miti-
gated oxidative muscle stress in 28 month-old mice.555,556 However, others demonstrated
that both acute and chronic administration of SS-31 recover muscle mitochondrial struc-
ture, function, and homeostasis in aged mice, increasing their tolerance to physical exer-
cise.342,557 More recently, SS-31 was shown to mitigate the mitochondrial production of
reactive oxygen species and proteolytic activity in muscle from mice treated with doxoru-
bicin (a highly potent chemotherapeutic drug that also damages muscle tissue).558 This
reinforced the therapeutic/antioxidant potential of SS-31 against sarcopenia. Notably, SS-
31 increased SIRT1, and downregulated TNFα and NFκB in leukocytes from type 2 dia-
betes patients, ultimately reducing their inflammatory markers.559 Moreover, SS-31 could
reenergize mitochondria and improve cardiac function in a rat model of ischemia.560
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8.7 Conclusions

Current data from animal studies, ranging from flies to mice, cast doubts on the gener-
ality of the mitochondrial free radical theory of aging. Thus, efforts are underway
towards a more general theory of aging, to account for conflicting results from many
studies. Although mitochondria seem to play a vital role in aging, mitochondrial ROS
generation is likely only one (and potentially secondary) factor out of many others. It
has been repeatedly shown that cells can easily manage ROS’s physiological levels and,
more importantly, a certain level of ROS is even crucial for proper cellular signaling
and development.561 While it seems intuitive that alleviating high levels of ROS is
beneficial for cellular function, conclusive evidence that ROS-reducing treatments
positively affect the human lifespan is difficult to produce. A further difficulty regard-
ing human aging studies is that any pharmacological or dietary intervention likely has
to happen early in life and probably for many decades, while an unsurpassable number
of confounding factors may shroud any potential effects.
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274. Stojkovič G, Makarova AV, Wanrooij PH, et al. Oxidative DNA damage stalls the human mito-
chondrial replisome. Sci Rep 2016;6:28942. Available from: https://doi.org/10.1038/srep28942.
2016/07/02.

275. Graziewicz MA, Day BJ, Copeland WC. The mitochondrial DNA polymerase as a target of oxida-
tive damage. Nucleic Acids Res 2002;30:2817�24. Available from: https://doi.org/10.1093/nar/
gkf392. 2002/06/28.

276. Kang D, Nishida J, Iyama A, et al. Intracellular localization of 8-oxo-dGTPase in human cells, with
special reference to the role of the enzyme in mitochondria. J Biol Chem 1995;270:14659�65.
Available from: https://doi.org/10.1074/jbc.270.24.14659. 1995/06/16.

277. Kazak L, Reyes A, Holt IJ. Minimizing the damage: repair pathways keep mitochondrial DNA
intact. Nat Rev Mol Cell Biol 2012;13:659�71. Available from: https://doi.org/10.1038/nrm3439.
2012/09/21.

278. Hu J, de Souza-Pinto NC, Haraguchi K, et al. Repair of formamidopyrimidines in DNA involves
different glycosylases: role of the OGG1, NTH1, and NEIL1 enzymes. J Biol Chem
2005;280:40544�51. Available from: https://doi.org/10.1074/jbc.M508772200. 2005/10/14.

279. Gao Y, Katyal S, Lee Y, et al. DNA ligase III is critical for mtDNA integrity but not Xrcc1-
mediated nuclear DNA repair. Nature 2011;471:240�4. Available from: https://doi.org/10.1038/
nature09773. 2011/03/11.

280. Takao M, Zhang QM, Yonei S, et al. Differential subcellular localization of human MutY homolog
(hMYH) and the functional activity of adenine:8-oxoguanine DNA glycosylase. Nucleic Acids Res
1999;27:3638�44. Available from: https://doi.org/10.1093/nar/27.18.3638. 1999/09/03.

281. Nekhaeva E, Bodyak ND, Kraytsberg Y, et al. Clonally expanded mtDNA point mutations are
abundant in individual cells of human tissues. Proc Natl Acad Sci U S Am 2002;99:5521�6.
Available from: https://doi.org/10.1073/pnas.072670199. 2002/04/12.

240 Aging

https://doi.org/10.1038/ng1292-318
https://doi.org/10.1038/ng1292-318
https://doi.org/10.1016/s0140-6736(89)92145-4
https://doi.org/10.1016/j.tig.2008.11.007
https://doi.org/10.1042/bj20021594
https://doi.org/10.14336/ad.2013.0400337
https://doi.org/10.14336/ad.2013.0400337
https://doi.org/10.3390/ijms160716158
https://doi.org/10.1113/jp270211
https://doi.org/10.1111/j.1474-9726.2008.00394.x
https://doi.org/10.1111/j.1474-9726.2008.00394.x
https://doi.org/10.1016/0047-6374(94)90104-x
https://doi.org/10.1038/sj.emboj.7600354
https://doi.org/10.1038/srep28942
https://doi.org/10.1093/nar/gkf392
https://doi.org/10.1093/nar/gkf392
https://doi.org/10.1074/jbc.270.24.14659
https://doi.org/10.1038/nrm3439
https://doi.org/10.1074/jbc.M508772200
https://doi.org/10.1038/nature09773
https://doi.org/10.1038/nature09773
https://doi.org/10.1093/nar/27.18.3638
https://doi.org/10.1073/pnas.072670199


282. Singh KK. Mitochondria damage checkpoint, aging, and cancer. Ann N Y Acad Sci
2006;1067:182�90. Available from: https://doi.org/10.1196/annals.1354.022. 2006/06/29.

283. Halsne R, Esbensen Y, Wang W, et al. Lack of the DNA glycosylases MYH and OGG1 in the can-
cer prone double mutant mouse does not increase mitochondrial DNA mutagenesis. DNA Repair
2012;11:278�85. Available from: https://doi.org/10.1016/j.dnarep.2011.12.001. 2012/01/03.

284. Kennedy SR, Salk JJ, Schmitt MW, et al. Ultra-sensitive sequencing reveals an age-related increase
in somatic mitochondrial mutations that are inconsistent with oxidative damage. PLoS Genet
2013;9:e1003794. Available from: https://doi.org/10.1371/journal.pgen.1003794. 2013/10/03.

285. Zheng W, Khrapko K, Coller HA, et al. Origins of human mitochondrial point mutations as DNA
polymerase gamma-mediated errors. Mutat Res 2006;599:11�20. Available from: https://doi.org/
10.1016/j.mrfmmm.2005.12.012. 2006/02/24.

286. Ameur A, Stewart JB, Freyer C, et al. Ultra-deep sequencing of mouse mitochondrial DNA: muta-
tional patterns and their origins. PLoS Genet 2011;7:e1002028. Available from: https://doi.org/
10.1371/journal.pgen.1002028. 2011/04/02.

287. Stewart JB, Alaei-Mahabadi B, Sabarinathan R, et al. Simultaneous DNA and RNA mapping of
somatic mitochondrial mutations across diverse human cancers. PLoS Genet 2015;11:e1005333.
Available from: https://doi.org/10.1371/journal.pgen.1005333. 2015/07/01.

288. Itsara LS, Kennedy SR, Fox EJ, et al. Oxidative stress is not a major contributor to somatic mito-
chondrial DNA mutations. PLoS Genet 2014;10:e1003974. Available from: https://doi.org/
10.1371/journal.pgen.1003974. 2014/02/12.

289. Torii K, Sugiyama S, Takagi K, et al. Age-related decrease in respiratory muscle mitochondrial
function in rats. Am J Respirat Cell Mol Biol 1992;6:88�92. Available from: https://doi.org/
10.1165/ajrcmb/6.1.88. 1992/01/01.

290. Torii K, Sugiyama S, Tanaka M, et al. Aging-associated deletions of human diaphragmatic mito-
chondrial DNA. Am J Respirat Cell Mol Biol 1992;6:543�9. Available from: https://doi.org/
10.1165/ajrcmb/6.5.543. 1992/05/01.

291. Lee HC, Pang CY, Hsu HS, et al. Differential accumulations of 4,977 bp deletion in mitochondrial
DNA of various tissues in human ageing. Biochim Biophys Acta 1994;1226:37�43. Available from:
https://doi.org/10.1016/0925-4439(94)90056-6. 1994/04/12.

292. Greaves LC, Nooteboom M, Elson JL, et al. Clonal expansion of early to mid-life mitochondrial
DNA point mutations drives mitochondrial dysfunction during human ageing. PLoS Genet
2014;10:e1004620. Available from: https://doi.org/10.1371/journal.pgen.1004620. 2014/09/19.

293. Schwarze SR, Lee CM, Chung SS, et al. High levels of mitochondrial DNA deletions in skeletal
muscle of old rhesus monkeys. Mech Ageing Dev 1995;83:91�101. Available from: https://doi.org/
10.1016/0047-6374(95)01611-3. 1995/09/07.

294. Khaidakov M, Heflich RH, Manjanatha MG, et al. Accumulation of point mutations in mitochon-
drial DNA of aging mice. Mutat Res 2003;526:1�7. Available from: https://doi.org/10.1016/
s0027-5107(03)00010-1. 2003/04/26.

295. Larsson NG. Somatic mitochondrial DNA mutations in mammalian aging. Annu Rev Biochem
2010;79:683�706. Available from: https://doi.org/10.1146/annurev-biochem-060408-093701.
2010/03/31.

296. Lee HC, Pang CY, Hsu HS, et al. Ageing-associated tandem duplications in the D-loop of mito-
chondrial DNA of human muscle. FEBS Lett 1994;354:79�83. Available from: https://doi.org/
10.1016/0014-5793(94)01063-3. 1994/10/31.

297. Wei YH, Pang CY, You BJ, et al. Tandem duplications and large-scale deletions of mitochondrial
DNA are early molecular events of human aging process. Ann N Y Acad Sci 1996;786:82�101.
Available from: https://doi.org/10.1111/j.1749-6632.1996.tb39054.x. 1996/06/15.

298. Münscher C, Rieger T, Müller-Höcker J, et al. The point mutation of mitochondrial DNA charac-
teristic for MERRF disease is found also in healthy people of different ages. FEBS Lett
1993;317:27�30. Available from: https://doi.org/10.1016/0014-5793(93)81484-h. 1993/02/08.

299. Zhang C, Linnane AW, Nagley P. Occurrence of a particular base substitution (3243 A to G) in
mitochondrial DNA of tissues of ageing humans. Biochem Biophys Res Commun 1993;195:1104�10.
Available from: https://doi.org/10.1006/bbrc.1993.2158. 1993/09/15.

241A metabolic and mitochondrial angle on aging

https://doi.org/10.1196/annals.1354.022
https://doi.org/10.1016/j.dnarep.2011.12.001
https://doi.org/10.1371/journal.pgen.1003794
https://doi.org/10.1016/j.mrfmmm.2005.12.012
https://doi.org/10.1016/j.mrfmmm.2005.12.012
https://doi.org/10.1371/journal.pgen.1002028
https://doi.org/10.1371/journal.pgen.1002028
https://doi.org/10.1371/journal.pgen.1005333
https://doi.org/10.1371/journal.pgen.1003974
https://doi.org/10.1371/journal.pgen.1003974
https://doi.org/10.1165/ajrcmb/6.1.88
https://doi.org/10.1165/ajrcmb/6.1.88
https://doi.org/10.1165/ajrcmb/6.5.543
https://doi.org/10.1165/ajrcmb/6.5.543
https://doi.org/10.1016/0925-4439(94)90056-6
https://doi.org/10.1371/journal.pgen.1004620
https://doi.org/10.1016/0047-6374(95)01611-3
https://doi.org/10.1016/0047-6374(95)01611-3
https://doi.org/10.1016/s0027-5107(03)00010-1
https://doi.org/10.1016/s0027-5107(03)00010-1
https://doi.org/10.1146/annurev-biochem-060408-093701
https://doi.org/10.1016/0014-5793(94)01063-3
https://doi.org/10.1016/0014-5793(94)01063-3
https://doi.org/10.1111/j.1749-6632.1996.tb39054.x
https://doi.org/10.1016/0014-5793(93)81484-h
https://doi.org/10.1006/bbrc.1993.2158


300. Michikawa Y, Mazzucchelli F, Bresolin N, et al. Aging-dependent large accumulation of point
mutations in the human mtDNA control region for replication. Science (N York, NY)
1999;286:774�9. Available from: https://doi.org/10.1126/science.286.5440.774. 1999/10/26.

301. Wang Y, Michikawa Y, Mallidis C, et al. Muscle-specific mutations accumulate with aging in criti-
cal human mtDNA control sites for replication. Proc Natl Acad Sci U S Am 2001;98:4022�7.
Available from: https://doi.org/10.1073/pnas.061013598. 2001/03/29.

302. Yen TC, Su JH, King KL, et al. Ageing-associated 5 kb deletion in human liver mitochondrial
DNA. Biochem Biophys Res Commun 1991;178:124�31. Available from: https://doi.org/10.1016/
0006-291x(91)91788-e. 1991/07/15.

303. Hsieh RH, Hou JH, Hsu HS, et al. Age-dependent respiratory function decline and DNA deletions
in human muscle mitochondria. Biochem Mol Biol Int 1994;32:1009�22 1994/04/01.

304. Lezza AM, Boffoli D, Scacco S, et al. Correlation between mitochondrial DNA 4977-bp deletion
and respiratory chain enzyme activities in aging human skeletal muscles. Biochem Biophys Res
Commun 1994;205:772�9. Available from: https://doi.org/10.1006/bbrc.1994.2732. 1994/11/30.

305. Wei YH, Lee HC. Oxidative stress, mitochondrial DNA mutation, and impairment of antioxidant
enzymes in aging. Exp Biol Med (Maywood, NJ) 2002;227:671�82. Available from: https://doi.org/
10.1177/153537020222700901. 2002/09/27.

306. He L, Chinnery PF, Durham SE, et al. Detection and quantification of mitochondrial DNA dele-
tions in individual cells by real-time PCR. Nucleic Acids Res 2002;30:e68. Available from: https://
doi.org/10.1093/nar/gnf067. 2002/07/24.

307. Pesce V, Cormio A, Fracasso F, et al. Age-related mitochondrial genotypic and phenotypic altera-
tions in human skeletal muscle. Free Radic Biol Med 2001;30:1223�33. Available from: https://doi.
org/10.1016/s0891-5849(01)00517-2. 2001/05/23.

308. Cao Z, Wanagat J, McKiernan SH, et al. Mitochondrial DNA deletion mutations are concomitant with
ragged red regions of individual, aged muscle fibers: analysis by laser-capture microdissection. Nucleic
Acids Res 2001;29:4502�8. Available from: https://doi.org/10.1093/nar/29.21.4502. 2001/11/03.

309. Wanagat J, Cao Z, Pathare P, et al. Mitochondrial DNA deletion mutations colocalize with seg-
mental electron transport system abnormalities, muscle fiber atrophy, fiber splitting, and oxidative
damage in sarcopenia. FASEB J: Off Publ Feder Am Soc Exp Biol 2001;15:322�32. Available from:
https://doi.org/10.1096/fj.00-0320com. 2001/02/07.

310. Dong DW, Pereira F, Barrett SP, et al. Association of G-quadruplex forming sequences with
human mtDNA deletion breakpoints. BMC Genomics 2014;15:677. Available from: https://doi.org/
10.1186/1471-2164-15-677. 2014/08/16.

311. Samuels DC, Schon EA, Chinnery PF. Two direct repeats cause most human mtDNA deletions. Trends
Genet: TIG 2004;20:393�8. Available from: https://doi.org/10.1016/j.tig.2004.07.003. 2004/08/18.

312. Damas J, Carneiro J, Gonçalves J, et al. Mitochondrial DNA deletions are associated with non-B
DNA conformations. Nucleic Acids Res 2012;40:7606�21. Available from: https://doi.org/10.1093/
nar/gks500. 2012/06/05.

313. Bua E, Johnson J, Herbst A, et al. Mitochondrial DNA-deletion mutations accumulate intracellu-
larly to detrimental levels in aged human skeletal muscle fibers. Am J Hum Genet 2006;79:469�80.
Available from: https://doi.org/10.1086/507132. 2006/08/16.

314. Herbst A, Pak JW, McKenzie D, et al. Accumulation of mitochondrial DNA deletion mutations in
aged muscle fibers: evidence for a causal role in muscle fiber loss. J Gerontol Ser A, Biol Sci Med Sci
2007;62:235�45. Available from: https://doi.org/10.1093/gerona/62.3.235. 2007/03/29.

315. Bender A, Krishnan KJ, Morris CM, et al. High levels of mitochondrial DNA deletions in substan-
tia nigra neurons in aging and Parkinson disease. Nat Genet 2006;38:515�17. Available from:
https://doi.org/10.1038/ng1769. 2006/04/11.

316. Kraytsberg Y, Kudryavtseva E, McKee AC, et al. Mitochondrial DNA deletions are abundant and
cause functional impairment in aged human substantia nigra neurons. Nat Genet 2006;38:518�20.
Available from: https://doi.org/10.1038/ng1778. 2006/04/11.

317. Reeve AK, Krishnan KJ, Elson JL, et al. Nature of mitochondrial DNA deletions in substantia nigra
neurons. Am J Hum Genet 2008;82:228�35. Available from: https://doi.org/10.1016/j.
ajhg.2007.09.018. 2008/01/09.

242 Aging

https://doi.org/10.1126/science.286.5440.774
https://doi.org/10.1073/pnas.061013598
https://doi.org/10.1016/0006-291x(91)91788-e
https://doi.org/10.1016/0006-291x(91)91788-e
http://refhub.elsevier.com/B978-0-12-823761-8.00024-0/sbref303
http://refhub.elsevier.com/B978-0-12-823761-8.00024-0/sbref303
http://refhub.elsevier.com/B978-0-12-823761-8.00024-0/sbref303
https://doi.org/10.1006/bbrc.1994.2732
https://doi.org/10.1177/153537020222700901
https://doi.org/10.1177/153537020222700901
https://doi.org/10.1093/nar/gnf067
https://doi.org/10.1093/nar/gnf067
https://doi.org/10.1016/s0891-5849(01)00517-2
https://doi.org/10.1016/s0891-5849(01)00517-2
https://doi.org/10.1093/nar/29.21.4502
https://doi.org/10.1096/fj.00-0320com
https://doi.org/10.1186/1471-2164-15-677
https://doi.org/10.1186/1471-2164-15-677
https://doi.org/10.1016/j.tig.2004.07.003
https://doi.org/10.1093/nar/gks500
https://doi.org/10.1093/nar/gks500
https://doi.org/10.1086/507132
https://doi.org/10.1093/gerona/62.3.235
https://doi.org/10.1038/ng1769
https://doi.org/10.1038/ng1778
https://doi.org/10.1016/j.ajhg.2007.09.018
https://doi.org/10.1016/j.ajhg.2007.09.018


318. Taylor SD, Ericson NG, Burton JN, et al. Targeted enrichment and high-resolution digital profiling
of mitochondrial DNA deletions in human brain. Aging Cell 2014;13:29�38. Available from:
https://doi.org/10.1111/acel.12146. 2013/08/06.

319. Barreau E, Brossas JY, Courtois Y, et al. Accumulation of mitochondrial DNA deletions in human
retina during aging. Investig Ophthalmol Vis Sci 1996;37:384�91 1996/02/01.

320. Kao SH, Chao HT, Wei YH. Multiple deletions of mitochondrial DNA are associated with the
decline of motility and fertility of human spermatozoa. Mol Hum Reprod 1998;4:657�66. Available
from: https://doi.org/10.1093/molehr/4.7.657. 1998/08/14.

321. Kitagawa T, Suganuma N, Nawa A, et al. Rapid accumulation of deleted mitochondrial deoxyribo-
nucleic acid in postmenopausal ovaries. Biol Reprod 1993;49:730�6. Available from: https://doi.
org/10.1095/biolreprod49.4.730. 1993/10/01.

322. Simonetti S, Chen X, DiMauro S, et al. Accumulation of deletions in human mitochondrial DNA
during normal aging: analysis by quantitative PCR. Biochim Biophys Acta 1992;1180:113�22.
Available from: https://doi.org/10.1016/0925-4439(92)90059-v. 1992/12/10.

323. Bender A, Schwarzkopf RM, McMillan A, et al. Dopaminergic midbrain neurons are the prime
target for mitochondrial DNA deletions. J Neurol 2008;255:1231�5. Available from: https://doi.
org/10.1007/s00415-008-0892-9. 2008/07/08.

324. Popadin K, Safdar A, Kraytsberg Y, et al. When man got his mtDNA deletions? Aging Cell
2014;13:579�82. Available from: https://doi.org/10.1111/acel.12231. 2014/06/05.

325. Campbell G, Krishnan KJ, Deschauer M, et al. Dissecting the mechanisms underlying the accumu-
lation of mitochondrial DNA deletions in human skeletal muscle. Hum Mol Genet
2014;23:4612�20. Available from: https://doi.org/10.1093/hmg/ddu176. 2014/04/18.

326. Baris OR, Ederer S, Neuhaus JF, et al. Mosaic deficiency in mitochondrial oxidative metabolism
promotes cardiac arrhythmia during aging. Cell Metab 2015;21:667�77. Available from: https://doi.
org/10.1016/j.cmet.2015.04.005. 2015/05/09.

327. Fukui H, Moraes CT. Mechanisms of formation and accumulation of mitochondrial DNA deletions
in aging neurons. Hum Mol Genet 2009;18:1028�36. Available from: https://doi.org/10.1093/
hmg/ddn437. 2008/12/20.

328. Hruszkewycz AM. Lipid peroxidation and mtDNA degeneration. A hypothesis. Mutat Res
1992;275:243�8. Available from: https://doi.org/10.1016/0921-8734(92)90028-n. 1992/09/01.

329. Bacon BR, O'Neill R, Britton RS. Hepatic mitochondrial energy production in rats with chronic
iron overload. Gastroenterology 1993;105:1134�40. Available from: https://doi.org/10.1016/0016-
5085(93)90959-g. 1993/10/01.

330. Paradies G, Petrosillo G, Pistolese M, et al. The effect of reactive oxygen species generated from
the mitochondrial electron transport chain on the cytochrome c oxidase activity and on the cardio-
lipin content in bovine heart submitochondrial particles. FEBS Lett 2000;466:323�6. Available
from: https://doi.org/10.1016/s0014-5793(00)01082-6. 2000/02/22.

331. Petrosillo G, Ruggiero FM, Pistolese M, et al. Reactive oxygen species generated from the mito-
chondrial electron transport chain induce cytochrome c dissociation from beef-heart submitochon-
drial particles via cardiolipin peroxidation. Possible role in the apoptosis. FEBS Lett
2001;509:435�8. Available from: https://doi.org/10.1016/s0014-5793(01)03206-9. 2001/12/26.

332. Sohal RS. Role of oxidative stress and protein oxidation in the aging process. Free Radic Biol
Med 2002;33:37�44. Available from: https://doi.org/10.1016/s0891-5849(02)00856-0.
2002/06/28.

333. Miyoshi N, Oubrahim H, Chock PB, et al. Age-dependent cell death and the role of ATP in
hydrogen peroxide-induced apoptosis and necrosis. Proc Natl Acad Sci U S Am 2006;103:1727�31.
Available from: https://doi.org/10.1073/pnas.0510346103. 2006/01/31.

334. Yan LJ, Levine RL, Sohal RS. Oxidative damage during aging targets mitochondrial aconitase. Proc
Natl Acad Sci U S Am 1997;94:11168�72. Available from: https://doi.org/10.1073/
pnas.94.21.11168. 1997/10/23.

335. Yan LJ, Sohal RS. Mitochondrial adenine nucleotide translocase is modified oxidatively during
aging. Proc Natl Acad Sci U S Am 1998;95:12896�901. Available from: https://doi.org/10.1073/
pnas.95.22.12896. 1998/10/28.

243A metabolic and mitochondrial angle on aging

https://doi.org/10.1111/acel.12146
http://refhub.elsevier.com/B978-0-12-823761-8.00024-0/sbref319
http://refhub.elsevier.com/B978-0-12-823761-8.00024-0/sbref319
http://refhub.elsevier.com/B978-0-12-823761-8.00024-0/sbref319
https://doi.org/10.1093/molehr/4.7.657
https://doi.org/10.1095/biolreprod49.4.730
https://doi.org/10.1095/biolreprod49.4.730
https://doi.org/10.1016/0925-4439(92)90059-v
https://doi.org/10.1007/s00415-008-0892-9
https://doi.org/10.1007/s00415-008-0892-9
https://doi.org/10.1111/acel.12231
https://doi.org/10.1093/hmg/ddu176
https://doi.org/10.1016/j.cmet.2015.04.005
https://doi.org/10.1016/j.cmet.2015.04.005
https://doi.org/10.1093/hmg/ddn437
https://doi.org/10.1093/hmg/ddn437
https://doi.org/10.1016/0921-8734(92)90028-n
https://doi.org/10.1016/0016-5085(93)90959-g
https://doi.org/10.1016/0016-5085(93)90959-g
https://doi.org/10.1016/s0014-5793(00)01082-6
https://doi.org/10.1016/s0014-5793(01)03206-9
https://doi.org/10.1016/s0891-5849(02)00856-0
https://doi.org/10.1073/pnas.0510346103
https://doi.org/10.1073/pnas.94.21.11168
https://doi.org/10.1073/pnas.94.21.11168
https://doi.org/10.1073/pnas.95.22.12896
https://doi.org/10.1073/pnas.95.22.12896


336. Mammucari C, Rizzuto R. Signaling pathways in mitochondrial dysfunction and aging. Mech Ageing
Dev 2010;131:536�43. Available from: https://doi.org/10.1016/j.mad.2010.07.003. 2010/07/27.

337. Trifunovic A, Larsson NG. Mitochondrial dysfunction as a cause of ageing. J Intern Med
2008;263:167�78. Available from: https://doi.org/10.1111/j.1365-2796.2007.01905.x.
2008/01/30.

338. Terzioglu M, Larsson NG. Mitochondrial dysfunction in mammalian ageing. Novartis Found Sympos
2007;287:197�208. Available from: https://doi.org/10.1002/9780470725207.ch14. discussion 208-
113. 2007/12/14.

339. Judge S, Jang YM, Smith A, et al. Age-associated increases in oxidative stress and antioxidant
enzyme activities in cardiac interfibrillar mitochondria: implications for the mitochondrial theory of
aging. FASEB J: Off Publ Feder Am Soc Exp Biol 2005;19:419�21. Available from: https://doi.org/
10.1096/fj.04-2622fje. 2005/01/12.

340. Dai DF, Chen T, Wanagat J, et al. Age-dependent cardiomyopathy in mitochondrial mutator mice
is attenuated by overexpression of catalase targeted to mitochondria. Aging Cell 2010;9:536�44.
Available from: https://doi.org/10.1111/j.1474-9726.2010.00581.x. 2010/05/12.

341. Powers SK, Nelson WB, Hudson MB. Exercise-induced oxidative stress in humans: cause and con-
sequences. Free Radic Biol Med 2011;51:942�50. Available from: https://doi.org/10.1016/j.freerad-
biomed.2010.12.009. 2010/12/21.

342. Siegel MP, Kruse SE, Percival JM, et al. Mitochondrial-targeted peptide rapidly improves mito-
chondrial energetics and skeletal muscle performance in aged mice. Aging Cell 2013;12:763�71.
Available from: https://doi.org/10.1111/acel.12102. 2013/05/23.

343. Marcinek DJ, Schenkman KA, Ciesielski WA, et al. Reduced mitochondrial coupling in vivo alters
cellular energetics in aged mouse skeletal muscle. J Physiol 2005;569:467�73. Available from:
https://doi.org/10.1113/jphysiol.2005.097782. 2005/10/29.

344. Amara CE, Shankland EG, Jubrias SA, et al. Mild mitochondrial uncoupling impacts cellular aging
in human muscles in vivo. Proc Natl Acad Sci U S Am 2007;104:1057�62. Available from: https://
doi.org/10.1073/pnas.0610131104. 2007/01/12.

345. Lee HY, Choi CS, Birkenfeld AL, et al. Targeted expression of catalase to mitochondria prevents
age-associated reductions in mitochondrial function and insulin resistance. Cell Metab
2010;12:668�74. Available from: https://doi.org/10.1016/j.cmet.2010.11.004. 2010/11/27.

346. Jang YC, Lustgarten MS, Liu Y, et al. Increased superoxide in vivo accelerates age-associated mus-
cle atrophy through mitochondrial dysfunction and neuromuscular junction degeneration. FASEB
J: Off Publ Feder Am Soc Exp Biol 2010;24:1376�90. Available from: https://doi.org/10.1096/fj.09-
146308. 2009/12/31.

347. Zhang Y, Davis C, Sakellariou GK, et al. CuZnSOD gene deletion targeted to skeletal muscle
leads to loss of contractile force but does not cause muscle atrophy in adult mice. FASEB J: Off
Publ Feder Am Soc Exp Biol 2013;27:3536�48. Available from: https://doi.org/10.1096/fj.13-
228130. 2013/06/05.

348. Someya S, Xu J, Kondo K, et al. Age-related hearing loss in C57BL/6J mice is mediated by Bak-
dependent mitochondrial apoptosis. Proc Natl Acad Sci U S Am 2009;106:19432�7. Available from:
https://doi.org/10.1073/pnas.0908786106. 2009/11/11.

349. Rottenberg H, Hoek JB. The path from mitochondrial ROS to aging runs through the mitochon-
drial permeability transition pore. Aging Cell 2017;16:943�55. Available from: https://doi.org/
10.1111/acel.12650. 2017/08/02.

350. Zhao L, Cao J, Hu K, et al. Sirtuins and their biological relevance in aging and age-related diseases.
Aging Dis 2020;11:927�45. Available from: https://doi.org/10.14336/ad.2019.0820. 2020/08/09.

351. Masoro EJ. Overview of caloric restriction and ageing. Mech Ageing Dev 2005;126:913�22.
Available from: https://doi.org/10.1016/j.mad.2005.03.012. 2005/05/12.

352. Ingram DK, Roth GS. Calorie restriction mimetics: can you have your cake and eat it, too? Ageing
Res Rev 2015;20:46�62. Available from: https://doi.org/10.1016/j.arr.2014.11.005. 2014/12/23.

353. Colman RJ, Anderson RM, Johnson SC, et al. Caloric restriction delays disease onset and mortality
in rhesus monkeys. Science (N York, NY) 2009;325:201�4. Available from: https://doi.org/
10.1126/science.1173635. 2009/07/11.

244 Aging

https://doi.org/10.1016/j.mad.2010.07.003
https://doi.org/10.1111/j.1365-2796.2007.01905.x
https://doi.org/10.1002/9780470725207.ch14
https://doi.org/10.1096/fj.04-2622fje
https://doi.org/10.1096/fj.04-2622fje
https://doi.org/10.1111/j.1474-9726.2010.00581.x
https://doi.org/10.1016/j.freeradbiomed.2010.12.009
https://doi.org/10.1016/j.freeradbiomed.2010.12.009
https://doi.org/10.1111/acel.12102
https://doi.org/10.1113/jphysiol.2005.097782
https://doi.org/10.1073/pnas.0610131104
https://doi.org/10.1073/pnas.0610131104
https://doi.org/10.1016/j.cmet.2010.11.004
https://doi.org/10.1096/fj.09-146308
https://doi.org/10.1096/fj.09-146308
https://doi.org/10.1096/fj.13-228130
https://doi.org/10.1096/fj.13-228130
https://doi.org/10.1073/pnas.0908786106
https://doi.org/10.1111/acel.12650
https://doi.org/10.1111/acel.12650
https://doi.org/10.14336/ad.2019.0820
https://doi.org/10.1016/j.mad.2005.03.012
https://doi.org/10.1016/j.arr.2014.11.005
https://doi.org/10.1126/science.1173635
https://doi.org/10.1126/science.1173635


354. Miller RA, Buehner G, Chang Y, et al. Methionine-deficient diet extends mouse lifespan, slows
immune and lens aging, alters glucose, T4, IGF-I and insulin levels, and increases hepatocyte MIF
levels and stress resistance. Aging Cell 2005;4:119�25. Available from: https://doi.org/10.1111/
j.1474-9726.2005.00152.x. 2005/06/01.

355. Sanz A, Caro P, Ayala V, et al. Methionine restriction decreases mitochondrial oxygen radical gen-
eration and leak as well as oxidative damage to mitochondrial DNA and proteins. FASEB J: Off
Publ Feder Am Soc Exp Biol 2006;20:1064�73. Available from: https://doi.org/10.1096/fj.05-
5568com. 2006/06/14.

356. Caro P, Gomez J, Sanchez I, et al. Effect of 40% restriction of dietary amino acids (except methio-
nine) on mitochondrial oxidative stress and biogenesis, AIF and SIRT1 in rat liver. Biogerontology
2009;10:579�92. Available from: https://doi.org/10.1007/s10522-008-9200-4. 2008/11/29.

357. Sanchez-Roman I, Gómez A, Pérez I, et al. Effects of aging and methionine restriction applied at
old age on ROS generation and oxidative damage in rat liver mitochondria. Biogerontology
2012;13:399�411. Available from: https://doi.org/10.1007/s10522-012-9384-5. 2012/05/15.

358. Bishop NA, Guarente L. Genetic links between diet and lifespan: shared mechanisms from yeast to
humans. Nat Rev Genet 2007;8:835�44. Available from: https://doi.org/10.1038/nrg2188. 2007/10/03.

359. Martinez-Lopez N, Tarabra E, Toledo M, et al. System-wide benefits of intermeal fasting by autop-
hagy. Cell Metab 2017;26:856�71. Available from: https://doi.org/10.1016/j.cmet.2017.09.020.
e855. 2017/11/07.

360. Jamshed H, Beyl RA, Della Manna DL, et al. Early time-restricted feeding improves 24-hour glu-
cose levels and affects markers of the circadian clock, aging, and autophagy in humans. Nutrients
2019;11. Available from: https://doi.org/10.3390/nu11061234. 2019/06/04.

361. Stehle JH, Saade A, Rawashdeh O, et al. A survey of molecular details in the human pineal
gland in the light of phylogeny, structure, function and chronobiological diseases. J Pineal Res
2011;51:17�43. Available from: https://doi.org/10.1111/j.1600-079X.2011.00856.x. 2011/
04/27.

362. Sack RL, Lewy AJ, Erb DL, et al. Human melatonin production decreases with age. J Pineal
Res 1986;3:379�88. Available from: https://doi.org/10.1111/j.1600-079x.1986.tb00760.x.
1986/01/01.

363. Roth GS, Lesnikov V, Lesnikov M, et al. Dietary caloric restriction prevents the age-related decline
in plasma melatonin levels of rhesus monkeys. J Clin Endocrinol Metab 2001;86:3292�5. Available
from: https://doi.org/10.1210/jcem.86.7.7655. 2001/07/10.

364. Solanas G, Peixoto FO, Perdiguero E, et al. Aged stem cells reprogram their daily rhythmic func-
tions to adapt to stress. Cell 2017;170:678�92. Available from: https://doi.org/10.1016/j.
cell.2017.07.035. e620. 2017/08/13.

365. Sato S, Solanas G, Peixoto FO, et al. Circadian reprogramming in the liver identifies metabolic
pathways of aging. Cell 2017;170:664�77. Available from: https://doi.org/10.1016/j.
cell.2017.07.042. e611. 2017/08/13.

366. Kim EB, Fang X, Fushan AA, et al. Genome sequencing reveals insights into physiology and lon-
gevity of the naked mole rat. Nature 2011;479:223�7. Available from: https://doi.org/10.1038/
nature10533. 2011/10/14.

367. Quay WB. Pineal atrophy and other neuroendocrine and circumventricular features of the naked
mole-rat, Heterocephalus glaber (Rüppell), a fossorial, equatorial rodent. J Neural Transm
1981;52:107�15. Available from: https://doi.org/10.1007/bf01253102. 1981/01/01.

368. Pan H, Finkel T. Key proteins and pathways that regulate lifespan. J Biol Chem 2017;292:6452�60.
Available from: https://doi.org/10.1074/jbc.R116.771915. 2017/03/08.

369. Klaus S, Ost M. Mitochondrial uncoupling and longevity—a role for mitokines? Exp Gerontol
2020;130:110796. Available from: https://doi.org/10.1016/j.exger.2019.110796. 2019/12/02.

370. Imai S, Guarente L. Ten years of NAD-dependent SIR2 family deacetylases: implications for meta-
bolic diseases. Trends Pharmacol Sci 2010;31:212�20. Available from: https://doi.org/10.1016/j.
tips.2010.02.003. 2010/03/17.

371. Imai S, Guarente L. NAD1 and sirtuins in aging and disease. Trends Cell Biol 2014;24:464�71.
Available from: https://doi.org/10.1016/j.tcb.2014.04.002. 2014/05/03.

245A metabolic and mitochondrial angle on aging

https://doi.org/10.1111/j.1474-9726.2005.00152.x
https://doi.org/10.1111/j.1474-9726.2005.00152.x
https://doi.org/10.1096/fj.05-5568com
https://doi.org/10.1096/fj.05-5568com
https://doi.org/10.1007/s10522-008-9200-4
https://doi.org/10.1007/s10522-012-9384-5
https://doi.org/10.1038/nrg2188
https://doi.org/10.1016/j.cmet.2017.09.020
https://doi.org/10.3390/nu11061234
https://doi.org/10.1111/j.1600-079X.2011.00856.x
https://doi.org/10.1111/j.1600-079x.1986.tb00760.x
https://doi.org/10.1210/jcem.86.7.7655
https://doi.org/10.1016/j.cell.2017.07.035
https://doi.org/10.1016/j.cell.2017.07.035
https://doi.org/10.1016/j.cell.2017.07.042
https://doi.org/10.1016/j.cell.2017.07.042
https://doi.org/10.1038/nature10533
https://doi.org/10.1038/nature10533
https://doi.org/10.1007/bf01253102
https://doi.org/10.1074/jbc.R116.771915
https://doi.org/10.1016/j.exger.2019.110796
https://doi.org/10.1016/j.tips.2010.02.003
https://doi.org/10.1016/j.tips.2010.02.003
https://doi.org/10.1016/j.tcb.2014.04.002


372. Satoh A, Brace CS, Rensing N, et al. Sirt1 extends lifespan and delays aging in mice through the
regulation of Nk2 homeobox 1 in the DMH and LH. Cell Metab 2013;18:416�30. Available from:
https://doi.org/10.1016/j.cmet.2013.07.013. 2013/09/10.

373. Palmeira CM, Teodoro JS, Amorim JA, et al. Mitohormesis and metabolic health: The interplay
between ROS, cAMP and sirtuins. Free Radic Biol Med 2019;141:483�91. Available from: https://
doi.org/10.1016/j.freeradbiomed.2019.07.017. 2019/07/28.

374. Lee SH, Lee JH, Lee HY, et al. Sirtuin signaling in cellular senescence and aging. BMB Rep
2019;52:24�34. Available from: https://doi.org/10.5483/BMBRep.2019.52.1.290. 2018/12/12.

375. Howitz KT, Bitterman KJ, Cohen HY, et al. Small molecule activators of sirtuins extend
Saccharomyces cerevisiae lifespan. Nature 2003;425:191�6. Available from: https://doi.org/
10.1038/nature01960. 2003/08/27.

376. Gomes AP, Price NL, Ling AJ, et al. Declining NAD(1) induces a pseudohypoxic state disrupting
nuclear-mitochondrial communication during aging. Cell 2013;155:1624�38. Available from:
https://doi.org/10.1016/j.cell.2013.11.037. 2013/12/24.

377. Yoshino J, Mills KF, Yoon MJ, et al. Nicotinamide mononucleotide, a key NAD(1) intermediate,
treats the pathophysiology of diet- and age-induced diabetes in mice. Cell Metab 2011;14:528�36.
Available from: https://doi.org/10.1016/j.cmet.2011.08.014. 2011/10/11.

378. Barger JL, Kayo T, Pugh TD, et al. Short-term consumption of a resveratrol-containing
nutraceutical mixture mimics gene expression of long-term caloric restriction in mouse heart.
Exp Gerontol 2008;43:859�66. Available from: https://doi.org/10.1016/j.exger.2008.06.013.
2008/07/29.

379. Pearson KJ, Baur JA, Lewis KN, et al. Resveratrol delays age-related deterioration and mimics tran-
scriptional aspects of dietary restriction without extending lifespan. Cell Metab 2008;8:157�68.
Available from: https://doi.org/10.1016/j.cmet.2008.06.011. 2008/07/05.

380. Baur JA, Sinclair DA. Therapeutic potential of resveratrol: the in vivo evidence. Nat Rev Drug Dis
2006;5:493�506. Available from: https://doi.org/10.1038/nrd2060. 2006/05/30.

381. Lagouge M, Argmann C, Gerhart-Hines Z, et al. Resveratrol improves mitochondrial function and
protects against metabolic disease by activating SIRT1 and PGC-1alpha. Cell 2006;127:1109�22.
Available from: https://doi.org/10.1016/j.cell.2006.11.013. 2006/11/23.

382. Harper CE, Patel BB, Wang J, et al. Resveratrol suppresses prostate cancer progression in transgenic
mice. Carcinogenesis 2007;28:1946�53. Available from: https://doi.org/10.1093/carcin/bgm144.
2007/08/07.

383. Li T, Fan GX, Wang W, et al. Resveratrol induces apoptosis, influences IL-6 and exerts immuno-
modulatory effect on mouse lymphocytic leukemia both in vitro and in vivo. Int Immunopharmacol
2007;7:1221�31. Available from: https://doi.org/10.1016/j.intimp.2007.05.008. 2007/07/17.

384. Dai H, Kustigian L, Carney D, et al. SIRT1 activation by small molecules: kinetic and biophysical
evidence for direct interaction of enzyme and activator. J Biol Chem 2010;285:32695�703.
Available from: https://doi.org/10.1074/jbc.M110.133892. 2010/08/13.

385. Hubbard BP, Sinclair DA. Small molecule SIRT1 activators for the treatment of aging and age-
related diseases. Trends Pharmacol Sci 2014;35:146�54. Available from: https://doi.org/10.1016/j.
tips.2013.12.004. 2014/01/21.

386. Milne JC, Lambert PD, Schenk S, et al. Small molecule activators of SIRT1 as therapeutics for the
treatment of type 2 diabetes. Nature 2007;450:712�16. Available from: https://doi.org/10.1038/
nature06261. 2007/11/30.

387. Ota H, Eto M, Kano MR, et al. Cilostazol inhibits oxidative stress-induced premature senescence
via upregulation of Sirt1 in human endothelial cells. Arteriosclerosis Thrombosis Vasc Biol
2008;28:1634�9. Available from: https://doi.org/10.1161/atvbaha.108.164368. 2008/06/17.

388. Jamal J, Mustafa MR, Wong PF. Paeonol protects against premature senescence in endothelial cells
by modulating Sirtuin 1 pathway. J Ethnopharmacol 2014;154:428�36. Available from: https://doi.
org/10.1016/j.jep.2014.04.025. 2014/04/29.

389. Ota H, Eto M, Kano MR, et al. Induction of endothelial nitric oxide synthase, SIRT1, and catalase
by statins inhibits endothelial senescence through the Akt pathway. Arteriosclerosis Thrombosis Vasc
Biol 2010;30:2205�11. Available from: https://doi.org/10.1161/atvbaha.110.210500. 2010/08/14.

246 Aging

https://doi.org/10.1016/j.cmet.2013.07.013
https://doi.org/10.1016/j.freeradbiomed.2019.07.017
https://doi.org/10.1016/j.freeradbiomed.2019.07.017
https://doi.org/10.5483/BMBRep.2019.52.1.290
https://doi.org/10.1038/nature01960
https://doi.org/10.1038/nature01960
https://doi.org/10.1016/j.cell.2013.11.037
https://doi.org/10.1016/j.cmet.2011.08.014
https://doi.org/10.1016/j.exger.2008.06.013
https://doi.org/10.1016/j.cmet.2008.06.011
https://doi.org/10.1038/nrd2060
https://doi.org/10.1016/j.cell.2006.11.013
https://doi.org/10.1093/carcin/bgm144
https://doi.org/10.1016/j.intimp.2007.05.008
https://doi.org/10.1074/jbc.M110.133892
https://doi.org/10.1016/j.tips.2013.12.004
https://doi.org/10.1016/j.tips.2013.12.004
https://doi.org/10.1038/nature06261
https://doi.org/10.1038/nature06261
https://doi.org/10.1161/atvbaha.108.164368
https://doi.org/10.1016/j.jep.2014.04.025
https://doi.org/10.1016/j.jep.2014.04.025
https://doi.org/10.1161/atvbaha.110.210500


390. Suo R, Zhao ZZ, Tang ZH, et al. Hydrogen sulfide prevents H2O2-induced senescence in human
umbilical vein endothelial cells through SIRT1 activation. Mol Med Rep 2013;7:1865�70. Available
from: https://doi.org/10.3892/mmr.2013.1417. 2013/04/17.

391. Zheng M, Qiao W, Cui J, et al. Hydrogen sulfide delays nicotinamide-induced premature senes-
cence via upregulation of SIRT1 in human umbilical vein endothelial cells. Mol Cell Biochem
2014;393:59�67. Available from: https://doi.org/10.1007/s11010-014-2046-y. 2014/04/15.

392. Lee YA, Cho EJ, Yokozawa T. Protective effect of persimmon (Diospyros kaki) peel proanthocya-
nidin against oxidative damage under H2O2-induced cellular senescence. Biol Pharm Bull
2008;31:1265�9. Available from: https://doi.org/10.1248/bpb.31.1265. 2008/06/04.

393. Jayasena T, Poljak A, Smythe G, et al. The role of polyphenols in the modulation of sirtuins and
other pathways involved in Alzheimer’s disease. Ageing Res Rev 2013;12:867�83. Available from:
https://doi.org/10.1016/j.arr.2013.06.003. 2013/07/09.

394. Wang G, Han T, Nijhawan D, et al. P7C3 neuroprotective chemicals function by activating the
rate-limiting enzyme in NAD salvage. Cell 2014;158:1324�34. Available from: https://doi.org/
10.1016/j.cell.2014.07.040. 2014/09/13.

395. Escande C, Nin V, Price NL, et al. Flavonoid apigenin is an inhibitor of the NAD1 ase CD38:
implications for cellular NAD1 metabolism, protein acetylation, and treatment of metabolic
syndrome. Diabetes 2013;62:1084�93. Available from: https://doi.org/10.2337/db12-1139.
2012/11/23.

396. Braidy N, Poljak A, Grant R, et al. Mapping NAD(1) metabolism in the brain of ageing Wistar
rats: potential targets for influencing brain senescence. Biogerontology 2014;15:177�98. Available
from: https://doi.org/10.1007/s10522-013-9489-5. 2013/12/18.

397. Chang HC, Guarente L. SIRT1 mediates central circadian control in the SCN by a mechanism
that decays with aging. Cell 2013;153:1448�60. Available from: https://doi.org/10.1016/j.
cell.2013.05.027. 2013/06/26.

398. Gong B, Pan Y, Vempati P, et al. Nicotinamide riboside restores cognition through an upregulation
of proliferator-activated receptor-γ coactivator 1α regulated β-secretase 1 degradation and mito-
chondrial gene expression in Alzheimer’s mouse models. Neurobiol Aging 2013;34:1581�8.
Available from: https://doi.org/10.1016/j.neurobiolaging.2012.12.005. 2013/01/15.

399. Zhang H, Ryu D, Wu Y, et al. NAD1 repletion improves mitochondrial and stem cell function
and enhances lifespan in mice. Science (N York, NY) 2016;352:1436�43. Available from: https://
doi.org/10.1126/science.aaf2693. 2016/04/30.

400. Anderson RM, Bitterman KJ, Wood JG, et al. Nicotinamide and PNC1 govern lifespan extension
by calorie restriction in Saccharomyces cerevisiae. Nature 2003;423:181�5. Available from: https://
doi.org/10.1038/nature01578. 2003/05/09.

401. Anderson RM, Bitterman KJ, Wood JG, et al. Manipulation of a nuclear NAD1 salvage pathway
delays aging without altering steady-state NAD1 levels. J Biol Chem 2002;277:18881�90.
Available from: https://doi.org/10.1074/jbc.M111773200. 2002/03/09.

402. Haffner CD, Becherer JD, Boros EE, et al. Discovery, synthesis, and biological evaluation of thiazo-
loquin(az)olin(on)es as potent CD38 inhibitors. J Med Chem 2015;58:3548�71. Available from:
https://doi.org/10.1021/jm502009h. 2015/04/02.

403. Ferrari CK. Functional foods, herbs and nutraceuticals: towards biochemical mechanisms of healthy
aging. Biogerontology 2004;5:275�89. Available from: https://doi.org/10.1007/s10522-004-2566-z.
2004/11/18.

404. Lim HW, Lim HY, Wong KP. Uncoupling of oxidative phosphorylation by curcumin: implication
of its cellular mechanism of action. Biochem Biophys Res Commun 2009;389:187�92. Available from:
https://doi.org/10.1016/j.bbrc.2009.08.121. 2009/09/01.

405. Bielak-Zmijewska A, Grabowska W, Ciolko A, et al. The role of curcumin in the modula-
tion of ageing. Int J Mol Sci 2019;20. Available from: https://doi.org/10.3390/ijms20051239.
2019/03/16.

406. Grabowska W, Suszek M, Wnuk M, et al. Curcumin elevates sirtuin level but does not postpone
in vitro senescence of human cells building the vasculature. Oncotarget 2016;7:19201�13. Available
from: https://doi.org/10.18632/oncotarget.8450. 2016/04/02.

247A metabolic and mitochondrial angle on aging

https://doi.org/10.3892/mmr.2013.1417
https://doi.org/10.1007/s11010-014-2046-y
https://doi.org/10.1248/bpb.31.1265
https://doi.org/10.1016/j.arr.2013.06.003
https://doi.org/10.1016/j.cell.2014.07.040
https://doi.org/10.1016/j.cell.2014.07.040
https://doi.org/10.2337/db12-1139
https://doi.org/10.1007/s10522-013-9489-5
https://doi.org/10.1016/j.cell.2013.05.027
https://doi.org/10.1016/j.cell.2013.05.027
https://doi.org/10.1016/j.neurobiolaging.2012.12.005
https://doi.org/10.1126/science.aaf2693
https://doi.org/10.1126/science.aaf2693
https://doi.org/10.1038/nature01578
https://doi.org/10.1038/nature01578
https://doi.org/10.1074/jbc.M111773200
https://doi.org/10.1021/jm502009h
https://doi.org/10.1007/s10522-004-2566-z
https://doi.org/10.1016/j.bbrc.2009.08.121
https://doi.org/10.3390/ijms20051239
https://doi.org/10.18632/oncotarget.8450


407. Huang WC, Chiu WC, Chuang HL, et al. Effect of curcumin supplementation on physiological
fatigue and physical performance in mice. Nutrients 2015;7:905�21. Available from: https://doi.
org/10.3390/nu7020905. 2015/02/04.

408. Ray Hamidie RD, Yamada T, Ishizawa R, et al. Curcumin treatment enhances the effect of
exercise on mitochondrial biogenesis in skeletal muscle by increasing cAMP levels. Metabol:
Clin Exp 2015;64:1334�47. Available from: https://doi.org/10.1016/j.metabol.2015.07.010.
2015/08/19.

409. Jiang Y, Liu J, Chen D, et al. Sirtuin inhibition: strategies, inhibitors, and therapeutic potential.
Trends Pharmacol Sci 2017;38:459�72. Available from: https://doi.org/10.1016/j.tips.2017.01.009.
2017/04/09.

410. Rumpf T, Gerhardt S, Einsle O, et al. Seeding for sirtuins: microseed matrix seeding to obtain crys-
tals of human Sirt3 and Sirt2 suitable for soaking. Acta Crystallogr Sect F, Struct Biol Commun
2015;71:1498�510. Available from: https://doi.org/10.1107/s2053230x15019986. 2015/12/02.

411. Cui H, Kamal Z, Ai T, et al. Discovery of potent and selective sirtuin 2 (SIRT2) inhibitors using a
fragment-based approach. J Med Chem 2014;57:8340�57. Available from: https://doi.org/10.1021/
jm500777s. 2014/10/03.

412. Li L, Wang L, Li L, et al. Activation of p53 by SIRT1 inhibition enhances elimination of CML
leukemia stem cells in combination with imatinib. Cancer Cell 2012;21:266�81. Available from:
https://doi.org/10.1016/j.ccr.2011.12.020. 2012/02/22.

413. Rotili D, Tarantino D, Carafa V, et al. Benzodeazaoxaflavins as sirtuin inhibitors with antiprolifera-
tive properties in cancer stem cells. J Med Chem 2012;55:8193�7. Available from: https://doi.org/
10.1021/jm301115r. 2012/08/31.

414. Schuetz A, Min J, Antoshenko T, et al. Structural basis of inhibition of the human NAD1 -depen-
dent deacetylase SIRT5 by suramin. Structure (London, Engl: 1993) 2007;15:377�89. Available
from: https://doi.org/10.1016/j.str.2007.02.002. 2007/03/16.

415. Chopra V, Quinti L, Kim J, et al. The sirtuin 2 inhibitor AK-7 is neuroprotective in Huntington’s
disease mouse models. Cell Rep 2012;2:1492�7. Available from: https://doi.org/10.1016/j.cel-
rep.2012.11.001. 2012/12/04.

416. Brand MD. Uncoupling to survive? The role of mitochondrial inefficiency in ageing. Exp Gerontol
2000;35:811�20. Available from: https://doi.org/10.1016/s0531-5565(00)00135-2. 2000/10/29.

417. Ost M, Keipert S, Klaus S. Targeted mitochondrial uncoupling beyond UCP1 - The fine line
between death and metabolic health. Biochimie 2017;134:77�85. Available from: https://doi.org/
10.1016/j.biochi.2016.11.013. 2016/12/06.

418. Rolfe DF, Brown GC. Cellular energy utilization and molecular origin of standard metabolic rate
in mammals. Physiol Rev 1997;77:731�58. Available from: https://doi.org/10.1152/phys-
rev.1997.77.3.731. 1997/07/01.

419. Bertholet AM, Chouchani ET, Kazak L, et al. H(1) transport is an integral function of the mito-
chondrial ADP/ATP carrier. Nature 2019;571:515�20. Available from: https://doi.org/10.1038/
s41586-019-1400-3. 2019/07/26.

420. Bouillaud F, Alves-Guerra MC, Ricquier D. UCPs, at the interface between bioenergetics and
metabolism. Biochim Biophys Acta 2016;1863:2443�56. Available from: https://doi.org/10.1016/j.
bbamcr.2016.04.013. 2016/04/20.

421. Krauss S, Zhang CY, Lowell BB. The mitochondrial uncoupling-protein homologues. Nat Rev Mol
Cell Biol 2005;6:248�61. Available from: https://doi.org/10.1038/nrm1592. 2005/03/02.

422. Ruiz-Ramirez A, Lopez-Acosta O, Barrios-Maya M, et al. Uncoupling protein overexpression in meta-
bolic disease and the risk of uncontrolled cell proliferation and tumorigenesis. Curr Mol Med
2017;17:598�607. Available from: https://doi.org/10.2174/1566524018666180308110822. 2018/03/10.

423. Speakman JR, Talbot DA, Selman C, et al. Uncoupled and surviving: individual mice with high
metabolism have greater mitochondrial uncoupling and live longer. Aging Cell 2004;3:87�95.
Available from: https://doi.org/10.1111/j.1474-9728.2004.00097.x. 2004/05/22.

424. Heaton GM, Wagenvoord RJ, Kemp Jr. A, et al. Brown-adipose-tissue mitochondria: photoaffinity
labelling of the regulatory site of energy dissipation. Eur J Biochem 1978;82:515�21. Available from:
https://doi.org/10.1111/j.1432-1033.1978.tb12045.x. 1978/01/16.

248 Aging

https://doi.org/10.3390/nu7020905
https://doi.org/10.3390/nu7020905
https://doi.org/10.1016/j.metabol.2015.07.010
https://doi.org/10.1016/j.tips.2017.01.009
https://doi.org/10.1107/s2053230x15019986
https://doi.org/10.1021/jm500777s
https://doi.org/10.1021/jm500777s
https://doi.org/10.1016/j.ccr.2011.12.020
https://doi.org/10.1021/jm301115r
https://doi.org/10.1021/jm301115r
https://doi.org/10.1016/j.str.2007.02.002
https://doi.org/10.1016/j.celrep.2012.11.001
https://doi.org/10.1016/j.celrep.2012.11.001
https://doi.org/10.1016/s0531-5565(00)00135-2
https://doi.org/10.1016/j.biochi.2016.11.013
https://doi.org/10.1016/j.biochi.2016.11.013
https://doi.org/10.1152/physrev.1997.77.3.731
https://doi.org/10.1152/physrev.1997.77.3.731
https://doi.org/10.1038/s41586-019-1400-3
https://doi.org/10.1038/s41586-019-1400-3
https://doi.org/10.1016/j.bbamcr.2016.04.013
https://doi.org/10.1016/j.bbamcr.2016.04.013
https://doi.org/10.1038/nrm1592
https://doi.org/10.2174/1566524018666180308110822
https://doi.org/10.1111/j.1474-9728.2004.00097.x
https://doi.org/10.1111/j.1432-1033.1978.tb12045.x


425. Ricquier D, Kader JC. Mitochondrial protein alteration in active brown fat: a soidum dodecyl
sulfate-polyacrylamide gel electrophoretic study. Biochem Biophys Res Commun 1976;73:577�83.
Available from: https://doi.org/10.1016/0006-291x(76)90849-4. 1976/12/06.

426. Klaus S, Casteilla L, Bouillaud F, et al. The uncoupling protein UCP: a membraneous mitochon-
drial ion carrier exclusively expressed in brown adipose tissue. Int J Biochem 1991;23:791�801.
Available from: https://doi.org/10.1016/0020-711x(91)90062-r. 1991/01/01.

427. Nicholls DG, Locke RM. Thermogenic mechanisms in brown fat. Physiol Rev 1984;64:1�64.
Available from: https://doi.org/10.1152/physrev.1984.64.1.1. 1984/01/01.

428. Dietrich MO, Horvath TL. The role of mitochondrial uncoupling proteins in lifespan. Pflug Arch: Eur J
Physiol 2010;459:269�75. Available from: https://doi.org/10.1007/s00424-009-0729-0. 2009/09/18.

429. McDonald RB, Walker KM, Warman DB, et al. Characterization of survival and phenotype
throughout the lifespan in UCP2/UCP3 genetically altered mice. Exp Gerontol 2008;43:1061�8.
Available from: https://doi.org/10.1016/j.exger.2008.09.011. 2008/10/16.

430. Andrews ZB, Horvath TL. Uncoupling protein-2 regulates lifespan in mice. Am J Physiol Endocrinol
Metab 2009;296:E621�7. Available from: https://doi.org/10.1152/ajpendo.90903.2008. 2009/01/15.

431. Chan SL, Liu D, Kyriazis GA, et al. Mitochondrial uncoupling protein-4 regulates calcium homeo-
stasis and sensitivity to store depletion-induced apoptosis in neural cells. J Biol Chem
2006;281:37391�403. Available from: https://doi.org/10.1074/jbc.M605552200. 2006/10/13.

432. Bertholet AM, Kirichok Y. The mechanism FA-dependent H(1) transport by UCP1. Handb Exp
Pharmacol 2019;251:143�59. Available from: https://doi.org/10.1007/164_2018_138. 2018/05/26.

433. Demine S, Renard P, Arnould T. Mitochondrial uncoupling: a key controller of biological processes in
physiology and diseases. Cells 2019;8. Available from: https://doi.org/10.3390/cells8080795. 2019/08/02.

434. Geisler JG. 2,4 Dinitrophenol as Medicine. Cells 2019;8. Available from: https://doi.org/10.3390/
cells8030280. 2019/03/27.

435. Caldeira da Silva CC, Cerqueira FM, Barbosa LF, et al. Mild mitochondrial uncoupling in mice
affects energy metabolism, redox balance and longevity. Aging Cell 2008;7:552�60. Available from:
https://doi.org/10.1111/j.1474-9726.2008.00407.x. 2008/05/29.

436. Goldgof M, Xiao C, Chanturiya T, et al. The chemical uncoupler 2,4-dinitrophenol (DNP) protects
against diet-induced obesity and improves energy homeostasis in mice at thermoneutrality. J Biol
Chem 2014;289:19341�50. Available from: https://doi.org/10.1074/jbc.M114.568204. 2014/05/30.

437. Lee Y, Heo G, Lee KM, et al. Neuroprotective effects of 2,4-dinitrophenol in an acute model of
Parkinson’s disease. Brain Res 2017;1663:184�93. Available from: https://doi.org/10.1016/j.
brainres.2017.03.018. 2017/03/23.

438. Kishimoto Y, Johnson J, Fang W, et al. A mitochondrial uncoupler prodrug protects dopaminer-
gic neurons and improves functional outcome in a mouse model of Parkinson’s disease. Neurobiol
Aging 2020;85:123�30. Available from: https://doi.org/10.1016/j.neurobiolaging.2019.09.011.
2019/11/14.

439. Sokolov SS, Severin FF. Manipulating cellular energetics to slow aging of tissues and organs.
Biochem Biokhimiia 2020;85:651�9. Available from: https://doi.org/10.1134/s0006297920060024.
2020/06/27.

440. Kamour A, George N, Gwynnette D, et al. Increasing frequency of severe clinical toxicity after use
of 2,4-dinitrophenol in the UK: a report from the National Poisons Information Service. Emerg
Med J: EMJ 2015;32:383�6. Available from: https://doi.org/10.1136/emermed-2013-203335.
2014/06/25.

441. Quirós PM, Prado MA, Zamboni N, et al. Multi-omics analysis identifies ATF4 as a key regulator
of the mitochondrial stress response in mammals. J Cell Biol 2017;216:2027�45. Available from:
https://doi.org/10.1083/jcb.201702058. 2017/06/02.

442. Ishihara N, Fujita Y, Oka T, et al. Regulation of mitochondrial morphology through proteolytic
cleavage of OPA1. EMBO J 2006;25:2966�77. Available from: https://doi.org/10.1038/sj.
emboj.7601184. 2006/06/17.

443. Miyazono Y, Hirashima S, Ishihara N, et al. Uncoupled mitochondria quickly shorten along their
long axis to form indented spheroids, instead of rings, in a fission-independent manner. Sci Rep
2018;8:350. Available from: https://doi.org/10.1038/s41598-017-18582-6. 2018/01/13.

249A metabolic and mitochondrial angle on aging

https://doi.org/10.1016/0006-291x(76)90849-4
https://doi.org/10.1016/0020-711x(91)90062-r
https://doi.org/10.1152/physrev.1984.64.1.1
https://doi.org/10.1007/s00424-009-0729-0
https://doi.org/10.1016/j.exger.2008.09.011
https://doi.org/10.1152/ajpendo.90903.2008
https://doi.org/10.1074/jbc.M605552200
https://doi.org/10.1007/164_2018_138
https://doi.org/10.3390/cells8080795
https://doi.org/10.3390/cells8030280
https://doi.org/10.3390/cells8030280
https://doi.org/10.1111/j.1474-9726.2008.00407.x
https://doi.org/10.1074/jbc.M114.568204
https://doi.org/10.1016/j.brainres.2017.03.018
https://doi.org/10.1016/j.brainres.2017.03.018
https://doi.org/10.1016/j.neurobiolaging.2019.09.011
https://doi.org/10.1134/s0006297920060024
https://doi.org/10.1136/emermed-2013-203335
https://doi.org/10.1083/jcb.201702058
https://doi.org/10.1038/sj.emboj.7601184
https://doi.org/10.1038/sj.emboj.7601184
https://doi.org/10.1038/s41598-017-18582-6


444. Gates AC, Bernal-Mizrachi C, Chinault SL, et al. Respiratory uncoupling in skeletal muscle delays
death and diminishes age-related disease. Cell Metab 2007;6:497�505. Available from: https://doi.
org/10.1016/j.cmet.2007.10.010. 2007/12/07.

445. Keipert S, Voigt A, Klaus S. Dietary effects on body composition, glucose metabolism, and longev-
ity are modulated by skeletal muscle mitochondrial uncoupling in mice. Aging Cell
2011;10:122�36. Available from: https://doi.org/10.1111/j.1474-9726.2010.00648.x. 2010/11/13.

446. Kumar R, Coronel L, Somalanka B, et al. Mitochondrial uncoupling reveals a novel therapeutic
opportunity for p53-defective cancers. Nat Commun 2018;9:3931. Available from: https://doi.org/
10.1038/s41467-018-05805-1. 2018/09/28.

447. Couplan E, Gelly C, Goubern M, et al. High level of uncoupling protein 1 expression in muscle of
transgenic mice selectively affects muscles at rest and decreases their IIb fiber content. J Biol Chem
2002;277:43079�88. Available from: https://doi.org/10.1074/jbc.M206726200. 2002/09/11.

448. Klaus S, Rudolph B, Dohrmann C, et al. Expression of uncoupling protein 1 in skeletal muscle
decreases muscle energy efficiency and affects thermoregulation and substrate oxidation. Physiol
Genomics 2005;21:193�200. Available from: https://doi.org/10.1152/physiolgenomics.00299.2004.
2005/02/03.

449. Li B, Nolte LA, Ju JS, et al. Skeletal muscle respiratory uncoupling prevents diet-induced obesity
and insulin resistance in mice. Nat Med 2000;6:1115�20. Available from: https://doi.org/10.1038/
80450. 2000/10/04.

450. Katterle Y, Keipert S, Hof J, et al. Dissociation of obesity and insulin resistance in transgenic mice
with skeletal muscle expression of uncoupling protein 1. Physiol Genomics 2008;32:352�9. Available
from: https://doi.org/10.1152/physiolgenomics.00194.2007. 2007/11/29.

451. Keipert S, Klaus S, Heldmaier G, et al. UCP1 ectopically expressed in murine muscle displays
native function and mitigates mitochondrial superoxide production. Biochim Biophys Acta
2010;1797:324�30. Available from: https://doi.org/10.1016/j.bbabio.2009.11.008. 2009/12/05.

452. Keipert S, Ost M, Chadt A, et al. Skeletal muscle uncoupling-induced longevity in mice is linked
to increased substrate metabolism and induction of the endogenous antioxidant defense system. Am
J Physiol Endocrinol Metab 2013;304:E495�506. Available from: https://doi.org/10.1152/ajpen-
do.00518.2012. 2013/01/02.

453. Ost M, Werner F, Dokas J, et al. Activation of AMPKα2 is not crucial for mitochondrial
uncoupling-induced metabolic effects but required to maintain skeletal muscle integrity.
PLoS One 2014;9:e94689. Available from: https://doi.org/10.1371/journal.pone.0094689.
2014/04/16.

454. Voigt A, Katterle Y, Kahle M, et al. Skeletal muscle mitochondrial uncoupling prevents diabetes
but not obesity in NZO mice, a model for polygenic diabesity. Genes Nutr 2015;10:57. Available
from: https://doi.org/10.1007/s12263-015-0507-x. 2015/11/21.

455. Ristow M. Unraveling the truth about antioxidants: mitohormesis explains ROS-induced health ben-
efits. Nat Med 2014;20:709�11. Available from: https://doi.org/10.1038/nm.3624. 2014/07/08.

456. Sena LA, Chandel NS. Physiological roles of mitochondrial reactive oxygen species. Mol Cell
2012;48:158�67. Available from: https://doi.org/10.1016/j.molcel.2012.09.025. 2012/10/30.

457. Yun J, Finkel T. Mitohormesis. Cell Metab 2014;19:757�66. Available from: https://doi.org/
10.1016/j.cmet.2014.01.011. 2014/02/25.

458. Pakos-Zebrucka K, Koryga I, Mnich K, et al. The integrated stress response. EMBO Rep
2016;17:1374�95. Available from: https://doi.org/10.15252/embr.201642195. 2016/09/16.

459. Ost M, Keipert S, van Schothorst EM, et al. Muscle mitohormesis promotes cellular survival via ser-
ine/glycine pathway flux. FASEB J: Off Publ Feder Am Soc Exp Biol 2015;29:1314�28. Available
from: https://doi.org/10.1096/fj.14-261503. 2014/12/11.

460. Knorre DA, Severin FF. Uncouplers of oxidation and phosphorylation as antiaging com-
pounds. Biochem Biokhimiia 2016;81:1438�44. Available from: https://doi.org/10.1134/
s0006297916120051. 2017/03/06.

461. Karavaeva IE, Golyshev SA, Smirnova EA, et al. Mitochondrial depolarization in yeast zygotes inhi-
bits clonal expansion of selfish mtDNA. J Cell Sci 2017;130:1274�84. Available from: https://doi.
org/10.1242/jcs.197269. 2017/02/15.

250 Aging

https://doi.org/10.1016/j.cmet.2007.10.010
https://doi.org/10.1016/j.cmet.2007.10.010
https://doi.org/10.1111/j.1474-9726.2010.00648.x
https://doi.org/10.1038/s41467-018-05805-1
https://doi.org/10.1038/s41467-018-05805-1
https://doi.org/10.1074/jbc.M206726200
https://doi.org/10.1152/physiolgenomics.00299.2004
https://doi.org/10.1038/80450
https://doi.org/10.1038/80450
https://doi.org/10.1152/physiolgenomics.00194.2007
https://doi.org/10.1016/j.bbabio.2009.11.008
https://doi.org/10.1152/ajpendo.00518.2012
https://doi.org/10.1152/ajpendo.00518.2012
https://doi.org/10.1371/journal.pone.0094689
https://doi.org/10.1007/s12263-015-0507-x
https://doi.org/10.1038/nm.3624
https://doi.org/10.1016/j.molcel.2012.09.025
https://doi.org/10.1016/j.cmet.2014.01.011
https://doi.org/10.1016/j.cmet.2014.01.011
https://doi.org/10.15252/embr.201642195
https://doi.org/10.1096/fj.14-261503
https://doi.org/10.1134/s0006297916120051
https://doi.org/10.1134/s0006297916120051
https://doi.org/10.1242/jcs.197269
https://doi.org/10.1242/jcs.197269


462. Mercken EM, Carboneau BA, Krzysik-Walker SM, et al. Of mice and men: the benefits of caloric
restriction, exercise, and mimetics. Ageing Res Rev 2012;11:390�8. Available from: https://doi.org/
10.1016/j.arr.2011.11.005. 2012/01/03.

463. Holloszy JO. Longevity of exercising male rats: effect of an antioxidant supplemented diet. Mech
Ageing Dev 1998;100:211�19. Available from: https://doi.org/10.1016/s0047-6374(97)00140-1.
1998/05/13.

464. Prado CM, Purcell SA, Alish C, et al. Implications of low muscle mass across the continuum of
care: a narrative review. Ann Med 2018;50:675�93. Available from: https://doi.org/10.1080/
07853890.2018.1511918. 2018/09/01.

465. Distefano G, Goodpaster BH. Effects of exercise and aging on skeletal muscle. Cold Spring Harb
Perspect Med 2018;8. Available from: https://doi.org/10.1101/cshperspect.a029785. 2017/04/23.

466. Hernández-Álvarez D, Mena-Montes B, Toledo-Pérez R, et al. Long-term moderate exercise com-
bined with metformin treatment induces an hormetic response that prevents strength and muscle
mass loss in old female wistar rats. Oxid Med Cell Longev 2019;2019:3428543. Available from:
https://doi.org/10.1155/2019/3428543. 2019/12/10.

467. Li FH, Sun L, Zhu M, et al. Beneficial alterations in body composition, physical performance, oxi-
dative stress, inflammatory markers, and adipocytokines induced by long-term high-intensity inter-
val training in an aged rat model. Exp Gerontol 2018;113:150�62. Available from: https://doi.org/
10.1016/j.exger.2018.10.006. 2018/10/12.

468. Klimova B, Novotny M, Kuca K. Anti-aging drugs—prospect of longer life? Curr medicinal Chem
2018;25:1946�53. Available from: https://doi.org/10.2174/0929867325666171129215251. 2017/12/01.

469. Carmona JJ, Michan S. Biology of healthy aging and longevity. Rev de investigacion clinica; organo del
Hospital de Enfermedades de la Nutricion 2016;68:7�16 2016/03/31.

470. Hawley JA, Holloszy JO. Exercise: it’s the real thing!. Nutr Rev 2009;67:172�8. Available from:
https://doi.org/10.1111/j.1753-4887.2009.00185.x. 2009/02/26.

471. Skulachev VP. Role of uncoupled and non-coupled oxidations in maintenance of safely low levels
of oxygen and its one-electron reductants. Q Rev Biophys 1996;29:169�202. Available from:
https://doi.org/10.1017/s0033583500005795. 1996/05/01.

472. Korshunov SS, Skulachev VP, Starkov AA. High protonic potential actuates a mechanism of pro-
duction of reactive oxygen species in mitochondria. FEBS Lett 1997;416:15�18. Available from:
https://doi.org/10.1016/s0014-5793(97)01159-9. 1997/11/22.

473. Skulachev VP. Aging is a specific biological function rather than the result of a disorder in complex
living systems: biochemical evidence in support of Weismann’s hypothesis. Biochem Biokhimiia
1997;62:1191�5 1998/02/19.

474. Bickler PE, Fahlman CS, Taylor DM. Oxygen sensitivity of NMDA receptors: relationship to NR2
subunit composition and hypoxia tolerance of neonatal neurons. Neuroscience 2003;118:25�35.
Available from: https://doi.org/10.1016/s0306-4522(02)00763-7. 2003/04/05.
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Intercellular communication and aging
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3Clinical Academic Centre of Coimbra (CACC), Coimbra, Portugal
4Biosciences Institute, Faculty of Medical Sciences, Newcastle University, Campus for Ageing and Vitality, Newcastle Upon
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9.1 Importance of intercellular communication

Fine-tuned intercellular communication, between cells, tissues and organs, is crucial for
the homeostasis of a healthy organism and its deregulation has been associated with aging
and the development of several age-related disorders. Indeed, derailment of intercellular
communication has been considered a hallmark of the aging process, together with cellular
senescence, loss of proteostasis, deregulated nutrient-sensing, mitochondrial dysfunction,
stem cell exhaustion, telomere attrition, genomic instability and epigenetic alterations.1

These alterations in intercellular communication are not isolated processes making their
study and the development of possible interventions intricate and complex. Indeed, it is
difficult to discern whether deregulation of intercellular communication is a cause or con-
sequence of the aging process. In fact, the way by which “aging pillars” mutually influence
each other suggests that a holistic vision of the aging process is required. In the same way,
cells need to ensure a well-balanced communication to mount a synchronized response of
the organism. One of the examples of the deregulation of intercellular communication
during aging is the inflammaging phenomena. Inflammaging is a low-grade, sterile and
chronic inflammatory state observed in aged individuals, caused by exacerbated or contin-
uous stimulation of the innate immune system by endogenous misplaced or altered mole-
cules, persistent infections, components of our body as a meta-organism (microbiome) and
the presence/accumulation of senescent cells.

In this review, we aim to provide a comprehensive and critical perspective of the
impact and role of intercellular communication in aging (Fig. 9.1). Although intercellu-
lar communication during aging can assume different forms, we will focus on: (1) the
canonical senescence associated secretory phenotype (SASP), (2) direct cell-to-cell com-
munication through gap junctions or tubule-like structures and, (3) long distance com-
munication, involving extracellular vesicles and small metabolites released through
Connexin-containing hemichannels that underpin paracrine communication.
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9.2 The defining features of senescence

Aging can be defined as a time-dependent decline in function that affects most living organ-
isms compromising their homeostasis and survival. Several hallmarks have been described
that manifest during the aging process whilst accelerating its development. These include
genomic instability, loss of proteostasis, mitochondrial dysfunction and cellular senescence.1
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Fig. 9.1 Schematic representation of the different types of intercellular communication. Connexins
composed hemichannels allow the exchange of small molecules between the cytoplasm and the extra-
cellular milieu, or when in the form Gap Junctions facilitate communication between neighbor cells.
Extracellular vesicles result either from the fusion of multivesicular bodies (MVBs) with the plasma
membrane (PM) releasing small vesicles called exosomes, or from PM outward budding originating
ectosomes. When in the extracellular space, these vesicles can fuse, dock or be endocytosed by the
recipient cell triggering a response. According to its properties, tunnelling nanotubes (TNTs) ensure
communication between connected cells by transference of organelles, protein aggregates, genetic
material and small molecules. Aged cells can be characterized by a particular secretory phenotype,
senescence associated secretory phenotype (SASP), which components can propagate to other cells
and throughout the organism potentially modulating younger cell response.
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Derived from the Latin word senex, meaning old man or old age, senescence is used
to describe the gradual deterioration of organisms and lack of capabilities to respond to
external changes following their maturation.2,3 Over fifty years ago, the term cellular
senescence was used to describe cells that had terminated dividing in culture.3,4 Leonard
Hayflick and his colleagues showed that human fibroblasts had a limited ability to prolifer-
ate. Gradually over many population doublings, proliferation decreased until cells lost the
ability to divide despite the abundance of nutrients and growth factors in the medium.4

Penned by Hayflick, replicative senescence is still used to this day to describe this phenom-
enon and the maximum proliferative lifespan is known as the Hayflick limit.5

Senescent cells display several phenotypes which are considered to define when a
cell is in a senescent state.2 These include growth arrest, apoptosis resistance and
altered expression of cell cycle mediating genes. Senescent cells and their nuclei
increase in size whilst also appearing flattened and vacuolated.6,7 First described in
1995 by Dimri et al.,8 senescence associated beta-galactosidase (SA β-gal) activity has
been one of the most utilized biomarkers of cellular senescence mainly because of its
specificity to senescent cells and simple protocol. Senescent cells harbor an increase in
lysosomal activity allowing them to be identified by this method at pH 6.0. Using a
chromogenic substrate such as X-gal in situ, cells that are senescent show a dark blue
precipitate at the site of β-galactosidase and X-gal interaction.8,9

Mitotic cells often spend long periods of time in a quiescent state where growth is tem-
porally arrested. Certain signals can then cause a response by the quiescent cells where they
re-enter the cell cycle in times of need and continue to proliferate. Senescence differs in that
the mitotic cells enter a state of irreversible growth arrest whilst remaining metabolically
active.10 This growth arrest occurs due to an upregulation in cell cycle inhibitors, the most
common being p16 and p21.11 Simultaneously there is a down-regulation in cell cycle pro-
moters such as cyclin A/B, c-fos and proliferating cell nuclear antigens. Furthermore, mar-
kers of cell proliferation such as Ki67 are lacking in senescent cells.2,12�14 There is no
physiological way of rescuing cells from a senescent state without external intervention.15

9.3 The mechanisms responsible for the induction of cellular
senescence

Different mechanisms have been implicated in cellular senescence. One involves telo-
mere shortening which is the main cause behind replicative senescence, initially
described by Leonard Hayflick.3,4 Telomeres are complexes found at the end of chro-
mosomes that are made from stretches of TTAGGG DNA repeats and several pro-
teins. Their purpose is to protect the ends of linear chromosomes from degradation or
intervention from the DNA repair process. Known as the end replication problem,
cells lose approximately 50�100 base pairs from their telomeric DNA through every S
phase. Eventually after a certain number of replications, the telomere will become
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dysfunctional through critical loss of DNA.16,17 Persistent DNA damage response sig-
nals will be released causing cell cycle arrest and resulting in senescence. For that rea-
son, telomeres are often referred to as the biological clocks of the cell.18

External sources such as ionizing radiation and chemotherapy can also cause DNA
injury and trigger the DNA damage response. Senescence is then induced if the DNA
damage is too extensive such that it cannot be repaired.18 Telomere regions are com-
mon targets of a persistent DNA damage response because of the inhibition of nonho-
mologous end joining by shelterin components, such as TRF2. This, therefore, results
in a constant DNA damage response, promoting a stable cell cycle arrest. DNA dam-
age response factors such as phosphorylated histone-2A.X (γ-H2A.X), ataxia telangiec-
tasia mutated and p53-binding protein 1 (p53BP1) are recruited to these double strand
breaks and stimulate signaling of the p21 pathway leading to senescence, a mechanism
referred to as “stress-induced senescence.”19,20 Oxidative stress can be another cause of
senescence due to increased levels of intracellular ROS that lead to p53 mediated
upregulation of p21.21 Accordingly, it has been demonstrated that antioxidant treat-
ment can prevent oxidative stress-mediated senescence.22

Another mechanism that acts through the DNA damage response pathway is
oncogene-induced senescence (OIS). Research has shown that senescence can occur
in different tumors in vivo, arresting tumor development and progression. Senescence
has therefore been described as a potent protective anti-tumor mechanism.23 OIS
involves the expression of the CDKN2A locus, which includes INK4A and ARF.
This encodes key tumor suppressor genes such as p16INK4A, at low levels that can
increase with age. Therefore, CDKN1A expression inhibits the cell cycle through p16
or p21, via activation of p53. CDKN2A expression can also be observed in replicative
senescence. It can be activated independently from the DNA damage response, how-
ever damage associated with ROS or extensive telomere shortening will promote a
robust DNA damage response resulting in senescence mediated by p53/p21.24

9.4 Senescence associated secretory phenotype

Senescent cells produce a range of cytokines, a phenomenon known as the SASP. The
SASP is described as a complex pro-inflammatory response including the release of
pro-inflammatory cytokines such as interleukin 8 and 6 (IL-8 and 6), growth factors
such as transforming growth factor-β (TGF-β), reactive oxygen species (ROS) and
proteases responsible for degrading the extracellular matrix.25 The SASP reinforces the
senescent phenotype in an autocrine manner by creating an inflammatory environ-
ment.26 However, these secretory factors are also capable of inducing senescence in
neighboring cells in vivo, commonly termed the “bystander effect.”27 This paracrine
induction of senescence is mostly mediated by TGF-β and ROS, by inducing the
DNA damage response and promoting induction of p15, p21 and p27 in neighboring
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cells.27,28 It is believed that the purpose of the SASP is to act as a signaling mechanism
for the recruitment of immune cells to clear senescent cells. This can therefore dampen
the damage that can occur as a result of their accumulation.29 These immune cells
include T cells, neutrophils, natural killer cells and macrophages, and have all been
implicated in the clearance of senescent cells.30 The exponential production of ROS
that is observed as part of the SASP occurs as a consequence of metabolic changes
associated with mitochondria dysfunction.31 In accordance, within senescent cells, the
mitochondria have an increased mass and reduced membrane potential alongside
increased ROS production.32

Both the bystander effect and SASP attributed to senescent cells indicate that they
actively interact with their environment. Several mechanisms that mediate intercellular
communication and provide coordinated physiological responses can also be involved
in the spread of senescence and contribute to the process of aging as a whole.
Growing evidence indicates the role of short- (gap junctions, tunneling nanotubes)
and long-range (extracellular vesicles) cell-cell communication in both the suppression
and facilitation of the age-related functional decline.

9.5 Intercellular communication mediated by gap junctions and
connexin channels

Gap junctions are intercellular channels that allow the conveyance of second messen-
gers, ions, small metabolites, linear peptides or small regulatory RNAs between adja-
cent cells. This type of communication has been shown to be crucial to ensure
homeostasis in various organs and tissues, participating not only in short term processes
like the rapid and coordinated conduction of the action potential and spreading of sig-
naling molecules, but also in slower physiological processes such as cell growth and
development.33,34 Gap junction channels are formed by the apposition/docking of
two hexameric channels, called hemichannels or connexons, present at the plasma
membrane of each of the two adjacent cells. When unposed, hemichannels allow the
exchange of molecules between a cell’s cytosol and the extracellular milieu constitut-
ing a form of paracrine communication, typically associated with pathological triggers
such as a decrease in extracellular Ca21 concentration, oxidative stress and membrane
depolarization.35�40 Each hemichannel is composed of six identical (homomeric chan-
nels) or different (heteromeric channels) subunits of members of the connexin (Cx)
protein family. The human genome encodes twenty-one different connexin genes, of
which the most widely expressed and studied is Connexin43 (Cx43). All the
connexins share a common topology, that is a transmembrane protein with four trans-
membrane domains, one cytoplasmic and two extracellular loops, and cytoplasmic
amino-terminal and carboxy-terminal domains. The communication mediated by Cx
channels, either hemichannels or gap junctions (Gap Junction Intercellular
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Communication—GJIC), can be regulated at different levels such as transcription and
channel oligomerization, intracellular trafficking, gating and degradation.41 It has been
described that the general aging process is associated with a decrease in Cx43 protein
levels coincident with gap junction (GJ) loss and decrease in intercellular communica-
tion, observable in different cells, systems and organs.

GJIC is important in several organs and tissues to guarantee both electrical and meta-
bolic coupling. For example, in the heart, where Cx is mainly localized at the intercalated
disks of cardiomyocytes, ensuring a rapid and efficient anisotropic propagation of the
electrical impulse generated at the sinoatrial and atrioventricular nodes, GJIC allows the
heart to work as a functional syncytium. Not surprisingly, impairment of GJIC, due to a
Cx remodeling that encompasses alterations on channel levels, activity and distribution,
have been associated with electric conduction defects underlying cardiac disorders,
namely age-related cardiovascular diseases.42 Indeed, in the heart, despite Cx43 RNA
levels being similar between young and old animals, a decrease in Cx43 was observed in
aged hearts, concomitant with a remodeling of the intercalated disc, slowed impulse
propagation through GJ and consequent decline of cardiac function.43�46 This phenome-
non can be explained by the shortening of Cx43 mRNA UTRs, in consequence of the
activation of stress-response pathways, which limits GJA1�20k (Gap Junction Protein
Alpha 1�20 kDa) translation, required for full-length Cx43 trafficking and intercalated
disk localization.44 Nevertheless, a previous study showed that in Hutchinson-Gilford
progeria syndrome, a model of premature aging, the total levels are not significantly
altered but it was observed in the lateralization of Cx43 in cardiomyocytes, which can
contribute to the electrical conduction defects.47 A decrease in Cx43 protein levels was
described in hepatocytes and astrocytes of aged animals which correlated with impaired
intercellular communication and cellular function.48

Additionally, Cx43 expression is also decreased in the bones of aged animals possi-
bly due to the increased oxidative stress observed in older animals.37,49,50 In fact, Cx43
knockdown in osteocytes increases susceptibility to oxidative stress-induced cell death,
thus ascribing to Cx43 as a protective role.51 Moreover, depletion of Cx43 in osteo-
cytes of young animals is sufficient to induce osteocyte apoptosis and decrease bone
strength, which resembles the phenotype observable at the old age.50 In accordance,
Cx43 overexpression prevents the decrease in bone formation and susceptibility to the
damage observed during aging, suggesting that Cx43-mediated communication contri-
butes to the amelioration of age-induced bone changes.49

The importance of Cx43-mediated communication in aging and aging-related pro-
cesses was also demonstrated in hematopoietic stem cells (HSC). It was described that
Cx43 deficiency in HSC and progenitors (HSC/P) cells leads to a decrease in survival
and cell cycle quiescence, associating the absence of Cx43 with propensity to senes-
cence. In fact, the absence of Cx43 culminates in an inability of HSC/P to drain reac-
tive oxygen species to the hematopoietic microenvironment, leading to an
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accumulation of ROS within these cells and consequently resulting in senescence.52 In
accordance, re-expression of Cx43 results in rescued communication of HSC/P with
bone marrow stromal cells showing that Cx43-mediated communication exerts a pro-
tective role against senescence and stem cell exhaustion, as an example of the intercon-
nectivity of the aging hallmarks.

The function of GJ composed of Cx36 is also known to decline during aging in
β-cells of mouse and human islets. This correlates with a marked impairment of the
coordination between [Ca21] dynamics and insulin secretion, thereby contributing to
glucose intolerance. This age-dependent decline in islet function that contributes to
reduced insulin sensitivity and secretion, and possible development of type 2 diabetes,
was restored by pharmacological GJ activation, connecting age-dependent alterations
of Cx with functional outcomes and a possible development of age-related diseases.53

On the other hand, the maintenance of cell-cell communication can also be detri-
mental during stressful conditions and aging, due to the propagation of harmful signals
and damage through bystander effect. In fact, GJ channels have a dual role, as on one
hand they allow the “dilution” of harmful signals like ROS thus promoting cell survival,
whilst on the other hand this spread of small metabolites may also contribute to spread-
ing of cell damage and cell death. Example of that is the response during myocardial
ischemia/reperfusion, in which GJIC appears to mediate cell injury to the myocardium
at a distance from the infarct zone contributing to cardiac dysfunction.42,54 Additionally,
Cx43-mediated IC has also been associated with a detrimental response to chronic stres-
ses like endoplasmic reticulum stress in hepatocytes, where cell-cell coupling facilitates
the transmission of signals that propagate stress and consequently promote cell dysfunc-
tion in a “bystander response,” preventable by Cx43 depletion.55 ER stress can be trig-
gered by a variety of stimuli including some observed to be present in aging, like
increased oxidative stress, perturbance of calcium homeostasis, impaired protein folding,
accumulation of protein aggregates and decreased protein degradation resulting from
proteasomal and autophagy dysfunction.56 Additionally, it is also described that the
unfolded protein response, activated upon ER stress, declines and becomes less efficient
with age,57 suggesting that an increased and continuous ER stress occurs with aging,
and can be potentially propagated by Cx channels from cell to cell, similarly to what is
described for ER stress activated by metabolic stress.

In the case of hemichannels, their opening induced by stressors allows not only
for the diffusion of K1 and Na1 between the cytoplasm and the extracellular environ-
ment, but also for the release of metabolites like ATP, glutamate, prostaglandin E2,
glucose, glutathione (GSH), cAMP, IP3 and NAD1 that may act as paracrine signals
and trigger a response in neighboring cells.36,40,58,59 An example of this phenomenon
is the release of glutamate, ATP and lactate during acute inflammatory responses in
the central nervous system that contributes to neuronal stress and loss.36,40,58,60

Moreover, conditions described to be present during aging like oxidative stress, a
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pro-inflammatory environment, and alterations in [Ca21], more specifically prolonged
elevation of intracellular [Ca21], are major factors for HC opening, the consequent
release of different signaling molecules and propagation of cell stress.38,39,61�63

This bystander effect, promoted either by HC or GJ, is also a contributor to the
alterations observed during aging, namely to the generation of senescent cells via
bystander signaling from pre-existing senescent cells. The release of SASP factors, oxi-
dized lipids, reactive oxygen species and EVs by senescent cells is a potent inducer of
cell senescence in bystander cells in vitro and in vivo.27,64 In fact, data shows that
transplantation of senescent cells into young mice is sufficient to cause persistent physi-
cal dysfunction and increase senescence of tissue-resident cells.64,65

Interestingly, co-culture of replicative senescent cells with young cells induces the
DNA damage response, characteristic of senescence, in the young neighboring cells.
Moreover, this effect was only observable when cells were grown in contact; and condi-
tioned medium from senescent cells or growth of young and aged cells in separate layers,
sharing the same medium, had no significant effects in terms of DNA damage foci or
proliferation rates of recipient cells (young cells).27 This data, together with the observa-
tion of senescent cell clusters in adult/aged mice tissue, suggests that cell-cell contact
contributes to the spreading of senescence. Strikingly, chemical inhibition of GJ channels
in the co-culture system (senescent and young cells), blocked the increase of DNA dam-
age foci formation rate in young cells induced by a mechanism that was found to be
dependent on ROS, suggesting that this type of cell-cell communication participates
actively in senescence/damage spreading during aging.27

9.6 Intercellular communication mediated by tunneling nanotubes

Tunneling nanotubes, or TNTs, are thin and long membrane structures, with a transient
and dynamic nature, that mediate cell-cell communication. These structures, character-
ized by being positive for F-actin and detached from the substrate, have a typical diame-
ter of 50 to 700 nm and a length up to 100 μm, and allow the transfer of various
materials like proteins, small RNAs, signaling molecules, vesicles, organelles, prions as
well as pathogens such as viruses between two connected cells.34 Additionally, TNTs
have also been implicated in the calcium flux and intercellular electrical coupling.66,67

Since their first description in 2004,68 TNTs have been reported in vitro using sev-
eral cell systems including fibroblasts, neural, immune, epithelial or cardiac cells. In
this context TNTs have been associated with a number of biological processes includ-
ing cancer progression, pathogen spreading, immune defense, development, transdif-
ferentiation, and resistance to stress but also stress spreading/propagation.69�73 In vivo,
structures that resemble and present features of TNTs have also been reported, being
associated with electrotonic coupling, cell migration, stem cell differentiation, wound
healing, stress resistance, embryogenesis and neurovascular coupling.74�78 Despite the
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formation of TNTs occurring at basal levels, it can be triggered by oxidative stress,
viral infection, the presence of protein aggregates, and prion-like proteins and pro-
inflammatory stimuli,72,79�83 suggesting that TNT formation may be increased during
aging where many of these stimuli/phenomena are known to be elevated.

Additionally, it was already described that senescent cells can communicate,
through TNTs or TNT-like structures called cellular bridges, directly transferring pro-
teins to neighboring cells in vitro and in vivo and that this process may facilitate
immune surveillance of senescent cells by natural killer (NK) cells.84 Moreover, when
comparing proliferating and senescent human vascular smooth muscle cells, cellular
bridge formation and direct transfer occurs preferentially between senescent cells.85

Furthermore, TNTs were also described to influence the expression of senescence
markers in mesenchymal stem/stromal cells (MSCs) spheroids, in which, pre-senescent
MSCs (high passage MSCs) transfer via TNTs, the cell cycle inhibitor p16 to younger
MSCs (low passage cells) maintaining pre-senescent MSCs’ regenerative capacity, avoid-
ing stem cell exhaustion and potential senescence.86 This once again suggests that the
hallmarks of aging are not independent entities/phenomena but are interconnected and
the study of aging and aging phenomena has to be approached holistically.

Similar to what has been described for GJIC, the communication mediated by
TNTs can have a dual effect. In one hand, the dilution of harmful/deleterious compo-
nents or the transfer of cellular components which are dysfunctional or lacking in the
recipient cell may decrease cell damage, promote cell survival avoiding cell senescence
and death.74,87,88 On the other hand, the spreading of unwanted/harmful molecules
and other cellular components such as dysfunctional organelles (mitochondria and
lysosomes) and protein aggregates, such as α-synuclein, tau and prions, can contribute
to the damage spreading.69,70,80,89

9.7 Intercellular communication mediated by extracellular vesicles

Another important vector for intercellular communication that has gained attention in
the recent years is extracellular vesicles (EVs). Extracellular vesicles are membrane-
enclosed nanoscale particles that convey information from the cell of origin at a distance
and across the entire organism. Despite initially seen as amorphous cell debris with no
biological relevance, EVs are now recognized as important communication entities,
released by virtually all prokaryotic and eukaryotic cells, as part of their normal physiol-
ogy or in response to environmental cues. In fact, EVs can be perceived as a manner of
producing cells getting rid of unwanted components, modifying their molecular land-
scape, and maintaining homeostasis, but also as crucial vehicles for long distance com-
munication. The biological relevance of EVs was already demonstrated in various
cellular physiological and pathological processes including modulation of synaptic
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activity, immune response, cell differentiation, angiogenesis, apoptosis, cancer progres-
sion, infection spreading, cardiovascular and neuronal disease development and
progression.90

The content of EVs is highly dependent of their cell of origin and the mechanism of
biogenesis, and comprises proteins (membrane or cytosolic), lipids, metabolites, and
nucleic acids namely DNA, mRNA and noncoding RNA molecules like
microRNAs.91 However, the content profile does not always directly mirror the content
of the cell of origin, demonstrating that it is selectively sorted depending on the condi-
tions affecting the producing cell. This fact, together with their presence in biological
fluids and consequent easy accessibility, makes EVs attractive entities for diagnosis, moni-
toring of disease progression and response to therapy as well as therapeutic agents.

According to their biogenesis, EVs can be categorized into two main groups: ecto-
somes and exosomes.90 Ectosomes, which include microvesicles, microparticles and
apoptotic bodies, originate from the outward budding of the plasma membrane and
typically present with a diameter from 50 nm to 1 μm. The biogenesis of this type of
vesicles is highly dependent on reorganization of lipids and proteins within the plasma
membrane, which includes phosphatidylserine flipping from the inner leaflet to the
cell surface and the consequent physical bending of the membrane, supported by actin
cytoskeleton reorganization, culminating in membrane budding and subsequent vesicle
release. Additionally, the biogenesis of ectosomes is also dependent, at least in part, on
ESCRT (endosomal sorting complex required for transport) proteins and the enzy-
matic conversion of sphingomyelin to ceramide.92

The other category of EVs, the exosomes, has endosomal origin, and have a small
size ranging from 40 to 160 nm. This type of vesicle forms during multivesicular body
(MVB) maturation during which inward invagination of the limiting membrane of the
endosome gives rise to intraluminal vesicles. These MVBs then fuse with the plasma
membrane, releasing the exosomes to the extracellular environment.92,93 ESCRT-
dependent and independent mechanisms that comprise diverse players have been associ-
ated with exosome biogenesis, including ceramide, sphingomyelinases, ESCRT subunits,
ALIX (apoptosis-linked gene 2-interacting protein X), TSG101 (tumor susceptibility
gene 101), Rab GTPases and tetraspanins like CD9, CD63 and CD81, which also regu-
late cargo sorting into the vesicles.92,94 However, due to the lack of specific markers of
EV subtypes and the resultant impossibility of assigning an EV to a particular biogenesis
pathway, it is recommended to refer to EVs using operational terms such as experimen-
tal/environmental conditions, cell of origin, physical characteristics like size or biochemi-
cal composition.95

After release into the extracellular space, EVs can interact with, and depending on
their cargo and composition, potentially trigger a response in the recipient cell.
Subsequent to the docking with the recipient cell, EVs can directly activate receptors
at the membrane triggering intracellular signals or release their content into the
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receptor cell. This content release can occur by the direct fusion of the EVs with the
plasma membrane or after its internalization following the endocytic pathway, if not
degraded by the lysosome. Internalization of EVs can occur by various mechanisms
including caveolae, lipid raft-mediated endocytosis, clathrin-mediated or clathrin-
independent endocytosis (phagocytosis and micropinocytosis).93,96,97 Various mechan-
isms/players have been described to facilitate the docking and release of EV material
into the target cell, including Cx43 channels,98 however what confers a cell or organ
tropism to EVs, remains largely unknown. The clarification of these mechanisms,
together with the intrinsic properties of EVs to exchange components and deliver
cargo that can triggers a cell response, and possible engineering to make them carriers
of diverse agents like peptides, oligonucleotides and drugs, predicts an important role
for EVs as potential therapeutic agents.99

Various reports have already demonstrated that the amount of circulating EVs and
its content changes with aging. In fact, it has been shown that EVs secreted by senes-
cent cells are functionally active in other cells, and are now considered part of the
SASP, playing an important role on alterations observed during aging. According to
Eitan et al. and others, the amount of plasma EVs decreases during human aging, but
more importantly, EVs from older donors induce an increase in MHC-II expression
on monocytes, suggesting an increase in their activation.100,101 However, additional
studies performed in mice showed that although old murine plasma has a lower parti-
cle count, the number of EVs is significantly elevated.102 These results can be
explained by the use of different methodological approaches to isolate and characterize
EVs, that due to their characteristics cannot always distinguish EVs from other particles
such as lipoproteins.103 Strikingly, functional results are similar and show that aging
alters circulating EV function, manifested by a decreased macrophage response to
inflammatory stimuli, increased phagocytosis, and an impairment of endothelial cell
response to pro-angiogenic conditions.102 These effects can potentially be explained
by the higher levels of some miRNAs carried by EVs derived from older animals,
namely let-7a, miR-21, miR-146a and miR-223.102 Moreover, elimination of senes-
cent cells in old mice by the treatment with senolytics led to an altered composition
of the plasma EV cargo and a function similar to those observed in young ani-
mals.102,104 This observation suggests that senescent cells are important contributors to
circulating EVs that can reach and modulate the cellular function across the entire
organism.

Consistently, and despite the broad origin of circulating EVs, it has been described
that senescent cells secrete more EVs than young cells.105�108 The increase in EV pro-
duction by aged and senescent cells can, at least in part, be explained by another hall-
mark of aging, the loss of proteostasis. In fact, inhibition of endolysosomal trafficking,
decreased autophagy and dysfunctional lysosomal activity present during aging and
characteristic of senescent cells, was associated with increased EV release.109�111
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Additionally, published data suggest that EV secretion can serve as a vehicle for the
removal of unwanted molecules like misfolded proteins and fragmented DNA, avoid-
ing apoptotic-like death of senescent cells.107,110,111 That phenomena can, on one
hand, serve as a distress signal and promote a protective reaction from neighboring
cells, but on the other hand, contribute as a stressful bystander effect.

Importantly, when compared with EVs of healthy cells, senescent cell-derived EVs
present changes in protein and miRNAs that can control activity of other cells. An
example of this is the altered levels of IL-1β levels in circulating EVs of aged rats that
can be part of the inflammatory environment associated with aging.112 Moreover,
miR-192, which has anti-inflammatory effect on macrophages, was also shown to be
significantly increased in EVs from aged mice, in consequence of the hyperinflamma-
tory state of aged mice, suggesting that EVs can also contribute to the attenuation of
excessive inflammation.113

Additionally, it was shown that osteogenic differentiation of mesenchymal stem
cells is promoted by galectin-3 present in plasma EVs from young subjects.114

However, that capacity is absent in plasma EVs from older subjects that present a
reduction in galectin-3 levels, suggesting that reduced EV-mediated secretion of
galectin-3 may contribute to the decreased bone formation observed during aging.114

In accordance, bone marrow stromal cell proliferation and osteogenic differentiation is
also diminished upon the stimulation with EVs from aged individuals.115 Furthermore,
miR-31, enriched in EVs derived from senescent endothelial cells and plasma of older
subjects, was shown to inhibit ossification and differentiation of mesenchymal stem
cells.116 EVs isolated from aged donors as well as those from senescent endothelial cells
were shown to also promote calcification of human aortic smooth muscle cells, dem-
onstrating the role of EVs in the alterations observed during aging.117

Importantly, and as suggested by the studies described above, EVs derived from
senescent cells also contribute to the induction of cellular senescence in normal cells
through a mechanism mediated by IFN-induced transmembrane protein 3 (IFITM3),
a protein elevated in EVs from elderly donors in comparison with EVs isolated from
young individuals.118

In accordance with these findings, various authors had demonstrated that EVs from
young animals are able to attenuate or even reverse aging-related effects.114,119�123 In
fact, EVs from the serum of young animals, but not the non-EV supernatant from the
same animals, or serum EVs extracted from aged animals, were able to attenuate several
markers of inflammaging, namely serum levels of pro-inflammatory IL-6 and IL-1β, in
old recipient animals.119 Moreover, extracellular nicotinamide phosphoribosyl transferase
(eNAMPT) present in human and mouse circulating EVs was found to decrease during
aging. Interestingly, eNAMPT-containing vesicles that increase NAD1 in recipient cells,
were shown to significantly improve physical activity, delay aging and extend lifespan in
mice, unraveling their potential as anti-aging factors.124
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A better understanding of EV alterations during aging and the players involved in
this specific type of intercellular communication, are crucial for our efforts to alleviate
senescence spreading and/or delay stem cell exhaustion. Furthermore, capitalizing on
the potential of EVs may prove to be a viable strategy to suppress generalized cellular
aging and improve stem cell function.

9.8 Concluding remarks

General and unbiased studies of the aging process have shown that abnormal cell-cell
communication patterns occur during aging. In fact, mounting evidence demonstrates
the importance of intercellular communication in the propagation of deleterious sig-
nals released by senescent cells, with impact not only locally at the tissue level, but
also globally, with the spreading of “senescence cues” through the entire organism,
contributing to interorgan coordination of the aging phenotype. However, given its
relevance for organismal homeostasis and function and a coordinated response to
external changes, intercellular communication can also have a protective role in the
aging context, promoting cellular homeostasis and stemness and avoiding or delaying
cellular damage.

An integrated and holistic view of intercellular communication patterns can lead to
a better understanding of the causes of multicellular systems aging and the underlying
mechanisms paving the way to interventions that could reverse certain aging processes
and slow development of age-related diseases.

Although this is a concept that is now in its infancy, the biological and physiologi-
cal impact of the results gathered in the last few years anticipates a promising future
for this field of research.
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CHAPTER 10

Genomic instability and aging
Zhiquan Li, Sharath Anugula and Lene Juel Rasmussen
Center for Healthy Aging, Department of Cellular and Molecular Medicine, University of Copenhagen, Copenhagen,
Denmark

10.1 Introduction

Aging is a complex process of damage accumulation, causing a functional decline.
Several hallmarks of aging have been identified, of which genomic instability plays a
critical role in aging and age-related diseases and closely interacts with other hallmarks
of aging. The genome is constantly challenged by exogenous DNA damaging sources,
such as ionizing radiation, ultraviolet (UV), and chemicals. But also, endogenous
DNA damage caused by alkylation and hydrolysis can lead to chromosomal aberra-
tions, mutations, and epimutations, eventually causing genomic instability and cellular
dysfunction. The stressor-induced alterations include chromosomal (chromosome
aneuploidy, chromosomal rearrangements, and fragile sites), genomic (increased
genetic variability and mutated nucleic acid sequences), replicative (replication stress),
and transcriptional impairments. In response to these damages, a wide range of sophis-
ticated repair mechanisms have evolved to repair different types of damage to preserve
genomic integrity, such as proper chromosome segregation, efficient DNA damage
repair, and faithful DNA replication, to maintain normal function and promote organ-
ismal survival.1,2 Mammalian DNA damage response systems mainly comprise non-
homologous end joining (NHEJ), homologous recombination (HR), nucleotide
excision repair (NER), base excision repair (BER), mismatch repair (MMR), direct
reversal repair (DRR), and translesion DNA synthesis (TLS) (Fig. 10.1). To ensure
genomic stability, there is crosstalk and redundancy between the different DNA repair
pathways.

Genomic instability is commonly associated with a wide range of diseases, such as can-
cer,3 immunodeficiency, and age-related diseases, such as amyotrophic lateral sclerosis
(ALS) and other neurodegenerative diseases.4,5 Chromosomal aberrations, including chro-
mosomal rearrangements, chromothripsis, etc., are strongly implicated in age-related dis-
eases.6,7 Mutations in DNA repair genes cause diverse aging phenotypes and diseases, such
as the genetic disorders xeroderma pigmentosum (XP) and Cockayne syndrome (CS).
The age-related increase in DNA damage is likely caused by an age-dependent decrease
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in repair capacity.8,9 The importance of functional DNA repair is illustrated by the often-
longer lifespan and healthspan via DNA repair stimulators and/or gene targeting.

The central role of mitochondria and their communication with the nucleus is
well documented in the regulation of DNA damage responses and aging in model sys-
tems and humans. Genomic instability is also linked with other hallmarks, such as telo-
mere attrition and epigenetic alterations.10 Furthermore, altered epigenetic factors are
also contributing to genomic instability through chromatin remodeling and/or post-
translational modifications, such as histone acetylation and methylation.11 For example,
along with others, histone acetyltransferase, TIP60 plays a crucial role in chromatin
remodeling by modifying histones and nonhistone proteins in DNA repair as well as
other aspects of aging and neurodegeneration.12

The highly dynamic DNA damage response in diverse cellular processes as well as
compartments involves ingenious mechanisms to cope with different insults and

Figure 10.1 Mammalian DNA Damage Response. Main DNA damage repair or tolerance pathways
in mammalian cells. Diverse DNA lesions caused by various DNA damaging agents are repaired by
distinct but closely related mechanisms. The mammalian DNA damage response consists mainly of
non-homologous end joining, homologous recombination, nucleotide excision repair, base excision
repair, mismatch repair, direct reversal repair, and translesion DNA synthesis. UV, ultraviolet; DSB,
double-strand break; SSB, single-strand break.
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therefore provides various opportunities for alimental, physiological, and pharmacolog-
ical interventions or therapy.

10.2 DNA strand breakage-induced genomic instability

Double-strand breaks (DSBs) are the most cytotoxic DNA lesions caused by ionizing
radiation and genotoxic agents, and repaired by NHEJ and HR repair. DSBs and muta-
tions in DSB repair genes lead to senescence and premature aging.13,14 For instance,
ataxia telangiectasia mutated (ATM) deficiency leads to an age-related anomaly, ataxia-
telangiectasia (A-T). Moreover, expression of HR repair protein BRCA1 and other
DSB repair proteins are decreased in mouse models and humans with age.15 A variety of
other age-related diseases are also deficient in DSB repairing. DNA helicase deficiencies,
such as mutations in the WRN helicase in Werner syndrome (WS), BLM in Bloom’s
syndrome (BS), as well as RECQL4 in Rothmund-Thomson syndrome (RTS).16

Interestingly, it has been proposed that repair of DSBs can be shifted from NHEJ
to HR with age.17�19 The dynamics of DNA repair pathway choices with age would
be an interesting target of DSB repair mechanisms.

Single-strand breaks (SSBs) are the most common lesions caused by diverse sources,
such as oxidative stress, and are repaired mainly by single-strand annealing and BER.
The persistence of SSB in epithelial cells leads to senescence and carcinogenesis.20

Defect in the repair of SSBs is associated with the human progressive neuropathy of
spinocerebellar ataxia with axonal neuropathy 1 (SCAN1) and ataxia oculomotor
apraxia 1 (AOA1).21

10.3 Replication-induced genomic instability

DNA repair is also accompanied by chromatin remodeling, replication, transcription, and
recombination, etc., which makes it even more complex22 (Fig. 10.2). Correct DNA
replication plays a pivotal role in cellular functions and survival, and imprecise replication
can result in mutations and stalling of replication forks, which causes genomic instability.

10.3.1 Replication stress
Replication stress can be caused by multiple factors such as depletion of replication pro-
teins, shortage of nucleotides, hard-to-replicate sites, or alternatively, hyper-replication.
Replication stress has been implicated as an important factor driving hematopoietic stem
cell aging23 and also plays a role in AD.24 Replication stress in a DNA bypass deficient
mouse model shortens lifespan.25 Interestingly, attenuation of replication stress by sup-
pression of growth signaling promotes mitochondrial health, slows aging, and extends
longevity.26 Moreover, sustained proliferation-mediated replication stress promotes
escape from apoptosis and leads to genomic instability.27 Replication stress is a common
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feature of pre-tumor and tumor cells and failure to resolve this stress is a major driving
force to genomic instability.28 In addition, replication stress can induce genome-
damaging R-loops.29 Therefore it is crucial to understand replication stress at a cellular
and molecular level to discern its roles in tumorigenesis and aging.

10.3.2 Translesion DNA synthesis
TLS is a mechanism to bypass DNA lesions that otherwise stall replication. This DNA
damage tolerance (DDT) mechanism ensures replication fork stability and progression
by switching from DNA polymerases to translesion DNA polymerases and, therefore,
favors cellular and organismal survival. It is subcategorized as an error-free and error-
prone pathway, depending on translesion polymerases with different fidelities, includ-
ing Rev1, Pol ζ, Pol κ, Pol η, and Pol ι.30,31

Patients harboring the gene variant form of XP-V/POLH gene are deficient in the
TLS polymerase η and show hypermutability after UV exposure and susceptibility to skin
cancer.32 Besides, TLS is also associated with the induction or treatment of other types of
cancers.33 In addition, TLS replication gap suppression might be a novel hallmark of cancer,

Figure 10.2 The maintenance of genome integrity. The genome is constantly challenged by chro-
mosomal aberrations, telomere attrition, epigenetic alterations, DNA damages, etc., leading to
genomic instability. DNA damage is usually caused by exogenous physical, chemical, and/or biolog-
ical stressors, along with endogenous cellular processes, such as transcription, replication,
replication-transcription conflicts, and reactive oxygen species (ROS). Efficient DNA repair attenu-
ates nuclear and mitochondrial DNA damages. Except for mtDNA repair, the mitochondrial tran-
scription factor A (TFAM) also guards mtDNA by physical interactions. Enhanced mitophagy
promotes mitochondrial health and reduces ROS production to safeguard genomic integrity.
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therefore inhibitors targeting TLS seem to be promising for cancer therapy.34 Interestingly,
the deficiency of Rev1, a DNA polymerase involved in TLS, has been shown to induce
replication stress, alter NAD1 metabolism, disrupt mitochondrial functions, compromise
autophagy, and decrease lifespan.25,35 This suggests a role of TLS-mediated genome main-
tenance in aging. Moreover, DDT defects-induced DNA damage accumulation has been
observed in the hematopoietic system, whereas its roles in mutagenesis and aging in other
tissues and models remains to be understood.36

10.3.3 Mismatch repair
MMR corrects post-replication base mispairings. MMR also functions in DNA dam-
age surveillance, prevention of recombination between homeologous (nonidentical)
sequences, and participation in chromosome pairing in meiosis.37,38 Further, it repairs
some oxidative DNA lesions, such as 8-oxoG39 and MSH2 deficiency is also deter-
mined to be involved in UVA-induced DNA damage.40 Defects in MMR cause
microsatellite instability (MSI), which is implicated in hereditary nonpolyposis colorec-
tal cancer (HNPCC) or Lynch syndrome (LS) but has also been detected in skin can-
cer.41 Interestingly, MSI is elevated in the elderly compared to the young, suggesting
an age-related decline in MMR.42 Several mouse models of MMR deficiency have
been developed and they primarily suffer from various cancers such as lymphoma, gas-
trointestinal stromal tumors (GISTs), and skin tumors.43 Hypermethylation of the
Msh2 promoter region and its reduced gene expression is associated with increasing
age in mice.44 Similarly, MSH2 and MSH6 (MutSα complex) protein expression, as
well as MMR activity, are reduced in senescent human colonic fibroblast and embry-
onic lung fibroblast, while exogenous supplementation of purified MutSα restores
MMR activity.45

Surprisingly, MMR defects promote cell proliferation in the absence of telomerase
in yeast.46 Meanwhile, MMR protein PMS2 deficiency extends the mean lifespan and
median survival of telomerase-deficient mice (Terc2/2/Pms22/2 mice) as well as pro-
motes cell proliferation by reducing CDKN1A/p21 expression.47 Following this, short
telomeres show anticancer and pro-aging properties, but MSH2 defects abrogate all
these effects.48 The exact role of MMR in aging is still unclear and the causal links
warrant further investigations.

10.4 Transcription-induced genomic instability

Transcription plays an essential role in physiology and aging,6,7 which can be partially
explained by transcription-mediated genomic instability. Transcription damages DNA
and transcription rate is positively correlated to the pace of aging in humans and other
mammals.49
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10.4.1 Transcription-coupled repair
NER is repairing UV-induced DNA damage and is divided into two subpathways, global
genomic NER (GG-NER) and transcription-coupled repair (TC-NER, TCR), dealing
with helix-distorting and transcription-blocking DNA lesions, respectively. Defects in
GG-NER are more mutagenic, therefore leading to cancers; while those in TC-NER are
less mutagenic but more cytotoxic or cytostatic, sanctioning premature aging.50 Many pro-
teins involved in TC-NER are implicated in aging and age-related diseases, such as CS. In
CS, the CSA and/or CSB proteins-induced TC-NER impairment has little impact on
mutagenesis and cancer incidence but displays accelerated aging.51 The mouse models
deficient in NER and TCR show microglia activation-mediated white matter anomalies
as well as age-related cumulative neuronal loss, indicating the synergy of both pathways in
promoting neuronal survival and plasticity for neuropathology prevention.52 Despite CSB
functions in TC-NER, a recent study also shows that CSB promotes HR while repressing
NHEJ, which regulates G2/M checkpoint activation.53

10.4.2 Transcription-replication conflicts
Transcription and replication are routine cellular processes that interfere with each
other, causing transcription-replication collisions/conflicts that threaten genomic insta-
bility (Fig. 10.2), while numerous mechanisms have been evolved to combat such col-
lisions.54 For the transcription-replication conflicts (TRCs), deleterious head-on
encounters on lagging DNA strand and co-directional encounters on leading strand
cause replication fork stalling and genomic instability, which might resume by replica-
tion restart.55 Interestingly, the replisome regulates co-transcriptional R-loops in a
TRCs orientation-dependent manner by resolving co-directional R-loops but enhanc-
ing the formation of head-on R-loops, which causes ATM-Chk2 and ATR-Chk1
pathway activation, respectively.29 TRCs-induced genomic instability is also observed
in cancer and other diseases.29 Furthermore, common fragile sites (CFSs) can be pro-
tected from TRCs by Polycomb proteins to maintain genome stability.56

10.5 Nucleotide pools

Balanced cellular deoxynucleoside triphosphates (dNTPs) biosynthesis is pivotal for the
normal functionality of cellular activities, such as replication, transcription, and DNA
damage repair.57 dNTPs are mainly synthesized in the cytoplasm via de novo and salvage
pathways but they can also be produced in mitochondria for mtDNA synthesis. Altered
dNTP pools might affect the DNA replication fidelity by interfering with the DNA
polymerases through an intrinsic error rate at the nucleotide insertion step or subsequent
editing at the proofreading step.58 dNTP imbalance is closely related to genome stability,
aging, and cancer.59 Both high and low levels of dNTPs affect mutation frequencies57,60
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arguing for a tight regulation of purine and pyrimidine biosynthesis. The ribonucleotide
reductase (RNR), which converts the ribonucleotides to deoxyribonucleotides is a rate-
limiting enzyme in all living organisms and is a critical enzyme in regulating dNTP pools.
Its function is tightly regulated by allosteric control and activity, protein expression, and
proteolysis as well as the cellular localization of the small RNR subunit.61�63 Inhibition
of RNR leads to elevated ROS, which can be removed by the replisome-associated
ROS sensor, peroxiredoxin 2 (PRDX2), that can dissociate from chromatin to slow
down replication fork progression to attenuate replication stress,64 indicating concerted
coordination between dNTP biogenesis and replisome progression. The chromatin mod-
ulator KAT5/TIP60 regulates aging via dNTP biosynthesis and autophagy.12 Moreover,
the proper dNTP supply for different cellular compartmentations, mitochondria, and
nucleus DNA must be coordinated to maintain organismal homeostasis.65 Mitochondrial
DNA (mtDNA) replication defects lead to low and imbalanced cellular dNTP pools and
alter the folate-driven one-carbon metabolism.66

10.6 Mitochondrial functions in genomic integrity

As the powerhouse of eukaryotic cells, mitochondria produce ATP via oxidative phosphory-
lation (OXPHOS) by releasing the chemical energy of nutrients. Meanwhile, they are bio-
synthetic hubs of nucleotides, fatty acids, amino acids, and glucose.67 Specifically,
mitochondria supply cells with nicotinamide adenine dinucleotide (NAD), in the form of
NAD1 and NADH, and many other intermediate metabolites, acting as a chemistry factory.
Therefore mitochondria have also been proposed as a chemotherapeutic target in cancer.68

10.6.1 Mitochondrial oxidative stress
Mitochondria are the primary source of reactive oxygen and nitrogen species. Among
different DNA damaging reagents, oxidative stresses are the most common sources. It
is also the major component of the free radical theory of aging69 and free radicals con-
stantly attack the genome (Fig. 10.2). Oxidative stress can be derived from endoge-
nous and exogenous sources and leads to oxidative DNA lesions. For example, 8-
oxoG, the most common oxidative lesion, is repaired by DNA glycosylase OGG1 via
the BER pathway.70 Moreover, HDAC1 also interacts with OGG1 to repair oxidative
DNA lesions in the aging brain as well as in AD.71 It has been shown that oxidative
stress can impair MMR,72 which makes it possible that oxidative stress not only causes
different types of DNA damage but also affects their repair. In addition, increased
ROS can induce TP53 and CDKN1A/p21, or CDKN2A/p16 and RB1 to induce
senescence.73 This is consistent with the notion that oxidative stress is widely impli-
cated in aging, cancer, and neurodegeneration.74
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10.6.2 FOXO in oxidative DNA damage response
The forkhead box, subgroup O (FOXO) transcription factors are a subfamily of a conserved
FOX protein family which regulates gene expression, consisting of FOXO1, FOXO3,
FOXO4, and FOXO6 in mammals. FOXOs play crucial roles in development, immune
response, inflammation, tumor suppression, aging, and longevity. In which, FOXOs control
cellular homeostasis, such as stress resistance, cell cycle, cell differentiation, apoptosis, proteos-
tasis, intracellular signaling, metabolism, and autophagy.75�77 FOXOs are well known for
their functions in oxidative and redox regulation downstream of the insulin/insulin-like
growth factor-1 (IGF-1) signaling (IIS) pathway. Specifically, FOXOs also play critical func-
tions in DNA damage repair.78 For example, FOXO1 and FOXO3 are essential for the
expression of ATM79 and GADD45A.80,81 FOXO3 also prevents DSBs and subsequent
genome rearrangements and instability.82 Alterations of FOXOs lead to the accumulation of
oxidative DNA damages83 and are widely associated with many disorders, such as cancer,84

aging,78 and neurodegenerations.85 Pharmacological approaches targeting FOXOs have been
reviewed in cancer, neurological diseases, diabetes, and cardiovascular diseases.86

10.6.3 Mitochondrial genome maintenance
The mitochondrial genome is a circular DNA molecule that is more vulnerable to
damages, such as ROS. Deficits in mtDNA repair are implicated in a multitude of
degenerative diseases, cancer, and aging.87 ROS may reduce mtDNA replication fidel-
ity, therefore, compromising mtDNA integrity.88 Certain inherited mtDNA variants
and somatic mtDNA mutations are widely observed in the human aging brain and the
development of neurodegenerative diseases.89,90 Alongside the roles of mitochondria
in energy metabolism, mtDNA damage and repair are major contributors to combat
neuronal loss and ensuing vulnerabilities.91

To maintain mtDNA integrity, recombinational repair (RER), BER, MMR, DRR,
TLS function in mtDNA repair, showing high similarity to nuclear repair systems.92

BER is mainly used to maintain the mtDNA integrity and defects in BER lead to pre-
mature aging and neurodegenerative diseases.93 Except for generating energy and ROS,
mitochondria also impact other pathways, and genetic variants related to mitochondria
causes age-related diseases.94 Mitochondrial degradosome, also known as mitochondrial
exoribonuclease complex (mtEXO), is composed of SUV3 and PNPase and prevents
the accumulation of dsRNA and that of pathological mtDNA R-loops to protect mito-
chondrial genomic instability.95 Moreover, the mtDNA instability and reduced mtDNA
copy number are involved in the tumorigenesis of many human cancers.96

Accumulation of 8-oxoG in neuronal mtDNA due to OGG1 deficiency indicates
mtDNA alterations in AD, ALS, and other neurodegenerative disorders.97 Novel meth-
odologies should also be developed to reconcile the current knowledge regarding the
major roles of mtDNA damage in these neurodegenerative disorders.98
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In addition to mtDNA repair, another route to safeguard the mitochondrial
genome is TFAM. As a transcription factor binding to mtDNA, TFAM is essential for
mitochondrial genome maintenance by regulating mtDNA replication, transcription,
packaging, and stability.99 TFAM determines the mitochondrial genome abundance
(mtDNA copy number), so a reduction of mtDNA copy number as well as TFAM
expression levels are linked to a variety of age-associated pathologies.100

10.6.4 Mitochondrial dysfunction
Accumulation of mtDNA mutations contributes to the decline of mitochondrial functions,
which further promotes aging and age-associated cancer incidence.101 As a hallmark of
aging, mitochondrial dysfunction has been widely investigated in the past few decades.
Defects in mitochondrial morphology, biogenesis and the electronic transport chain (ETC)
lead to mitochondrial dysfunction, which might also affect the mitochondria-nuclear com-
munications. Interestingly, mtDNA mutations or deletions-mediated mitochondrial dysfunc-
tion cause defects in iron-sulfur cluster (ISC) biogenesis which further leads to nuclear
genomic instability.102 Mitochondrial ISC biogenesis is widely implicated in many human
diseases.103 Intriguingly, MMS19 (nucleotide excision repair protein homolog) acts as an
adapter in a targeting complex of cytosolic iron-sulfur cluster assembly (CIA) machinery and
plays crucial functions in DNA metabolism to maintain genomic integrity.104,105 Alterations
in MMS19 are associated with XP. Meanwhile, MMS19 is also located in mitochondria to
protect mitochondria from oxidative stress.106 In parallel, the ISC defect is also a driving
force in mitochondrial heme defects and elevated ROS in Friedreich's ataxia (FRDA).107

Mutations in the iron-sulfur subunit of mitochondrial succinate dehydrogenase (SDH) lead
to superoxide overproduction, premature aging, and tumorigenesis.108 Mitochondrial
dysfunction-mediated ROS accumulation causes telomere loss, chromosomal aberrations,
and genomic instability.109 Also, mtDNA depletion-induced mitochondrial dysfunction
causes nuclear genomic instability.110 Mitochondrial dysfunction concomitant with oxidative
stress is implicated in the etiology of a variety of neurodegenerative diseases, such as AD,
Parkinson’s disease (PD), Huntington’s disease (HD), and ALS.111

In addition, mitochondrial dysfunction also plays critical roles in nucleotide biosyn-
thesis and degradation, which is required for DNA and RNA homeostasis.112,113

Mitochondrial dysfunction mediated by mtDNA depletion or mitochondrial ETC
inhibition displays alterations in serine and formate biosynthesis which are key compo-
nents in one-carbon metabolism, a process important for nucleotide metabolism.114

10.6.5 Mitophagy
Mitophagy is an evolutionarily-conserved quality control mechanism to recycle excess, dys-
functional, or damaged mitochondria by autophagy, contributing to a healthy mitochondrial
turnover. It functions in either a PINK1/Parkin-dependent or -independent manner.
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Mutations in mitophagic genes, mitophagic flux decline, and other factors (such as DNA
damage and DNA repair deficiency) lead to alterations in mitophagy, resulting in the accu-
mulation of dysfunctional mitochondria that elevates ROS, which ultimately impinges the
genome’s stability and leads to aging and neurodegeneration.115 Moreover, alterations in
mitophagy also cause some other age-related diseases, such as cancer,116 inflammation, AD,117

and PD.118 Mitochondrial dysfunction and compromised mitophagy are widely observed in
AD, which might be ameliorated by fasting and healthy diet, exercise, and mitophagy-
inducing compounds.117 For example, boosting mitophagy by pharmacological application of
mitophagy inducers (such as NAD1 , urolithin A, and actinonin) has been shown to rein-
state the cognitive defects in the Aβ and tau Caenorhabditis elegans models and APP/PS1
mouse model.119 Moreover, urolithin A is safe and capable of enhancing mitochondria func-
tion and cellular health in humans.120 Furthermore, many natural mitophagy inducers have
been identified such as resveratrol and spermidine. Various pharmacological approaches have
been generated to activate mitophagy: (1) reduce ΔΨm by mitochondrial uncouplers (such
as FCCP and CCCP); (2) impair respiration by ETC inhibitors (such as rotenone, antimycin
A, and oligomycin); (3) decrease iron by iron chelators; (4) enhance PINK1 by its agonists;
and (5) activate sirtuins by its enhancers (such as NAD1 precursors).121

Interestingly, mitophagy can be evoked by DNA damage and contributes to main-
taining mitochondrial functions, and facilitates DNA repair.122 XP group A (XPA) is
caused by XPA gene deficiency and shows mitochondrial and mitophagic dysfunction123

which is similar to A-T124 and CS.125 Besides, PARK2/Parkin physically interacts with
mtDNA, stimulates mtDNA repair, and reduces mtDNA oxidative damage.126

10.7 Genomic instability in health and disease

Genomic instability is leading to many malfunctions and diseases, such as neurodegen-
eration, cancer, progeria, as well as other progeroid syndromes,127 either by inheri-
tance or age-related decline/deficiency (Fig. 10.3). Some signaling pathways have
common characteristics in premature aging and age-related diseases, such as DNA
repair.128 Importantly, a variety of drugs have been identified to target DNA repair
and metabolism.127

10.7.1 Longevity
DNA repair is positively related to extended longevity. Comparison of lifespan and
DNA repair gene expression in human, naked mole rats and mice shows that protein-
encoding genes involved in the BER, HR, NHEJ, and MMR pathways are generally
upregulated in humans.129 Similarly, NER deficiencies show elevated DNA damage
accumulation, accelerated aging, and shortened lifespan.130 Numerous studies have
shown that enhancing DNA repair extends lifespan. For example, overexpression of
several repair factors has beneficial effects on lifespan and stress resistance in
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Drosophila.131 Enhancing DNA integrity via DNA repair holds the promise to extend
both longevity and healthspan.

10.7.2 Progeroid syndromes
In addition to deficiencies in NER and RecQ DNA helicases, other DNA damage
repair-related deficiencies can also be inherited from the germlines, such as the LMNA
gene mutations-mediated laminopathy in Hutchinson-Gilford progeria syndrome
(HGPS), which is an autosomal dominant syndrome.132,133 Alterations in LMNA affect
nuclear morphology and function, leading to DNA repair defects and genomic instabil-
ity, and are widely implicated in degenerative diseases and premature aging syndromes,
such as HGPS and restrictive dermopathy (RD).132,134 Mutations in lamin-related
(LMNA, ZMPSTE24, BANF1) or DNA functions (POLD1, SPRTN, AKTIP) are also
implicated in distinct progeroid syndromes.135 HGPS shows persistent DNA damage
checkpoints activation, and inhibition of ATM and ATR kinases partially rescue the cell
cycle arrest, while inhibiting farnesyltransferase attenuates aberrant nuclear morphology
but fails to reduce DNA damage and checkpoint signaling, further supporting a close
interaction between lamin processing and DNA repair capacities.136

Except for the progerin generated by aberrant splicing of the LMNA gene in
HGPS, it is also detected in senescent cells and cells from the elderly.137 Importantly,
research into progeroid syndromes plays a critical role in elucidating the causes of these
diseases and is also useful to characterize basic mechanisms in physiological aging.138

Meanwhile, established and developing cellular and animal models would potentiate
more therapeutic opportunities.

Figure 10.3 Interventions to combat genomic instability and aging. Genomic instability accelerates
aging, and vice versa, ultimately leading to age-related diseases. Interestingly, all of these can be
attenuated or reversed by systematic interventions, such as physical exercise, dietary restriction
(DR), supplementation of nicotinamide riboside (NR), or NAD1 , or even by direct correcting DNA
repair genes or stimulating DNA repair pathways.
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10.7.3 Cancer
Compromised DNA repair systems are found in most cancers and, therefore, are
regarded as a hallmark of cancer.3 Many genes involved in genome maintenance are also
implicated in cancers. For example, p53 mutations show vulnerability to various types of
cancers. Meanwhile, p53 also plays key roles at the intersection between cancer and
aging.139 DNA damage and deficiency in DNA repair also increases cancer susceptibility.
Therefore maintaining genome integrity is exploited as a strategy for cancer prevention.

On the other hand, tumor cells are featured by high levels of oxidative stress and
DNA damage, as well as the loss of tumor suppressors. DNA repair pathways are piv-
otal for tumor cell survival and they are also targets for developing strategies to kill
tumor cells.140 Inhibitors of DNA damage response-related kinases, such as ATM,
ATR, CHK1, and WEE1, synthetic lethality, and chemo-/radio-therapy are exploited
to treat cancer. Besides, the DNA repair enzyme poly (ADP-ribose) polymerase
(PARP1) is an important protein involved in DSB and SSB repair. Its inhibitors have
been widely developed and used in cancer treatment.141 To this end, DNA repair
pathways are suppressed to induce genomic instability to eliminate tumor cells.

10.7.4 Neurodegeneration
Genomic instability is believed to be involved in neurodegenerative diseases, such as
AD.142 DNA repair and related proteins’ involvement in premature or accelerated
aging and neuropathologic disorders have been under intensive investigation and have
gained recognition for their functions and translational implications in disease diagnosis
and treatment. However, the preferences of different repair mechanisms in different
brain regions, and the ways and the extent they affect neuronal health and function, as
well as their cognition maintenance remains to be elucidated.

10.8 Aging interventions activating DNA repair

Numerous interventions have been developed to target aging to alleviate or prevent
age-related diseases, such as physical exercise, dietary restriction (DR), NR, and
NAD1 . Many pharmaceutical targets are identified to improve DNA repair.

10.8.1 Exercise
Regular physical exercise improves body fitness and delays the onset of a variety of
age-associated diseases, including type 2 diabetes (T2D) and neurodegenerative disor-
ders. Physical exercise has also been implicated in the maintenance of genome integ-
rity in the past few decades.143 Although it produces more free radicals, it enhances
DNA repair, attenuates DNA damage, and reduces oxidative damage to proteins in rat
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skeletal muscle144 and liver.145 In T2D patients, exercise training induces longer telo-
mere in patient-derived leukocytes and attenuates the increase of genomic oxidative
DNA damage and sensitivity to apoptosis.146 Exercise is also shown to induce brain-
derived neurotrophic factor (BDNF) that is normally reduced in AD, PD, and HD, to
activate cAMP responsive element binding protein 1, and to upregulate DNA repair
protein apurinic/apyrimidinic endodeoxyribonuclease 1 (APEX1).147 Strenuous exer-
cise or overtraining exposes our body to oxidative challenge that damages the genome,
but exercise with moderate intensity and duration increases muscle mass and resistance
to stressors, enhances the immune system, improves cardiovascular function, and may
reduce the incidence of AD by inducing neurotrophins and by modulating redox
homeostasis.148 Interestingly, our body also has systemic adaptation to exercise-
induced oxidative stress function in a hormesis manner by upregulating antioxidant
enzymes and DNA damage repair enzyme activity to orchestrate redox homeostasis,
which is on the contrary to the vulnerability of a sedentary lifestyle.148,149

10.8.2 Dietary restriction
Dietary restriction (DR) or caloric restriction (CR) is a regimen of reducing food and/
or energy intake. It has been extensively investigated for the last few decades. The
activity of APEX1, a key protein in BER, is decreased with age in different mice brain
regions. DR shows beneficial effects on improving APEX1 activity and reducing oxi-
dative lesions.150 Short-term DR can also promote DNA repair.151 DR reduces the
transcription rate and extends lifespan.49 DR has also been tested on Mlh1 deficient
mice, which has modest effects on cancer incidence and lifespan so it is speculated that
compromised MMR might be epistatic to DR.152 It would be very interesting to
investigate the effects of DR on DNA repair proteins and DNA damage
accumulation.

10.8.3 Nicotinamide adenine dinucleotide
As a substrate of sirtuins (SIRT1-SIRT7) and PARPs, both involved in DNA repair,
NAD1 pools play pivotal roles in cellular and organismal homeostasis. However,
NAD1 declines with age.153 NAD1 can target DNA repair as well as mitophagy to
slow aging and age-related disorders. For example, A-T is a progressive neurodegener-
ative disease caused by ATM deficiency (a key gene in DSB repair) and displays mito-
chondrial dysfunction and defective mitophagy. In its animal models, supplementation
of NAD1 has been shown to reinstate mitophagy and DNA repair, and even extend
lifespan and healthspan.124 Alternatively, extracellular nicotinamide phosphoribosyl-
transferase (eNAMPT), also declines with age and its supplementation restores
NAD1 levels and extends healthspan in mice.154 Boosting NAD1 , by NAD1 pre-
cursors, activates its synthesis, inhibits its degradation, slows aging, reduces disease
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susceptibility, and extends healthspan.155 NAD1 precursors include nicotinamide
(NAM), nicotinamide mononucleotide (NMN), and NR. Interestingly, when knock-
ing out NADase CD38, NAD1 decline is attenuated, which is concomitant with
improved mitochondrial function and glucose tolerance.156 In this regard, drug screen-
ing and development might hold the promise to maintain NAD1 pools by adminis-
trating CD38 inhibitors.

10.9 Conclusion and future perspectives

The well-coordinated DNA repair mechanisms are evolved to protect the genome
from substantial DNA damaging agents to counteract genomic instability. Genetic dis-
orders, defective in DNA damage responses, often display characteristics of premature
aging, cancer predisposition as well as shortened lifespan. Alterations in DNA repair
either elevate abnormal cell death-induced atrophy or neuron loss-mediated neurode-
generation or result in uncontrolled cell proliferation, which contributes to cancer ini-
tiation and progression, further exacerbating the overall DNA damage load and disease
incidence.

This generates opportunities to develop strategies to enhance the DNA repair sys-
tem thus maintaining genomic integrity and promoting tissue homeostasis. Changing
lifestyles such as exercise, food, and dietary supplements might systematically improve
the body's health. Concerning genetic deficiencies, targeted gene therapy might hold
the promise for the precise correction of the mutant genes; alternatively, pharmacolog-
ical approaches will be developed to orchestrate the balance between cell death and
proliferation.
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CHAPTER 11

Telomeres and cell homeostasis in
aging
Stella Victorelli1,2 and João F. Passos1,2
1Department of Physiology and Biomedical Engineering, Mayo Clinic, Rochester, MN, United States
2Robert and Arlene Kogod Center on Aging, Mayo Clinic, Rochester, MN, United States

11.1 What is cellular senescence

Cellular senescence is a phenomenon first described by Leonard Hayflick in 1961 char-
acterized by an irreversible loss of the proliferative capacity of somatic cells. Hayflick,
observed that cells reached a state of terminal arrest after undergoing a limited number
of divisions when cultured in vitro.1 The senescence phenotype is complex and involves
dramatic alterations in multiple features of the cells’ biology, including gene expression,
organelle composition and function, and chromatin remodeling, among others.2

Importantly, senescent cells have been shown to secrete several proteins, including pro-
inflammatory cytokines, chemokines, and extracellular matrix-degrading proteins, which
are collectively known as the senescence-associated secretory phenotype (SASP).3 The
SASP alters the function of neighboring healthy cells, the composition of the extracellu-
lar matrix, and orchestrates the recruitment of immune cells.4�6

Senescent cells have been shown to accumulate in different tissues during the aging
process and in the context of multiple age-related diseases.7 Over the last ten years,
mouse models have been developed that allow for the specific elimination of highly
expressed p16Ink4a positive cells, which are presumed to be senescent.8�10 These stud-
ies have shown that clearance of senescent cells, whether genetically or through the
application of drugs that can specifically kill senescent cells (senolytics), alleviates sev-
eral pathologies in aging mice.9�12 This led to the popular hypothesis that senescent
cells are targets for therapies to counteract age-related tissue dysfunction.

11.2 Link between cell senescence and telomeres

Cellular senescence has been linked to the shortening of telomeres, which are repeti-
tive DNA sequences associated with proteins that act as protective caps at chromosome
ends. Somatic cells are particularly susceptible to the loss of telomeric repeats because
they lack telomerase activity, an enzyme capable of elongating telomeres. Therefore,
with each round of cell division, they are faced with the “end-replication problem,”
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whereby DNA polymerases are unable to fully replicate the C-rich lagging strand, as
proposed by Olovnikov and Watson in the early 1970s.13,14 During lagging-strand
synthesis, RNA primers are inserted to allow DNA polymerases to initiate DNA repli-
cation. However, when the last primer at the 30 end is removed, the newly synthe-
sized strand is shorter than the template by a few nucleotides, leading to the loss of
telomeric sequences. Indeed, early studies demonstrated that telomeres become gradu-
ally shorter with cell division, and this correlated with the onset of cellular senes-
cence.15 Importantly, promoting telomere elongation by ectopic expression of
telomerase was shown to extend the replicative lifespan of human cells, demonstrating
that telomere shortening plays a causal role in the senescence arrest.16

11.3 Critically short telomeres activate a DNA damage response and
senescence

Telomeres contain a C-rich lagging strand and a G-rich leading strand comprised of
single-stranded nucleotide repeats, which provides an origin to the 30 overhang.17 It is
believed that the overhang binds to upstream double-stranded telomeric regions,
forming a lariat-like structure known as the telomere-loop (t-loop), thereby protecting
the exposed ends of linear chromosomes.18 Telomeres also associate with a set of six
proteins: TRF1, TRF2, RAP1, TIN2, TPP1 and POT1, which collectively form a
specialized structure known as the shelterin complex and help to stabilize the t-loop.19

It has been proposed that extensive telomere shortening that occurs with cell divi-
sion causes loss of shelterin components from telomeres, consequently destabilizing the
t-loop conformation.18 This in turn leads to exposure of chromosomes ends, which
become recognized by the DNA repair machinery as double-stranded breaks (DSBs).
In support of that, studies have shown that expressing a dominant-negative allele of
TRF2 in human cells, which prevents accumulation of TRF2 at telomeres and leads
to uncapping, promoted recruitment and activation of DNA damage response (DDR)
proteins such as 53BP1, Mre11 complex, and phosphorylated ATM, H2A.X and
Rad17.20 Additionally, deletion of Pot1a in mice, a shelterin protein that binds to the
30 overhang, resulted in DDR activation specifically at telomeres and senescence
induction.21 In line with the hypothesis that extensive loss of telomeric repeats leads
to exposure of chromosome ends and activates a DDR, human fibroblasts undergoing
replicative senescence display accumulation of DDR proteins, such as γH2A.X,
53BP1, MDC1 and NBS1 at telomeres.22

Upon activation of a DDR, effector pathways trigger responses such as DNA
repair, cell-cycle arrest or apoptosis. One of the major effector molecules activated
downstream of a DDR is the transcription factor p53, which in turn promotes expres-
sion of the cyclin-dependent kinase p21, a protein responsible for inducing cell-cycle
arrest.2,23 In support of a major role for p21 in telomere damage-induced senescence,
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one study demonstrated that deletion of p21 rescued proliferation of intestinal progen-
itor cells and hematopoietic stem cells in late-generation telomerase-deficient mice,
which displays extensive telomere shortening in a number of tissues and premature
aging phenotypes.24 Another important pathway for the induction and maintenance of
senescence, is the p16-pRb pathway. However, the extent to which p16 is involved
in telomere-induced senescence is less clear. For example, it has been shown that p16
activation can occur independently from telomere dysfunction in human cells.23

Conversely, p16 deletion in Wrn-deficient mice, which have dysfunctional telomeres,
was shown to improve the proliferative capacity of mouse embryonic fibroblasts.25 In
addition, loss of p16 was sufficient to prevent senescence triggered by telomere dys-
function in these cells.25 Activation of p16 in response to telomere damage has also
been shown upon TRF2 deletion.26 However, p16 deletion in these cells did not fully
rescue the growth arrest induced by telomere dysfunction, and proliferation was
completely restored only upon simultaneous inhibition of p16 and p53, suggesting
that p16 may serve as a secondary barrier to prevent cell cycle progression in response
to telomere damage.26

11.4 Telomere dysfunction can occur in a length-independent manner

Although telomere erosion is an important contributor to telomere dysfunction, stud-
ies have shown that a DDR can be activated at telomeric regions in a length-
independent manner, and this also plays a role during senescence. For example, activa-
tion of DNA damage signaling irrespectively of shortening has been reported in
human fibroblasts in vitro and mouse neurons in vivo following genotoxic stress.27

Moreover, length-independent telomere damage has been shown in cells undergoing
replicative senescence28 and oncogene-induced senescence, as in the case of melanocy-
tic nevi.29 Interestingly, some DDR-positive telomeres still contained shelterin pro-
teins, such as TRF2 and RAP1,28,29 suggesting that uncapping is not a limiting factor
for DDR activation at telomeres. Length-independent telomere dysfunction has also
been shown to accumulate during organismal aging. Studies report an age-dependent
increase in telomere damage, which occurred irrespectively of shortening, in the gut
and liver of mice,30,31 and in the hippocampal neurons and liver of baboons.27

Furthermore, in the lungs of patients with COPD, where senescence burden is
increased, a higher frequency of length-independent telomere-associated damage has
been shown in small and large airway epithelial cells.32,33

Recent studies suggest that length-independent telomere dysfunction plays an impor-
tant role in driving senescence of slow dividing and/or terminally-differentiated cells. An
age-dependent accumulation of damaged telomeres without significant shortening has
been observed in cells with low proliferative capacity, such as human epidermal melano-
cytes,34 as well as in non-dividing cells such as neurons35 and cardiomyocytes.36 It was

299Telomeres and cell homeostasis in aging



shown that aged cardiomyocytes have increased mitochondrial dysfunction and reactive
oxygen species (ROS), and this is a major contributor to the generation of damage at telo-
meric regions, which drives senescence.36 Additionally, one study demonstrated that ROS
produced in response to mitochondrial dysfunction causes DSBs to accumulate preferen-
tially at telomeres, supporting the hypothesis that oxidative stress derived from dysfunc-
tional mitochondria plays a key role in inducing length-independent telomere damage.37

DNA damage that occurs at telomeres differs from the rest of the genome in that
they are long-lived, and in fact have been shown to persist for several months both in
cells in vitro and in animal models.27,30 Indeed, in cells undergoing stress-induced
senescence, live-cell imaging has demonstrated that long-lived DNA damage foci co-
localizes with telomeres.30 In addition, persistent DDR signaling has been observed at
telomeres in hippocampal neurons of mice even three months after exposure to geno-
toxic stress.27 It has also been shown that unresolved telomeric DDR foci accumulate
in response to oncogene activation in human cells.29 Moreover, telomere-associated
damage is present in cancer precursor lesions, such as human melanocytic nevi, ductal
breast hyperplasia, and colonic adenomas, suggesting that persistent telomeric damage
plays a role in tumor-suppressor mechanisms in vivo.29 It has been proposed that
oncogene activation leads to replication stress, causing telomere shortening and dys-
function in cells that lack telomerase.29 As a result, senescence-associated pathways are
activated, preventing the progression of pre-malignant cells into malignant cancers.29

Interestingly, expression of telomerase in oncogene-induced senescent cells, was
recently shown to repair existing telomere lesions, as well as to prevent further genera-
tion of telomere damage. Therefore, in pre-malignant cells, telomerase can resolve
telomeric DDR foci that occurs as a result of replication stress, allowing these cells to
bypass senescence, contributing to malignant transformation.38,39

Persistent DDR signaling is believed to be a key mechanism involved in the initia-
tion and maintenance of senescence.40 Given that long-lived telomere dysfunction is
present in replicative, stress-, and oncogene-induced senescent cells, it has been proposed
that unresolved telomere damage is an important contributor to persistent DNA damage
signaling that initiates and stabilizes the senescence phenotype.27 In support of this,
expressing a telomere-specific endonuclease in cardiomyocytes was shown to generate
long-lasting telomeric damage and induce senescence in these cells.36 On the other
hand, non-telomeric DNA damage generated by the endonuclease I-PpoI, was rapidly
repaired and did not lead to induction of cardiomyocyte senescence.36 Nonetheless, the
contribution of non-telomeric DNA lesions to senescence cannot be completely disre-
garded. It has been shown that in replicative and stress-induced senescence, short-lived,
non-telomeric DNA damage foci are constantly renewed, likely as a result of increased
ROS production in senescent cells.30,41 Therefore, DDR signaling from both telomeric
and non-telomeric regions contribute to the senescent phenotype, although determining
their relative contribution to senescence is technically challenging (Fig. 11.1).
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11.5 Mechanisms by which stress accelerates telomere dysfunction

Although repeated rounds of cell division drive telomere shortening, other factors can
influence the rate at which telomeres become dysfunctional. Several studies have dem-
onstrated that mild oxidative stress accelerates telomere shortening, reducing proliferative
capacity of cells and inducing a phenotype comparable to replicative senescence.42�44 In
support of the role for ROS in telomere dysfunction-induced senescence, it has been
demonstrated that reducing ROS levels either by overexpressing the antioxidant enzyme
superoxide dismutase or by antioxidant treatment, leads to a slower rate of telomere
shortening and extends the proliferative potential of human fibroblasts.45,46

Furthermore, it has been proposed that the levels of intracellular ROS directly correlates
with the rate of telomere attrition, following observations that cells with lower antioxi-
dant capacity and shorter replicative lifespan also display a higher rate of telomere

Figure 11.1 Both critically short (A) and long (B) telomeres can activate a permanent DNA damage
response resulting in cellular senescence. (C) Representative immuno-FISH for telomere-associated
foci (TAF) in a senescent cell. Arrows indicate TAF.
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shortening compared to those that have greater antioxidant capacity.47 Oxidative stress
has also been shown to play a role in telomere dysfunction in vivo. One study suggested
that high levels of ROS contribute to demyelination and axonal damage in multiple
sclerosis (MS) patients,48 who also display increased markers of oxidative stress and shorter
telomeres compared to healthy participants.49 While the major source of ROS responsi-
ble for telomere dysfunction is still unclear, evidence suggests that mitochondrial-derived
oxidative stress is an important contributor to telomere shortening. Treating cells with
the mitochondrial-targeted antioxidant, Mito-Q, has been shown to prevent telomere
shortening and extend the proliferative potential of fibroblasts under hyperoxic condi-
tions.42 Others have shown that inducing mild mitochondrial uncoupling, which reduces
the level of mitochondrial superoxide, extends the replicative lifespan of cells and reduces
the rate of telomere shortening, suggesting that mitochondrial ROS plays an important
role in this process.50 In addition, causing severe mitochondrial depolarization by FCCP
treatment, leads to mitochondrial dysfunction, enhances ROS production and leads to
telomere shortening, telomere loss and chromosome fusions in mouse embryos.51 A role
for mitochondrial dysfunction in accelerated telomere shortening is also supported by
studies conducted in patients with mitochondrial diseases, such as MELAS and LHON.
Such conditions are characterized by respiratory chain dysfunction, and white blood cells
isolated from these patients contain shorter telomeres when compared to healthy con-
trols.52 Moreover, accelerated telomere shortening has been reported in many age-related
diseases, such as Alzheimer’s and cardiovascular disease,53,54 which are also associated with
an increase in mitochondrial dysfunction-induced ROS generation.55 Telomere damage
in cardiomyocytes is thought to be due to oxidative damage, since different mouse mod-
els of increased ROS and mitochondrial dysfunction show early onset of age-dependent
telomere dysfunction.36 Additionally, cardiac ischemia-reperfusion injury, known to be
associated with high oxidative stress, led to increased telomere dysfunction and senes-
cence.56 Further supporting a pivotal role for oxidative stress as an inducer of telomere
dysfunction, data has shown that ROS produced by neutrophils can lead to telomere
dysfunction in neighboring diving cells.57

Telomeric regions are highly susceptible to oxidative damage compared to other sites
within the genome due to their high content of guanine triplets, which can easily
undergo oxidative modifications.58 In support of this, mild oxidative stress has been
shown to cause accumulation of single-stranded breaks specifically at telomeres, which
in turn leads to replication fork stalling, incomplete replication of telomeric DNA, and
thus accelerated telomere shortening.46,59 Moreover, it has been recently shown that
chronic generation of 8-Oxo-20-deoxyguanosine (8-OxodG), a common ROS-
mediated mutation, specifically at telomeres caused a significant reduction in telomere
length and impaired cell proliferation, suggesting that ROS play a major role in telo-
mere dysfunction.60 Another mechanism by which oxidative stress might contribute to
damage at telomeres is by disrupting the binding of shelterin components, TRF1 and
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TRF2.61 However, other studies have shown that stress-induced telomeric DDR activa-
tion can still occur even in the presence of TRF2, suggesting that additional mechanisms
other than loss of shelterin proteins also play a role in causing telomere dysfunction.27

As well as being more susceptible to damage, telomeric lesions are also less efficiently
repaired when compared to the rest of the genome.62 This unique feature of telomeres
is primarily due to shelterin proteins, such as TRF2 and RAP1, which have been shown
to prevent non-homologous end-joining (NHEJ) at telomeric regions by inhibiting
DNA-PK, a component of the double-stranded break repair complex, and by prevent-
ing ligase-IV-mediated end-joining.63 Consistent with this, studies in budding yeast
have shown that generating DNA double stranded-breaks in regions adjacent to telo-
meric repeats impairs the recruitment of ligase IV to the site of lesion.27 Moreover,
expression of TRF2 next to a DSB causes persistent DDR signaling in mammalian cells,
further demonstrating that telomeric damage is not easily resolved.27 In addition to con-
tributing to senescence induction by causing telomere dysfunction, ROS are also
thought to be an effector mechanism during senescence. Work by our group has dem-
onstrated that generation of mitochondria-derived ROS can be enhanced as a result of a
DNA damage response, and this is partly dependent on the activation of p53 and p21,
as well as ATM signaling to mTORC1.41,64 Consistent with this, late generation
TERC2/2 mice, which contain dysfunctional telomeres, have increased oxidative dam-
age in tissues that can be improved by the deletion of p21.41 Furthermore, it has been
shown that critically short telomeres activate p53, which in turn binds to and inhibits
PGC-1α and PGC-1β promoters, and leads to mitochondrial dysfunction.65 It has been
proposed that ROS derived from dysfunctional mitochondria contribute to a positive
feedback loop that induces further DNA damage, maintaining a DDR and contributing
to the stability of the senescent phenotype.41,64

11.6 Telomere-associated DNA damage response foci accumulate
during aging and disease

Multiple studies have linked telomere length in peripheral blood with the progression of
aging, mortality and morbidity, however, whether telomere length has relevant diagnos-
tic potential is still not clear.66 The majority of studies rely on the characterization of
telomere length in homogenized populations of blood cells and as such, do not provide
information regarding the length of individual telomeres which are highly variable
within cells. This is an important factor to consider since studies indicate that one or a
few critically short telomeres may be sufficient to trigger a DDR and senescence.28

With regard to the question of whether telomere shortening is causal in aging,
studies in mice have shown that deletion of telomerase (Terc or Tert) in combination
with multiple-generation breeding, results in critically short telomeres and the early
onset of aging and disease.67 However, telomere length by itself is unlikely to be the
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major determinant of lifespan, as for instance, much shorter-lived species have consid-
erably longer telomeres than humans.68 For that reason, it has been argued that telo-
mere length alone may not be the culprit, but the rate at which telomeres shorten
throughout the lifespan of an organism. Consistent with this hypothesis, recent studies
reported a positive correlation between the rate of telomere shortening and lifespan of
different species.69 However, it is not clear whether telomere erosion by itself will
result in critically short telomeres capable of destabilizing the t-loop, inducing a DDR
and downstream pathways leading to senescence. While mice experience age-
dependent telomere shortening, their telomeres at older ages are still considerably lon-
ger than the ones found in humans even at a young age. Additionally, while telomere
shortening can explain aging in actively diving tissues, this model fails to clarify why
quiescent or post-mitotic cells also accumulate DDR signaling at telomeres during
aging.

For these reasons, we propose that a more reliable indication of telomere dysfunction
is to evaluate if DDR proteins are enriched at telomere regions, rather than assessing
telomere length alone. Telomere-associated DDR can be evaluated in bulk populations
of cells through methods such as ChIP-seq22 and at single-cell resolution using
Immuno-FISH, a method that allows the microscopic assessment of co-localization
between telomeres and DDR proteins such as γH2A.X, 53BP1 and others30 (Fig. 11.2).
Other methods such as the detection of telomeric non-coding RNA allows for the
detection of telomeric DDR both in situ (FISH) and in bulk tissues (qPCR).70

Data consistently shows that co-localization between DDR proteins and telomeres
increase during aging in different tissues and mammalian species (Table 11.1). Telomere-
associated DDR foci (TAF) have been shown to increase in multiple tissues in aging
mice, such as the liver,30 intestine,30 lung,32 bone,74 brain76 and heart.36 Additionally,
TAF have also been shown to increase in the skin and brain of aged baboons27,73 and in
aged human skin.34 Conditions known to accelerate the aging process such as inflamma-
tion,31,57 obesity,35,71 mitochondrial dysfunction36 and impaired autophagy72 also resulted
in increased TAF in vivo.

Interventions targeting senescent cells such as rapamycin,64,78 ibuprofen,76 dietary
restriction,71 and 17α-estradiol79 significantly reduce the frequency of TAF in different tis-
sues. Furthermore, senolytic drugs or genetic clearance of p16Ink4a positive cells was shown
to reduce TAF in the medial layer of the aorta,75 liver,71 heart,36 brain,35 bone77 and adi-
pose tissue.35 These data support that TAF are a good marker of cellular senescence.

Further supporting a causal role for telomere dysfunction and DNA damage signal-
ing in the aging process, it was recently shown that selective DDR inhibition at dys-
functional telomeres prevents senescence and can have beneficial effects during aging.
Inhibition of DDR at telomeres using telomeric antisense oligonucleotides70 was able
to extend lifespan and healthspan in a mouse model of Hutchinson-Gilford progeria
syndrome (HGPS).80
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In summary, data consistently show that TAF accumulate during aging and age-
related diseases and are good indicators of cellular senescence. Telomeric DNA dam-
age is persistent and irreparable and can occur irrespectively of telomere length in both
dividing and non-dividing cells. Importantly, specific inhibition of telomeric DDR

Figure 11.2 Representative immuno-FISH micrographs of human epidermis (using telomere-spe-
cific (CCCTAA) peptide nucleic acid probe, anti- γH2A.X antibody and anti-Melan-A). Nuclei were
stained with DAPI. Amplification of melanocytes (positive for Melan-A) is shown below. Arrows indi-
cate co-localization between telomeres and γH2A.X. a and b indicate two melanocytes containing
TAF which are shown at higher magnification below.
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prevents premature senescence in the context of HGPS, highlighting the potential
therapeutic application of selective DDR inhibition at dysfunctional telomeres to ame-
liorate aging and age-related disease.
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CHAPTER 12

Cellular senescence during aging
Thomas von Zglinicki
Newcastle University Biosciences Institute, Campus for Ageing and Vitality, Newcastle University, Newcastle upon Tyne,
United Kingdom

12.1 Cell senescence is a complex stress response

Replicative cell senescence was first described in 1961 by Len Hayflick as a reproduc-
ible, permanent loss of replicative capacity of human primary fibroblasts during
in vitro culture1; that cells lose the capacity to divide (and change their phenotype) as
result of some inherent program-like mechanism rather than due to suboptimal culture
conditions, was a remarkable discovery, that was still heavily disputed over most of the
previous century. Even more remarkable was the immediate realization that this pro-
cess represented the cellular equivalent of aging, termed “Aging under Glass,”2 which
recent discoveries have proven as an impressive example of scientific foresight.

It took more than 30 years after Hayflick’s initial discovery to understand the molecu-
lar mechanisms of replication-driven cellular senescence. Essential for this understanding
was the discovery of telomere shortening as part of DNA replication during cell divi-
sion,3,4 and of the rescue of senescence by telomerase-mediated telomere lengthening.5

While these discoveries established telomeres as the “clock” that determines progression
towards senescence, it was the discovery of the specific stress-sensitivity of telomeres that
linked telomere-driven senescence with (equally stress-sensitive) organismal aging.6,7

Finally, the finding that short or otherwise uncapped telomeres initiated a canonical DNA
damage response (DDR) in senescence,8 clearly identified cell replicative senescence as a
telomere length-driven, DDR-mediated persistent activation of the cell cycle checkpoint
machinery.9

However, cell senescence is much more than a permanent cell cycle arrest. Phenotypic
changes for instance, increased cell size, changed nuclear morphology, lysosomal dysfunc-
tion and others, have been noted early on in senescence and frequently been used as
senescence markers. Examples of these types of changes are illustrated in Fig. 12.1.

More recently, it became clear that these modifications of the cellular phenotype are
not just simple consequences of a persistent cell cycle arrest. Rather, the re-organization of
the cellular secretome, their energy metabolism, their epigenome, nutrient signaling,
autophagy and mitophagy activities during the establishment of senescence have been rec-
ognized as components of interlinked positive feedback loops that stabilize each other and
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the senescent DDR/growth arrest.10�12 Moreover, proliferation arrest and senescent phe-
notype are not always closely associated with each other: tumor cells for instance can not
only enter a senescent state (e.g., following DNA-damaging stress) but can also recover
from it. If and when they do so, they retain certain epigenetic characteristics which they
gained as senescent cells.13,14 Conversely, postmitotic somatic cells can make the transition
towards a senescent phenotype in response to DNA damage at a time long after they have
ceased replication.15,16

Thus, a persistent cell cycle arrest can no longer be regarded as the sole defining
feature of senescence. Instead, senescence may be defined as a cellular stress response
composed of a number of interlinked building blocks (Fig. 12.2). These building
blocks give rise to phenotypic consequences (i.e., the DDR mediates the cell cycle
arrest; autophagy dysfunction causes lysosome build-up and the accumulation of SA-
β-Galactosidase; etc.). They are interlinked by a number of connecting signaling path-
ways that form multiple feedback loops. These feedback loops not only maintain and
stabilize the phenotype (see Section 12.2 for a detailed discussion), but they also ensure
that very different stresses and interventions always trigger essentially a very similar
phenotype. For instance, telomere uncapping, autophagy inhibition or induction of
mitochondrial dysfunction all cause cell senescence with involvement of all the six

Hoechst
TMRM
Mitotracker

young                                                                          senescent

Figure 12.1 A comparison between young (left) and replicative senescent (right) human embryonic
fibroblasts. Both images are at the same magnification. Nuclei are stained with Hoechst (blue) and
mitochondria are stained with both Mitotracker (green) and tetramethylrhodamine methyl ester
(TMRM) (red). As TMRM binding to mitochondria is membrane potential dependent, a shift from
red/yellow to green fluorescence indicates decreased functionality of mitochondria in senescence.
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building blocks depicted in Fig. 12.1. Variable involvement of individual blocks may
contribute to the variation of the senescent phenotype between different cell types, in
dependence of the initiating stress, or other variables. For instance, the composition of
the senescence-associated secretory phenotype (SASP) differs depending on the type
of DNA damage17 or whether a DDR or mitochondrial dysfunction was the primary
inducer of senescence.18 Importantly, we propose that senescence is defined by the
involvement of all, or at least the vast majority, of these building blocks (see also19).

This definition of senescence implies that it does not prioritize certain features over
others. For instance, senescence is frequently identified by reference to DDR/cell
cycle arrest and SASP only, with additional features only added as an afterthought.
While this may be sufficient for practical operationalization in many cases, it does not
cover the full complexity of the senescent stress response and might fall short even of
practical utility in more complex cases like tumors or postmitotic cell senescence. The
major advantage of defining senescence as interacting building blocks is of course that
it easily explains how very different stressors and interventions targeting, for instance,

Figure 12.2 The senescent phenotype: building blocks, phenotypic consequences and interlinks.
The scheme shows major building blocks of the senescent phenotype (squares), main phenotypic
consequences (circles) and a selection of signaling pathways interlinking them.20 With permission
from von T. Zglinicki (2021). Mechanisms of cell senescence in ageing. In "Handbook of aging, 9th edi-
tion" PJ Hornsby and N Musi, (eds.) Elsevier.
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nuclear DNA, the proteasome, mitochondria, the inflammasome or DNA methylation
can all cause essentially the same cellular response.

The list of building blocks and phenotypes presented in Fig. 12.2 is by no means
exhaustive. For example, resistance to apoptosis is frequently regarded as an essential
feature of senescent cells, especially in the context of anti-senescence interventions,21

and there might be further features that can be regarded as essential components of the
phenotype. However, we will first discuss the building blocks presented in Fig. 12.2
individually as well as some of their interconnecting pathways (see Section 12.2). We
will then cover accumulation and detection of senescent cells during aging in vivo (see
Section 12.3) and the impact of senolytic and senostatic interventions on the aging
process (see Section 12.4). For brevity, a number of aspects of cell senescence will not
be covered here. The reader is directed to recent excellent reviews on senescence dur-
ing development and regeneration,22�24 on oncogene-induced and therapy-induced
senescence25�28 and on the interaction of senescent cells with the immune system.29

12.2 The building blocks of the senescent phenotype

12.2.1 Telomeres and the DNA damage response
In 1990, Cal Harley demonstrated shortening of telomeres with ongoing population
doublings in human fibroblasts4 and a few years later, Bodnar et al. showed that repli-
cative senescence could be bypassed if telomere length was maintained by telomerase
overexpression.5 Originally it was thought that the connection between replication
and telomere shortening was solely due to the inability of DNA polymerases to
copy the lagging strand to its very end (the so-called “end-replication problem,”3).
However, it was soon found that relatively mild oxidative stress could contribute sig-
nificantly to replication-associated telomere shortening because of a telomere-specific
single-strand break repair deficiency; indicating that telomeres might not just be pas-
sive replication counters but sentinels for cell-autonomous and non-autonomous
stress.6 When it was found mechanistically that short uncapped telomeres in senescent
cells induced a classical DDR,8,30 telomere shortening was firmly established as a driver
of replicative senescence in human somatic cells.

In very broad terms, senescence can be induced by replicative exhaustion or by
external or internal stressors (e.g., DNA damage, oncogenic stress, mitochondrial dys-
function, and others). To discriminate operationally between replicative senescence
(RS) and stress-induced (often termed premature) senescence (SIPS31), RS has been
frequently equated with “telomere-dependent senescence,” which usually meant
“senescence induced by telomere shortening due to the end replication problem,”
while SIPS was considered to be telomere-independent (i.e., telomere length-inde-
pendent). These are over-simplifications. First of all, telomere shortening, solely due
to the end replication problem is an exception rather than the rule, occurring only
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under ideal conditions of very low stress and in cells with the most effective anti-stress
(especially antioxidant) defenses.32,33 More frequently, telomere shortening is driven
to a significant extent by telomere-specific DNA damage accumulation.6 Even mild
stressors, just sufficient to generate base oxidations or single-strand breaks in telomeres,
can accelerate telomere length-dependent senescence.34 Conversely, SIPS induced by
acute stress might not be associated with telomere shortening but typically shows
DNA damage foci at telomeres as an indication of telomere uncapping. In fact, short-
ening is not the only possibility to “uncap” a telomere such that it triggers a DDR.
Depletion of shelterin components, a protein complex that binds specifically telomeric
DNA and protects it from recognition by the DDR, initiated immediate senescence
with long telomeres.35 Physiologically more important, it was found that apparently
intact, long telomeres in the presence of adequate amounts of shelterin proteins could
induce a DDR.36,37 Such telomere-associated DNA damage foci (TAF) were found in
both mice and human cells with aging and were associated with stress but not with
telomere shortening.36�39 While they have not been conclusively analyzed mechanis-
tically, it has been suggested that they might resemble stress-induced intra-telomeric
double strand breaks.36 It seems very probable that this type of length-independent
but telomere dysfunction-mediated senescence may be a predominant form of senes-
cence in vivo, not only in mouse tissues with very long telomeres37,39�41 but possibly
also in humans, especially in tissues with low cell turnover including the liver,39

lung,42 brain43 and heart.38 Thus, RS and SIPS are not fully separate entities, rather
they overlap significantly with telomere dysfunction playing a central role throughout
the whole continuum.

DNA damage foci at non-telomeric sites in the genome have in general short lifespans
and are typically resolved with half-lives in the order of 3 h to 10 h10 following damage
repair and proteasomal degradation of the foci components. In contrast, TAF are persistent
and remain stable in the nucleus for at least multiple days.10,37,38 This is assumed to reflect
the deficiency of telomeres for multiple modes of DNA repair including nucleotide exci-
sion repair,44 base excision (single strand break) repair34,45 and double strand break repair.35

Given the necessity of maintaining a DDR for a couple of days to engage the different
components and to secure the stability of the phenotype, it is obvious that TAF are more
efficient triggers of senescence than non-telomeric DNA damage.

The DDR is linked intimately to all other aspects of senescence. P53 is the most
ubiquitous transcription factor activated by DNA damage. It activates hundreds of
genes,46 controls the SASP directly and indirectly,47 regulates glucose metabolism, mito-
chondrial function and autophagy48 and interacts with multiple chromatin modulators.46

C/EBPβ and NF-κB activation and SASP have been associated with the DDR both as
a consequence of and a contributor to it, thus stabilizing the senescent phenotype.11,12,49

However, overexpression of the DDR-driven CDKIs p21 or p16 did arrest cell prolifer-
ation without inducing a SASP.50,51 Nevertheless, signaling through p53 and p21 was
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found necessary to induce senescence-associated mitochondrial dysfunction (SAMD)
through a pathway involving p38MAPK and TGFβ.10 In turn, SAMD caused hyper-
production of reactive oxygen species (ROS) in senescence, which amplified DNA
damage and the DDR, constituting another example of a positive feed-forward loop sta-
bilizing senescence.10 Further pathways that drive SAMD in response to a DDR in
senescence exist. For instance, it was recently shown that the nuclear retinoid X receptor
RXRα (and possibly also related receptors) could control senescence by repressing
expression of the inositol 1,4,5 triphosphate receptor type 2 (ITPR2), an endoplasmic
reticulum (ER) calcium release channel. Suppression of RXRa induced calcium release
from the ER, and its uptake by mitochondria followed by enhanced ROS production,
mitochondrial dysfunction, nuclear DDR and senescence.52 Other integrative pathways
will be discussed next.

12.2.2 Senescence-associated secretory phenotype
In 2008, two back-to-back papers in Cell showed that in senescence, pro-inflammatory
master transcription factors, NF-κB and C/EBPβ, are activated causing production and
secretion of cytokines IL-6 and IL-8, which in turn stabilized senescence via paracrine sig-
naling.11,12 This senescence-associated secretory phenotype was then further characterized
and shown to include, in addition to pro-inflammatory cytokines (including Il-6, Il-8,
IL-1a, Il-1b), chemokines (CXCL1 and others), matrix-modifiers, specifically matrix-
degrading enzymes (PAI-1, MMPs) and other bioactive peptides.49,50 While these are
“typical” components of the SASP, its specific composition may vary depending on the
senescence-inducing mechanism, activity and/or presence of DDR components p53, p16
and p21, and cell type.17,53 More recently, the Narita group showed that senescent cells
actually produce at least two mechanistically distinct and kinetically separate forms of
SASP. An early response is driven by the Wnt/Notch-1 pathway and contains mainly
anti-inflammatory peptides, specifically TGFβ.54 The NF-κB- and C/EBPβ2 dependent
pro-inflammatory response develops only after decline of Notch-1 signaling. It is not clear
yet whether the first response is necessary for the development of the second in multiple
variants of senescence. Both forms of SASP can attract and activate immunosurveillance of
senescent cells by monocytes or macrophages.55 Accumulation of cytoplasmic chromatin
fragments activating the cytosolic DNA-sensing cGAS-STING pathway, is a major cause
for the pro-inflammatory SASP; deletion of either cGAS56 or STING57 abrogates the
pro-inflammatory SASP. Both nuclear57 and mitochondrial58 DNA are damaged in senes-
cence and may be released into the cytoplasm. Their relative importance for activation of
the cGAS-STING pathway in multiple forms of senescence is not clear.

In addition to the “classical,” pro-inflammatory SASP and to the anti-inflammatory,
TGFβ-centered secretome,54 senescent cells release ROS, specifically H2O2,10 oxidized
proteins and lipids,59 specific endosome-encapsulated miRNAs60 and other factors.
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While the terminus SASP is often used (and was originally coined) to describe the
NF-κB- and C/EBPβ2 driven secretome only, there is now a tendency to include all
senescence-specifically released molecules under the same name. As all these secreted
factors interact with and stimulate each other, we endorse the use of “SASP” as a
generic term and suggest discriminating the different components by sub-terms (pro-
inflammatory SASP, pro-oxidant SASP etc.).

12.2.3 Senescence-associated mitochondrial dysfunction
That externally-triggered mitochondrial dysfunction and associated production of
ROS can induce senescence, for instance by accelerating telomere shortening, has
been known for a long time.7,31,61�63 Genetically- or pharmacologically-induced
mitochondrial dysfunction can also trigger senescence without involvement of ROS,
although in this case the SASP appears different, that is less pro-inflammatory.18

Importantly, mitochondrial dysfunction, phenotypically characterized by increased
ROS production, despite reduced electron transport chain coupling and accompanied
by increased mitochondrial mass, is an inherent part of the senescent phenotype.
SAMD is induced as a downstream consequence of the DDR in both oncogene-
induced,64 IGF-1-mediated,65 and telomere- or stress-induced senescence.10,66 Similar
to mitochondrial dysfunction during tissue aging, SAMD is primarily associated with
complex I dysfunction.66 A cause of complex I dysfunction in aging is decreasing effi-
ciency of complex assembly, resulting in sub-complexes unable to participate in elec-
tron transport but still generating ROS.67 Whether induction of senescence decreases
the efficiency of complex I assembly or not, has not yet been established.

The signaling pathways that cause SAMD in response to a DDR have been par-
tially established to involve activation of p38MAPK and TGFβ.10 They also involve a
shift in the net balance between mitochondrial biogenesis and mitophagy, possibly
related to a re-adjustment of nutrient signaling through mTOR (66, see below).
Enhanced ROS production is one consequence of SAMD, and these ROS contribute
to continuous DNA damage and DDR in senescence, forming a senescence-stabilizing
forward feedback loop.10 This is one reason why mitochondria are essential for multi-
ple facets of the senescent phenotype. When mitochondria were specifically degraded
in cells after induction of senescence, the SASP, p16 and p21 activation, senescent
morphology and Sen-β-Gal activity were all abrogated.68

SASP and SAMD interact closely with each other. Hyper-activation of NF-κB, a
master regulator of the pro-inflammatory SASP, by knock-out of the inhibitory sub-
unit NFKB1, induced senescence with aggravated ROS production in vitro and
in vivo.39 However, pharmacologic or genetic suppression of NF-κB activity did not
reduce ROS levels in senescent cells, while conversely, scavenging of ROS in senes-
cence diminished NF-κB activity.69 Together with the different kinetics of SAMD

317Cellular senescence during aging



and SASP induction in senescence and the abrogation of the SASP by mitochondrial
ablation68 these data suggest senescence-associated ROS production as necessary and
sufficient for the pro-inflammatory, NF-κB-dependent SASP.

12.2.4 Nutrient signaling
The mechanistic target of rapamycin (mTOR) kinase complex is the central regulator of
the balance between translation, nucleotide biosynthesis, lipogenesis, glycolysis and autop-
hagy in response to nutrient and amino acid availability. Normally, starvation decreases
mTOR activity, favoring autophagy.70 However, in cell senescence mTOR activity
remains constitutively high even under amino acid and nutrient starvation.71,72 It has been
suggested that this aberrant activation of mTOR in senescence might be driven by
increased oxidative stress caused by SAMD.73 In fact, nutrient-independent activation of
mTOR by oxidants had been shown in HEK293 cells.74 Moreover, membrane depolari-
zation and a resultant defect in cilia formation contribute to constitutive PI3K/mTORC1
signaling in senescence.72 Furthermore, autophagic flux is enhanced in senescence,75 facili-
tating cell-autonomous replenishment of amino acid pools, which might help to maintain
high levels of mTOR activity in the absence of external stimuli.72

High mTOR activity is an essential component of the senescent phenotype. Treatment
of cells with the mTOR complexI inhibitor rapamycin delayed replicative senescence.76,77

mTOR activity was positively associated with senescence and PGC1α/β-driven mitochon-
drial biogenesis and mitochondrial dysfunction in fibroblasts78 and lung epithelial cells
in vitro79 and in vivo.80 Mechanistically, both mTORC1 and mTORC2 bind to p53 in
competition with MDM2 and phosphorylate it at serine 15, thus enhancing its stability in
the absence of DNA damage, leading to increased activation of p21.81 If rapamycin is
applied to senescent cells, it acts as a senostatic, i.e., it suppresses multiple aspects of the
senescent phenotype including CDKI activation, SASP and SAMD (but not growth arrest)
as efficiently as mitochondrial ablation.68,82,83

12.2.5 Autophagy/mitophagy
Autophagy describes several cellular pathways facilitating degradation of intracellu-
lar components by lysosomal proteases. Amongst autophagy pathways, macroauto-
phagy (hereafter for simplicity called autophagy) is the best studied process. It
begins with the engulfment of surplus or damaged proteins and entire organelles
by autophagosomes which eventually fuse with lysosomes. The resulting autolyso-
some allows degradation of autophagy substrates and the subsequent release of basic
components such as amino acids, lipids and nucleotides back into the cytoplasm.
Autophagy activity is typically increased in conditions of nutrient deprivation
sensed via the mTORC1 pathway and serves as a recycling process necessary for
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cell survival during starvation. Importantly, autophagy is also a quality control
mechanism by selectively scavenging potentially toxic cellular components.

Autophagy is implicated in cellular senescence in a complex and often contradictory
relationship.66 On one hand, autophagy activation via overexpression of the autophagy
gene ULK3 promoted senescence induced by the RAS oncogene in human fibroblasts
mediated by a specialized intracellular structure called TOR-autophagy spatial coupling
compartment, while knockdown of the essential autophagy genes Atg5 and Atg7 was
found to decrease SASP and bypass senescence.84,85 Likewise, overexpression of the inhi-
bitors of cyclin-dependent kinases p16(INK4A), p19(ARF) or p21(WAF1/CIP1) induced
not only senescence as expected but also autophagy.86 Furthermore, autophagy induction
by a proteolytic Cyclin E fragment (p18-CycE) was shown to facilitate DNA-damage-
induced senescence.87 In contrast to these results, autophagy can also act as a mechanism
to bypass OIS.88 Moreover, inhibition of autophagy in young proliferating fibroblasts led
to senescence,89 while increased expression of autophagy genes LC3B, ATG5 and
ATG12 and enhanced mitophagy postponed senescence and enhanced replicative life-
span.90,91 Timing and intensity of changes in the autophagic flux might explain these dif-
ferential impacts on the senescence process.

Mitophagy describes the selective autophagy of (dysfunctional) mitochondria. While
general autophagy may become elevated or reduced depending on the model of senes-
cence, mitophagy activity is reduced in senescent cells in vitro and in vivo.78,92 This
might be a consequence of constitutive activation of mTORC1 in senescence (see
above). Likewise, lysosomal overload, as shown by the accumulation of lipofuscin,93

occurs in senescence despite an extensive expansion of the lysosomal compartment that
gives rise to a greatly enhanced β-galactosidase activity even at suboptimal pH.94 This
will disrupt the terminal events of substrate degradation in both general autophagy and
mitophagy pathways.95 Moreover, mitophagy may become impaired due to mechanisms
independent of general autophagy. Mitophagy is governed by the PINK1 (PTEN
induced putative protein kinase 1)-PRKN (parkin E3 ubiquitin protein ligase) pathway.
Cytoplasmic p53, which accumulates in senescence, interacts with Parkin and prevents its
translocation to dysfunctional mitochondria, thus suppressing mitophagy and stabilizing
senescence.96 Knockout of PRKN or inhibition of PRKN-mediated mitophagy resulted
in mitochondrial dysfunction and senescence.80,97 Similarly, expression of PINK1 is low
in aging,98 which suppresses the process of mitochondrial fission that is important for
mitophagy by facilitating the separation of dysfunctional portions from the mitochondrial
network. PINK1 knockdown again accelerated senescence.99 Reduced dynamics and
increased fusion of the mitochondrial network in senescent cells has been proposed to
result in a failure to sequester defective components of the mitochondrial network for
degradation via mitophagy.78 As a result, “old” mitochondria avoid degradation while
newly synthesized isolated mitochondria are turned over by mitophagy. The extent to
which insufficient mitophagy might be a cause of SAMD remains to be established.

319Cellular senescence during aging



12.2.6 Epigenetic reprogramming
Cell senescence is associated with large scale changes in chromatin organization which
overlaps significantly with those seen during tissue aging (for review see100,101) but
also with those seen during transition to a more stem cell-like phenotype.102 In
human cell senescence, more than 30% of the chromatin is reorganized, including for-
mation of large-scale domains (mesas) of H3K4me3 and H3K27me3 over lamin-
associated domains and large-scale losses (canyons) of H3K27me3 outside these areas.13

These changes are associated with transcriptional downregulation and autophagic deg-
radation of lamin B1.103,104 Senescent cells also show enrichment of H4K16ac at pro-
moters of active genes overlapping with the histone chaperone HIRA.105 DNA
methylation, H3K9me3 and H3K27me3 levels are globally reduced106 but hetero-
chromatic foci (Senescence-Associated Heterochromatin foci SAHF) are formed in
otherwise euchromatic regions containing H3K9me3, macroH2A and DDR proteins
like γH2AX.107 These chromatin changes are characteristic for the late-stage, fully
developed senescent phenotype (Fig. 12.2).

There is strong evidence showing that epigenetic reprograming is both driven by
changes in the other building blocks of senescence and contributes to the stabilization of
the phenotype. For instance, changes in mitochondrial function trigger gene expression
changes in the nucleus (retrograde response,108), which is active in cell senescence.61 At
least in yeast, the retrograde response to mitochondrial stress involves large-scale changes
in heterochromatin and H3K9 methylation.109 Sirtuins are histone deacetylases that
affect both mitochondrial biogenesis and function via a decline in NAD1 levels and
increased HIF-1alpha transcription factor activity,110 as well as DNA damage repair and
telomere maintenance.111,112 Availability of NAD1 also interconnects epigenomic reg-
ulation with nutrient sensing.113 Epigenetic changes, specifically the loss of H3K27me3,
was strongly correlated with the upregulation of SASP genes in senescent cells,13 and
the inhibition of the H3K4 methyltransferase MLL1 reduced pro-proliferative cell cycle
and DNA response genes, also resulting in reduced SASP.114

12.3 Senescence during aging in vivo

Since the first description of cell senescence1 there has been a longstanding discussion
on whether senescence is in fact “aging under glass” as suggested by Hayflick1,2 or
rather a cell culture artifact with no or very limited importance for aging. This discus-
sion has firmly been settled in favor of Hayflick’s insightful prediction by showing that
targeted ablation of senescent cells can postpone and/or relieve a vast multitude of
degenerative phenotypes in mice115 (see Section 12.4). This may not be surprising,
given that senescent cells have been found to accumulate in practically all mammalian
tissues during aging. Instead of summarizing all this evidence, this chapter will focus
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on senescence in postmitotic tissues/cell types and on one mechanism that contributes
to senescent cell accumulation in vivo � the bystander effect. For a recent summary
of methods to detect senescent cells in vivo, refer to Gorgoulis et al.19

12.3.1 Senescence in postmitotic cells
In 2012, we discovered that the senescent cell response was not restricted to
proliferation-competent cells. We found that DNA damage accumulation during
mouse aging triggered the all the senescence building blocks also in postmitotic neu-
rons, both in the CNS and in the periphery. As in replication-competent cells,10 p21
was essential for signal transfer between an extended DNA damage response and addi-
tional markers of the senescent phenotype.16 More recently, a senescent phenotype
was observed in neurons bearing neurofibrillary tangles from both human patients and
transgenic mice, and it was shown that a senolytic intervention improved neuropathol-
ogy in these mice.116

Among postmitotic cells, the ability to mount a senescence-like stress response is not
limited to neurons. Multiple markers of senescence are induced in retinal cells in
response to ischemic stress,117 in skeletal muscle fibers41 and in cardiomyocytes38 during
aging (for review see15). Similarly, significant senescence was found in slowly dividing
cells like hepatocytes in vivo in both humans and mice.39,40,118 Senolytic or senostatic
interventions resulted in therapeutic benefits for all of these tissues.21,40,115�117,119 Thus,
senescence in postmitotic cells is as much a cause of aging phenotypes and a target for
“anti-aging” interventions as senescence which is directly coupled to cell cycle arrest.

12.3.2 Senescent cell bystander effects
With the myriad of bioactive (SASP) molecules secreted by senescent cells, strong
paracrine effects of senescence are no surprise. In fact, Campisi’s group showed already
in 2001, that senescent somatic cells stimulated growth and invasion of tumor cells,120

and this was confirmed by multiple groups.121,122 We discovered in 2012 that senes-
cent cells also had a paracrine effect on normal, somatic cells - they induced senes-
cence as a bystander effect.123 This was soon confirmed by others.124 Not unlike the
situation with radiation-induced bystander effects in cancer therapy,125 the quest to
identify specific, individual components of the secretome as mediators of the senescent
bystander effect has been elusive. Multiple interventions targeting ROS, NF-κB activ-
ity, mTORC1 signaling or p38MAPK activity were all capable of suppressing the
bystander effect, but SAMD-derived ROS appeared to be upstream of the NF-κB-
mediated pro-inflammatory SASP.69 Weak bystander effects seemed dependent on
cell-cell contacts via gap junctions, as they could efficiently be blocked by octanol, a
disruptor of such contacts.123
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Recently, the role of bystander-induced senescence for the accumulation of senes-
cent cells and their functional consequences in vivo has been delineated. After trans-
planting very low numbers of senescent cells into either muscle or skin of mice,
enhanced frequencies of tissue-resident senescent cells were detected adjacent to the
transplanted cells.41 When slightly higher numbers of senescent cells were transplanted
into fat depots, senescence was spread into peripheral organs, persistent physical dys-
function was induced and both mean lifespan and health span was reduced. These
effects could be blocked by senolytic treatment following transplantation, indicating
the causal role of the senescence-induced by the bystander effect.126

Senescent cells accumulate in many tissues with age, and the rate of accumulation,
at least in some tissues, predicts lifespan in mice.39 Decreasing efficiency of immuno-
surveillance is one of the causes for age-associated accumulation of senescent cells,127

while the spread of senescence via bystander signaling is another. This was tested by
comparing accumulation rates of senescent cells in wt and severely immunodeficient
NSG mice under both ad libitum and dietary restricted feeding.41 As expected, senes-
cent cells accumulated much faster in NSG mice fed ad libitum in agreement with the
absence of a functional immune system. Suppressing the SASP (and thus the bystander
effect) by dietary restriction slowed down the accumulation of senescent cells in the
NSG mice, but resulted in a net loss (a senolytic effect) in the immunocompetent wt
mice.41 These data suggest that immunosurveillance and the bystander effect are the
two major partners that determine the rate of accumulation of senescent cells in vivo
in a dynamic equilibrium.

12.4 Senolytics and senostatics as anti-aging interventions

12.4.1 Senolytics
Around 2008, Jim Kirkland developed the concept to use a p16 promoter-driven suicide
gene for the selective ablation of p16-positive, presumably senescent cells in mice. This
led to a fruitful collaboration with Jan van Deursen showing that this approach not only
reduced senescence markers in a mouse model of p16-driven accelerated aging, but
importantly postponed multiple degenerative aging phenotypes in these animals.115 This
success was confirmed in normally aging mice using two similar approaches with differ-
ent suicide gene constructs.128,129 In parallel, drugs were developed that targeted antia-
poptotic pathways which are specifically active in senescence, thus achieving preferential
induction of apoptosis in (at least some types of ) senescent cells.21,130�134 Around a
dozen or so of these senolytic drugs have been described,135 of which the combination
of the tyrosine kinase-inhibitor, dasatinib with the flavonoid quercetin (D1Q), the
BCL2 family-inhibitor ABT263 (navitoclax) and the flavonoid fisetin have been tested
in multiple applications. Altogether, this was a remarkable success story: by early 2019,
there were at least 20 publications all reporting significant improvements in a wide range

322 Aging



of age-associated degenerative conditions by pharmacogenetic and/or pharmacologic
senolytis in mice. These conditions included muscle weakness, cataracts, lipodystrophy,
cardiovascular dysfunction and low stress tolerance, tumor incidence, atherosclerosis, pul-
monary fibrosis, liver steatosis, osteoarthritis and osteoporosis, chemotherapy-induced
multimorbidity, frailty, neurodegeneration, obesity-induced anxiety and median life-
span.26 Thus, even allowing for publication bias and taking major unresolved questions
in the senolytics field into account, these results collectively very strongly supported the
notion that cellular senescence is a major and malleable driver of mammalian aging in
many, if not all tissues and organs.

Mechanistically, there are multiple pathways by which a reduction of senescent cell
load may improve systemic and tissue function. Many studies have shown that senoly-
tic interventions reduce markers of systemic inflammation in the blood. Chronic, sys-
temic inflammation has long been recognized as a driver of aging.136 More evidence
for systemic effects comes from experiments in which senescent cells were implanted
in a single tissue (fat), leading to functional deterioration in a distant tissue (muscle
weakness).126 However, unambiguous identification of a mechanistic pathogenetic
role of senescence-dependent inflammation was not often successful. For instance,
senolytic interventions in obese mice reduced levels of multiple pro-inflammatory
cytokines and chemokines in blood and relieved obesity-dependent anxiety.
However, manipulating systemic cytokine levels independent of senescence did not
change anxiety.43 SASP factors including pro-inflammatory cytokines might however
be pathogenetically important mediators of more local cell-cell interactions. For
instance, in the obesity-driven anxiety model, senescence was observed in certain brain
areas including glial cells in proximity to the lateral ventricle, an area responsible for
neurogenesis, but not in lateral ventricle neurons themselves. Neurogenesis was
reduced in obesity but restored following senescent cell ablation,43 pointing to the
importance of local interactions between senescent and non-senescent cells. Moreover,
in a transgenic mouse model for human tau-mediated neurodegenerative disease, pro-
gressive senescence was observed in astrocytes and microglia but not in neurons.
However, senolytic interventions improved the capability of neurons to handle
mutated tau and neurofibrillary tangle deposition and maintained cognitive function,
indicating the importance of cross-talk between neurons and senescent non-neuronal
cells.137 However, a direct role for neuron senescence in tau-mediated neurodegenera-
tion should not be excluded. Neurons from Alzheimer patients bearing neurofibrillary
tangles as well as neurons from tau transgenic mice were found positive for senescence
markers, and treatment with senolytics (D1Q) resulted in a reduction in total NFT
density, neuron loss, and ventricular enlargement.116

Senolytic interventions can also improve energy metabolism by reducing SAMD.
For various types of senescent cells including fibroblasts, hepatocytes and brain
cells40,43 a reduced ability to metabolize fat is an important part of the SAMD,

323Cellular senescence during aging



resulting in intracellular lipid accumulation. This way, hepatocyte senescence can cell-
autonomously cause liver steatosis. Moreover, lipid accumulation in senescent cells
might be sufficient to induce a SASP via GAS-STING activation, which might medi-
ate local pathogenetic cell-cell interactions.43 In general, the role of these different
mechanistic pathways and their interaction during senolytic intervention is not well
understood. Cell-type specific transgenic approaches are eagerly awaited for better
clarification.

Another area of insufficient understanding is the question of specificity of senolytics.
Most senolytic drugs described so far have only been tested in few cell types. As testa-
ment to the complexity of the senescent phenotype and the variability in the engage-
ment of individual senescence building blocks and pathways between cells of different
origin, senolytics typically show a clear differential in their apoptotic efficiency between
senescent and non-senescent cells for one or few cell types, but not in others. Although
senolytics have broad beneficial effects throughout many different organ systems, this is
not sufficiently informative regarding their specificity. While the possibility of cell-
autonomous effects has been shown in some studies (for instance40), a significant impact
for systemic effects has so far neither been proven nor ruled out. It still remains possible
that many beneficial effects of senolytics may be mediated through the reduction of
senescence in a single major tissue like fat or muscle, which in turn then improves func-
tion in the target tissue(s) via reducing systemic inflammation.

Related to the issue of specificity is the question of side effects of senolytics. Two dif-
ferent types of side effects need to be considered, resulting from the effects of the drugs
on either non-senescent or senescent cells. Side effects of the cancer drugs navitoclax and
dasatinib on non-senescent cells have been well documented and are dose-limiting in
cancer therapy. They include anemia and thrombocytopenia and, for dasatinib, pulmo-
nary edema and heart failure. It is assumed that these risks might be minimized by short-
term treatment, which should be sufficient for long-term senescent cell ablation.
However, more data are needed to establish the long-term efficiency of short senolytic
treatments in a pre-clinical setting. While there are data indicating that a single dose of a
senolytic can result in long-lasting physical improvement, these data were generated in
mice transplanted with senescent cells126 and strong evidence for a curative effect of a sin-
gle course of senolytic intervention is still missing.

Even less is known about the second potential type of side effects arising from abla-
tion of senescent cells. Senescence plays an important role for tissue remodeling in
development and regeneration,22�24 especially for the resolution of the fibrotic
response.138,139 Accordingly, it has been shown that acute ablation of senescent cells
postponed wound healing,138 but thus far, no other ’negative’ effects of senescent cell
ablation seem to have been noted.

In summary, the impressive efficiency of senolytic interventions to relieve a wide
range of age-related disabilities and degenerative conditions calls for major efforts to
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address the issues of specificity, mechanism of action and side effects preclinically and
to translate the results into clinical trials. First clinical trials are under way, and encour-
aging results have been reported.

12.4.2 Senostatics
Senostatics (sometimes also called senomorphics) are interventions that do not directly
kill senescent cells but suppress the senescent phenotype by modifying one or more of
the buildings blocks shown in Fig. 12.2. Ideally, they should not interfere with the
DDR and leave the senescent growth arrest and thus the tumor suppressor function of
senescence intact. Accordingly, typical senostatics will suppress nutrient signaling,
improve auto/mitophagy and/or mitochondrial function. Thus, dietary restriction41,140

and dietary restriction mimetics including mTORC1 inhibitors like rapamycin68,141 or
Torin-1,78 mild mitochondrial uncouplers like metformin64 and 2,4-dinitrophenol61

or monoamine oxidase-A inhibitors97 are potential or proven senostatics. Moreover,
antioxidants or inhibitors of NF-κB can be efficient senostatics,69,123 and there is evi-
dence that multiple flavonoids, polyphenols and other phytochemicals may have seno-
static activity.142,143 Significant beneficial effects on health span in mice144�147 and
humans148,149 have been demonstrated, however, it is not clear to what extent these
were caused by their impact on senescence.

Cell-autonomous effects of senostatics on the senescent phenotype are reversible.
Therefore, it is generally assumed that senostatics would have to be given continuously
to have lasting effects. However, this might not be true: short-term interventions
with, for instance, dietary restriction150,151 or rapamycin152 have resulted in long-term
beneficial health span effects. There is an important difference between the effects of
senostatic interventions in vitro and in vivo. None of these interventions ablates senes-
cent cells in in vitro assays. However, short-term (2 to 4 months) treatment of mice
with either rapamycin,153 metformin (Miwa et al., in prep) or dietary restric-
tion40,41,140 decreased frequencies of cells positive for multiple senescence markers
below the levels measured before the intervention. This was dependent on intact
immunosurveillance: in contrast to wild-type mice, dietary restriction of severely
immunocompromised NSD mice resulted only in a slowing of accumulation of senes-
cent hepatocytes in the liver, but not an actual decrease of their numbers.41

Importantly, reduction of senescent cell frequencies under dietary restriction remained
irreversible (at least for three months) when animals were returned to ad libitum feed-
ing.40 This suggested that senostatic drugs might actually exert a net senolytic effect in
immunocompetent hosts. By suppressing the senescent phenotype, they might shift
the balance between senescent cell biogenesis via the bystander effect and destruction
via immunosurveillance towards the latter.41 If this is true, one might expect
similar beneficial effects of relatively short senostatic interventions as with senolytics.
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This would be advantageous given the, on average, better safety profiles of senostatic
drugs. However, essential experiments are still lacking; the persistence of reduced fre-
quencies of senescent cells after short or medium term senostatic interventions other
than dietary restriction has not been shown yet.

12.5 Conclusion

Senescence is a complex stress response phenotype involving a complete reprogram-
ming of core cellular functions. Senescent cells accumulate with age in the vast major-
ity of tissues including slowly dividing and postmitotic cell types. They are among the
causes for many age-associated diseases and disabilities. Specific ablation of senescent
cells or suppression of their phenotype, and thus suppression of the signaling pathways
that spread senescence inter-cellularly, can postpone and potentially relieve age-
associated multi-morbidity and frailty.
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13.1 Introduction

After three decades of extensive research on the molecular biology of aging, we can
now specify several molecular and cellular processes that accelerate or delay aging in
animal model systems. Molecular mechanisms that affect metabolism, caloric and die-
tary consumption, genomic stability, telomere attrition, autophagy and epigenetic
alterations are the major anti-aging interventions shown so far to extend longevity,
increase healthspan and delay the onset of age-related pathologies in animals.1 Among
them, the most complicated and least investigated are the epigenetic alterations that
progress with aging. These are described as reversible alterations of chromatin that are
heritable, but do not affect underlying DNA sequences and, consequently, permanent
genetic information. Several causes, such as diet, genes, environmental and lifestyle
factors influence epigenetic alterations, which, together with genetic information, pre-
ordain lifespan in animals. Consequently, differential epigenetic regulation of genetic
information can sufficiently explain differences in longevity of identical twins and ani-
mals with the same genetic background. Several studies have shown that epigenetic
information changes through aging and, most importantly, that these changes are asso-
ciated with age-related progressive physiological deterioration and the development of
age-related diseases, such as cancer, neurodegeneration and cardiovascular diseases.2�4

Although the mechanisms underlying both the impact of aging on epigenetic altera-
tions and of the latest age-related physiological decline are not fully understood,
research on epigenetic phenomena that occur with age can provide novel anti-aging
therapeutic approaches. This is due to the reversibility of epigenetic changes via the
administration of drugs that correct these chemical modifications on proteins and
nucleic acids.

Epigenetic alterations include various modifications of chromatin components, his-
tones and DNA. These changes are described as the “epigenome” and can be even
passed down to the offspring and impact their health in a transgenerational manner.5

Histone modifications, chromatin remodeling, DNA methylation and altered expres-
sion of non-coding RNA molecules (ncRNAs) constitute epigenetic alterations.
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Through altering chromatin accessibility and genomic activity, the epigenome imposes
various effects on cellular function. Chromatin activity, level of protein expression, the
activity of transposable elements, integrity of telomeres and the stability of the genome
have been suggested to mediate the effects of the epigenome on health and lifespan.

In this review, we will briefly describe the nature of the major epigenetic altera-
tions and their relevance to longevity determination. Furthermore, we will present the
primary findings that correlate epigenetic changes with the development of the major
age-related diseases, cancer, neurodegenerative and cardiovascular diseases.

13.2 Epigenetic alterations and aging

Genetic activity is largely dependent on the accessibility of transcription factors to
DNA. DNA is tightly bound by histone proteins, to compose chromatin. Depending
on its flexibility, chromatin can be found in either two forms, euchromatin and het-
erochromatin. The former consists of a decondensed, highly transcriptable structure,
while in the latter, the strong DNA-histone binding does not allow transcription fac-
tors to access DNA and ignite transcription. Consequently, genetic and environmental
factors that alter chromatin tightness can affect transcription activity.6 This is achievable
through quantitative changes in the expression of histone proteins, expression of his-
tone variants, histone post-translational modifications, such as acetylation and methyla-
tion, ATP-dependent remodeling, and DNA methylation. These modifications affect
longevity via deregulation of genetic activity and genomic stability. Moreover, altered
expression of ncRNAs has a regulatory role on protein translation.

13.2.1 Histone depletion
Several studies show that canonical histone levels are reduced through aging, while
ectopic upregulation of histone biosynthesis increases lifespan.7�11 Age-related changes
in telomeres, histone chaperones, and lysosomal activity are suggested to cause histone
depletion.9,10 Strong evidence suggests that the effect of histone depletion on lifespan
depends on the nature of the depleted histonic genetic area, and also on the degree of
the depletion.10,11 On the other hand, in mouse tissues and neural stem cells, the
expression levels of H3 histone is not significantly changed with aging, but depending
on the genomic location, the occupancy of H3 histone is differently affected.12 As a
result, chromatin at pro-inflammatory genes is more accessible and active; an observa-
tion that suggests differential nucleosome occupancy as a mechanism for reprogram-
ming genetic expression through aging.
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13.2.2 Non-canonical histone variants
With the exception of gradual histone depletion with age, non-canonical histone iso-
forms are increasingly expressed with age, such as the histone variants H3.3 and H2A.Z,
accompanied by the downregulation of canonical histones.13�17 For example, the H2A
histone variant, H2A.J, accumulates with aging in mouse tissues and human skin.18

H2A.J overexpression activates inflammatory genes, induces senescent-associated pheno-
types and is suspected to contribute to the development of age-related chronic inflam-
mation and diseases. Hence, not only quantitative, but also qualitative age-dependent
alterations in histone expression affect healthspan.

13.2.3 Histone acetylation
A major chemical modification that alters the histone-DNA binding strength is acetyla-
tion of histonic lysine domains. The positively charged lysine domains significantly con-
tribute to the attachment of histones on DNA. As a result, any chemical change that
reduces the positive charge of lysine, weakens the interaction between histones and
DNA. Such a chemical modification is the addition of acetyl moiety on the ε-amino
groups of lysine, which neutralizes its positive charge and reduces histone-DNA interac-
tions. Transfer of acetyl moiety is catalyzed by histone acetyltransferases (HATs), while
deacetylation is catalyzed by histone deacetylases (HDACs). Activity of the HATs loos-
ens histone-DNA interactions and increases transcription, while activity of HDACs has
the opposite effect. Several reports indicate the importance of histone acetylation on
longevity. Loss of HATs Gcn5, CREB-binding protein (CBP), and RTT109 in yeast,
Caenorhabditis elegans and Drosophila melanogaster reduces longevity, while loss of members
of the sirtuin genes, coding for evolutionary conserved NAD1-dependent deacetylases,
are associated with longevity extension in invertebrates and vertebrates.19�25 CBP activ-
ity is reduced through aging and correlated with lifespan in several mice strains. In sup-
port, lifespan extension by dietary restriction (DR) in C. elegans is inhibited by the loss
of the cbp-1 gene, thus linking DR-induced longevity enhancement with increased acet-
ylation. In addition, loss of acetyltransferase Gcn5 in yeast decreases lifespan through
impeding interplay of metabolism and stress responses, chromatin-dependent gene regu-
lation and genome stability. Contrarily, downregulation of the histone H4K12-specific
acetyltransferase Chameau extends longevity in flies, through uncoupling age-related
metabolic alterations from transcriptional regulation.26

Maybe the most remarkable examples that highlight the importance of histone acety-
lation on longevity determination come from studies on the activity of the Sirtuin dea-
cetylases.27 Sirtuins are involved in the regulation of cell metabolism, DNA repair,
inflammation and apoptosis.28 In yeast, deletion of the histone deacetylase gene rpd3 and
upregulation of the Sir2 gene, which is activated by caloric restriction, extend lifespan.27
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Similarly, downregulation of histone acetyltransferase Sas2 increases lifespan in yeast.29

Similar effects have been described in worms, flies, mice and cells, thus showing that
these findings are evolutionarily conserved.19,20,22�24,30�32 Mechanistically, Sir2 main-
tains chromatin silencing through deacetylation of the residues H4K16 and H4K56 and
recruitment of other silencing proteins. Sir2 protein levels decrease with aging, while
H4K16 acetylation increases and histone abundance diminishes at subtelomeric regions.
The above are suggestive for an abnormal upregulation of transcription at these loci,
which is associated with the development of aging phenotypes.29,33

Some histone acetylation sites have been reported to be more important for life-
span determination, such as the H4K16. Sas2 targets H4K16 sites at the boundaries of
euchromatin with telomeric regions and H4K16 hypoacetylation has been associated
with defective DNA repair and premature senescence in mice.34�36 Lifespan extension
in flies via Chameau downregulation has been attributed to H4K12 hypoacetylation;
deficiency of SIRT6 deacetylase promotes aging in mice via altered acetylation at
H3K9 and H3K56, which cause telomeres dysfunction. H3K56 acetylation levels are
critical for longevity in yeast, as in H4 N-terminal acetylation, which is regulated by
caloric restriction.7,23,26,29,37�39

13.2.4 Histone methylation
Another type of histone modification that occurs with aging is histone methylation
(HMT). Similar to histone acetylation, HMT is catalyzed by the addition of a methyl
group by histone methyltransferases, while removal of methyl groups is catalyzed by his-
tone demethylases. Depending on the histonic site, methylation can lead to enhanced or
reduced transcription.40 According to the heterochromatin loss model, transcriptionally
inactive areas of chromatin become activated through aging, resulting in disparate pro-
files of gene activity and promoting aging.41�44 Highly methylated histonic sites, such as
H3K9, H4K20 and H3K64, are associated with transcriptional inactivity of hetero-
chromatin.45�47 Tight interconnection of histone hypomethylation and aging pheno-
types is further supported by research in premature aging diseases. Patients with progeria
syndromes have decreased expression of histone methyltransferases, reduced methylation
at H3K9 and H3K27, loss of heterochromatin and changes in heterochromatin architec-
ture.44,48 Furthermore, mild mitochondria damage in C. elegans and mice induces activ-
ity of histone demethylases jmjd-1.2/PHF8 and jmjd-3.1/JMJD3, which delay aging
through mitochondrial unfolded protein response (UPRmt).49 On the other hand, in a
mouse progeria model, inhibition of methyltransferase gene Suv39h1 improved DNA
repair and increased longevity.50

Recent studies suggest a role for specific methylation patterns on longevity. In
worms, trimethylation of H3K4 (H3K4me3) increases with aging. Reduction of the
ASH-2 Trithorax complex proteins, which activate transcription by inducing
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trimethylation of H3K4, decreases H3K4me3 and increases lifespan, while reduction
of H3K4 demethylase RBR-2 decreases lifespan.40,51 Similar results have been
observed after downregulation of the ortholog of RBR-2 in flies, the demethylase
Lid.52 Inhibition of another demethylase in flies, the Dmel\Kdm4A H3K9me3
demethylase, reduces lifespan.53 Trimethylation of H3K9 is abundant in heterochro-
matin, thus suggesting that alterations in the transcriptional activity of heterochromatin
affect lifespan. In support, expression of H3K9me3 methyltransferase SUV39H1 is
reduced through aging in mouse and human cells, which causes the reduction of
H3K9me3 trimethylation, perturbs heterochromatin function and induces loss of B
cell potential.54 Trimethylation of H3K27 is increased with age and catalyzed by the
transcription repressor Polycomb Repressive Complex-2 (PRC2).55,56 Mutations in
subunits of PRC2 in flies reduce H3K27me3, by increasing glycolysis and health-
span.57,58 On the other hand, in human cells and C. elegans, trimethylation of H3K27
is reduced with age.59�61 Reduction of the UTX-1 H3K27 demethylase in C. elegans
extends lifespan by affecting the insulin pathway.59 Accordingly, the link between
H3K27me3 and aging is complex and cell type and/or animal model specific. Another
methylation site, H3K36, is highly methylated proximally to the 3’ end of actively tran-
scribed genes, which is suggestive for a role in transcriptional termination and RNA
processing.62 Loss of H3K36 methyltransferase and mutations at the H3K36 site decrease
lifespan in yeast, while loss of the Rph1 H3K36 demethylase increases H3K36me3 and
enhances longevity.63 In this study, the authors concluded that increased methylation at
H3K36 suppresses cryptic transcript initiation and promotes longevity through recover-
ing transcriptional fidelity in old yeast. The role of H3K36 methylation in the mainte-
nance of transcriptional stability and longevity is presumably evolutionary conserved,
since low levels of H3K36me3 are associated with altered length of 30 untranslated
regions (30UTR) and shortened lifespan in worms and flies.64,65

Histone acetylation and methylation comprise the major and better described histone
modifications. However, histones can be also modified through phosphorylation, ubi-
quitination and sumoylation. Although the biological importance of these modifications
on cellular homeostasis and longevity are not yet elucidated, several reports suggest a
modulatory role for histone phosphorylation on transcription regulation, DNA repair
and chromatin compaction.66 Ubiquitination is involved in transcription activity, inflam-
mation signaling and HMT.67 Sumoylation is involved in inflammation signaling and
the epithelial�mesenchymal transition, which is related to cancer progression.68

13.2.5 ATP-dependent chromatin remodeling
The above described chemical histone modifications alter chromatin compactness and
regulate transcriptional activity. Often these modifications function in concert with, or
through activation of ATP-dependent chromatin remodeling factors to alter the
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nucleosomes positions along DNA and modulate its accessibility to transcription factors
and DNA replication machinery components.69,70 For example, acetylation of the his-
tone H3 N-terminal tail recruits and increases the affinity of the ATP-dependent
chromatin remodelers SWI/SNF and RSC, which leads to nucleosome mobilization
and chromatin remodeling.71 The major groups of ATP-dependent chromatin-remo-
deling enzymes are the SWI/SNF, ISWI, Nurd/Mi/CHD, SWR1 and INO80, and
recent studies prove their importance for lifespan determination.72,73 In worms, chro-
matin remodeler SWI/SNF activates transcription at specific promoters in collabora-
tion with the longevity promoting DAF-16/FOXO transcription factor. Inactivation
of SWI/SNF decreases longevity and DAF-16/FOXO-mediated stress responses.74

Moreover, loss of LET-418/Mi2, the catalytic subunit of the nucleosome remodeling
and histone deacetylase complex (NuRD), increases longevity and environmental stress
resistance in C. elegans, Drosophila and Arabidopsis.75 In yeast, deletion of Isw2 increases
response to genotoxic stress and extends yeast replicative lifespan, while deletion of
components of the ortholog chromatin-remodeling complex in worms also extends
lifespan.76 PRC2, which is able to remodel chromatin and silence genes, has been
implicated in the transcriptional dysregulation that the progeria primary fibroblasts
exhibit.77 These findings provide strong evidence for the evolutionarily-conserved role
of ATP-dependent chromatin remodeling in facilitating stress responses and aging.

13.2.6 DNA methylation
Histone modifications are the primary targets of factors that affect epigenetics, such as
diet, metabolism, environmental pollutants, drugs, etc. Their binding on DNA protects
it from chemical modifications and restricts the accessibility of transcription factors.
Nevertheless, epigenetic factors can directly chemically modify DNA, via methylation at
cytosine residues which are mainly placed 50 of guanine (CpG dinucleotide), located
predominantly at intergenic, intronic and repetitive sequences. The latest are often gen-
erated by transposable elements and the increased methylation they exhibit might be
related to the necessity of cells to inactivate such mobile DNA sequences and avoid
genomic instability.78 On the other hand, hypomethylated CpG dinucleotides are fre-
quently located at promoters and first exons of the majority of genes (CpG islands).
Transfer of a methyl group to cytosine is catalyzed by DNA methyltransferases
(DNMTs), thus generating 5-methylcytosine (5mC). When DNA methylation occurs in
promoters, it leads to transcriptional repression and causes gene silencing.79 Although
DNA methylation levels during the first years of life are similar between monozygotic
twins, significant tissue-specific differences on DNA methylation appear with age, start-
ing from childhood (epigenetic drift).80�82 In animals and humans, a reduction of DNA
methylation occurs with age both globally and tissue-specifically.83�87 Methylation pat-
terns of CD41 T cells from newborn and centenarian individuals showed that DNA
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methylation levels decrease with age. Likewise, CpGs dinucleotides are less methylated
throughout the genome of centenarians, which is characterized by highly heterogeneous
DNA methylation.88 Age-dependent changes in DNA hypomethylation can lead to
pathologies, through aberrant transcription. Progressive DNA hypomethylation at spe-
cific gene promoters has been implicated in the development of autoimmune
responses.89,90 On the other hand, age-related hypermethylation in promoters of genes
that code for transcription and translation regulating factors can severely impact various
cellular functions.91�93 Contrarily, epigenomic analysis of pancreatic β cells revealed
age-related differences in methylation patterns that were associated with the repression
of proliferation and activation of metabolic regulators. B cell function was improved in
old mice, suggesting that epigenetic alterations through aging do not necessarily lead to
pathologies and physiological decline.94

Age-related changes in DNA methylation can be attributed to altered expressions of
methyltransferases, demethylases and environmental factors. The importance of inade-
quate DNA methylation on health and lifespan has been clearly proven in animal mod-
els. In flies, functional dDnmt2, the gene expressing for DNA methyltransferase, is
required for the maintenance of the normal lifespan of fruit flies, while its upregulation
extends lifespan.95 Enhanced DNMT2-induced longevity is achieved via retrotranspo-
sons silencing in Drosophila somatic cells and maintenance of telomeres’ integrity.96 In
support of a beneficial role for DNA methyltransferases on health and longevity, mice
with mutations in the gene coding for DNA methyltransferase 1 (Dnmt1) have
decreased DNA methylation, decreased bone mineral density and body weight, impaired
learning and memory functions in an age-dependent manner, but with canonical sur-
vival.97 Additionally, mutations in the DNA methyltransferase 3 gene (Dnmt3a) cause
premature neurodegeneration and death.98 In honey bees, pharmacological demethyla-
tion enhances lifespan.99 In mice and monkeys, age-related methylation drift was found
to be associated with longevity, while caloric restriction diminished age-related methyla-
tion drift.100 Furthermore, DNA methylation is implicated in transgenerational effects
that regulate lifespan in offspring. In mice, old father offspring mice lived less and expe-
rienced stronger aging phenotypes compared to young father offspring mice. Genome-
wide epigenetic analyses revealed differentially methylated promoters of genes expressing
components of the lifespan regulator mTORC1 signaling pathway.101 Interestingly,
DNA methylation seems to cooperate with other epigenetic alterations, such as HMT,
to regulate transcriptional activity at specific genomic areas, thus suggesting a strong
interconnection between different epigenetic modifications.102

DNA methylation patterns at CpGs have been associated with aging and diseases
such as cancer, obesity, and cardiovascular disease.103�110 Clinical epigenetics aims to
decipher such patterns and use them to predict the biological age of individuals,
improving diagnostics and therapies.111,112 The epigenome is formed by the co-action
of genes, age, environmental factors and lifestyle. Hence, epigenetic profiles are very
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informative regarding the depiction of the health status of an organism.113 This has
challenged the design of supervised machine learning approaches to analyze epigenetic
profiles, with several studies having used machine learning to diagnose diseases.114

There is a great deal of progress in the development of “epigenetic clocks,” aging bio-
markers made of DNA methylation profiles, which enable accurate age estimates.115

However, only a few DNA methylation patterns of CpG sites can allow precise age
prediction116 and more studies are required to further advance this approach.

13.2.7 Non-coding RNA molecules
Non-coding RNA molecules are small or long RNAs that, despite not having a code
for proteins, they regulate cellular function. They are classified into transfer RNAs,
ribosomal RNAs, microRNAs (miRNAs), small interfering RNAs, piwi-interacting
RNAs, small nucleolar RNAs (snoRNAs), small Cajal body-specific RNAs, extracel-
lular RNAs and long non-coding RNAs (lncRNAs). Through their regulatory role
on gene silencing, ncRNAs, especially miRNAs and lncRNAs, exert various effects
on chromatin architecture, cell cycle, metabolism, etc., and their dysregulation is rele-
vant to the progression of cellular senescence, cancer, cardiovascular, neuronal and
immune pathologies.117 In yeast, lifespan maintenance is regulated by the repression of
rDNA non-coding transcription, which is achieved through Sir2. Mutations that
reduce ncRNAs expression extend lifespan.118 In human stem cells, ncRNAs expres-
sion from Alu sequences increases with age and causes senescence. Knockdown of
ncRNAs expression reverses this effect.119

MiRNAs play a crucial role on cellular senescence and aging.120 Through binding
with the 30UTR sequence of mRNA molecules, they inhibit translation and nega-
tively modulate gene function. They cause heritable changes without directly altering
the DNA sequence or chromatin structure, and their expression is differentially regu-
lated through aging in mice and humans.121�124 An essential pathway for health and
lifespan determination, regulated by miRNAs, is the insulin pathway.125 In C. elegans,
several miRNAs regulate longevity and stress responses.126,127 The miRNAs lin-4 and
lin-14 have opposite roles on longevity, with lin-14 serving as the target for lin-4.
Reduction in lin-14 activity is dependent on the DAF-16 and HSF-1 transcription fac-
tors, which are the mediators of the insulin pathway effects on healthspan.128 In flies, a
well-established longevity promoting intervention, caloric restriction (CR), is shown
to alter expression of more than 100 lncRNAs, which serve as mediators of CR on
healthspan.129 In mice, the H19 lncRNA participates in a complex that interacts with
histone lysine methyltransferases and facilitates repression of several genes, among
which is the Igf2 (insulin-like growth factor 2).130 Loss of this regulation occurs
through aging in mice and the human prostate.131 Hence, ncRNAs can regulate longev-
ity via interfering with well-established metabolic pathways. Furthermore, ncRNAs are
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also involved in forming the boundaries of heterochromatin.132 The major epigenetic
changes that affect health- and lifespan are summarized in Fig. 13.1.

13.3 Epigenetic alterations and age-related diseases

13.3.1 Cancer and epigenetics
Several studies show similarities between epigenetic changes that occur with aging and
in cancer development.68 Several histone modifications are prevalent in distinct cancer
types. Hypoacetylation at H2BK12 is prevalent in osteosarcoma, hyperacetylated histone
H3 is common in colorectal cancer, extensive hypoacetylation at H3K4 and H3K9
accompanies oral squamous cell carcinoma and ovarian tumors, and invasive colon can-
cer and glioma are characterized by upregulated H3K27ac, which has been shown to
induce lncRNAs secretion in colon cancer cells.133�137 Acetylation of lysine residues at
histone 4 is also correlated with cancer. Acetylated H4K16, as also H4K20me3 are
downregulated in breast, renal, colon and ovarian cancer, while acetylated H3K18 and
H3K4me2 are upregulated in prostate, pancreatic, lung and kidney cancers.138�145

Several other examples establish a causative relation between epigenetic alterations and

Figure 13.1 Epigenetic alterations that regulate health and lifespan.
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cancer. Demethylation of H3K9 has been associated with derepression of genes involved
in breast and esophageal cancers.146,147 P300 and CBP HATs suppress tumors and sev-
eral cancers are characterized by their dysfunction.148 Moreover, deacetylation of several
non-histone proteins, including p53 and STAT3 transcriptional activator, is associated
with cancer.149 Expression of the polycomb group protein enhancer of zeste homolog 2
(EZH2) is higher in metastatic prostate cancer, while its downregulation inhibits cell
proliferation in vitro. EZH2 regulates hypermethylation at H3K27 and represses gene
activity in prostate cells, an effect that is mediated through histone deacetylase activity.150

EZH2 is a marker for breast cancer and glioblastoma.151,152 Several studies suggest a role
for enhanced secretion of exosomes carrying lncRNAs in cancer development, through
mediating intercellular communication in tumor microenvironments.153 Interestingly,
25% of all cancers harbor mutations in genes encoding subunits of the SWI/SNF com-
plexes. Novel findings support an anti-cancer role for SWI/SNF via repressing transcrip-
tion and the facilitation of DNA damage repair.154 Moreover, mutations in the genes
that encode H1 isoforms B�E are causative to the development of B cell lymphomas,
through inducing chromatin relaxation, upregulation of H3K36me2 and loss of repres-
sive H3K27me3, which leads to derepression of developmentally-silenced genes.155

Recent findings suggest a role for miRNAs in cancer development. MiR-205 regulates
differentiation and morphogenesis in epithelial cells and its aberrant expression is frequently
detected in human cancers. Depending on the tumor type, it has been suggested to act as
tumor-suppressor or as oncogene.156 MiR-34a is shown to repress tumor progression
through synergizing with p53 and transcription factors, via inhibition of the transition from
epithelial cells to mesenchymal cells.157 Also, a significant association between the expression
of miR-181 and miR-200 family members and colorectal cancer has been observed.158

Members of the miR-181 family have been suggested to perform their anti-cancerous func-
tion through downregulation of the hepatic transcriptional regulators, CDX2 and GATA6,
and the Wnt signaling inhibitor NLK.159 On the other hand, overexpression of miR-145 is
shown to be carcinogenic, through altering methylation patterns and reducing activity of
genes that regulate DNA damage response and apoptosis, consequently leading to over-
proliferation and enhanced epithelial to mesenchymal cells transition.160

Aging is a risk factor for cancer development and the retrotransposition is upregu-
lated with aging, as in cancers, thus raising the possibility for a role of epigenetic drift
on cancer development via age-related enhanced retrotransposition.8,161,162 In yeast,
age-related histone loss leads to increased retrotransposition, which causes genomic
instability and disruption of cellular homeostasis, an age-related event which can be
reverted via CR in mice.8,163 Hypomethylation at repetitive regions such as Alu and
long interspersed element-1 increases genomic instability and is associated with can-
cer.164,165 On the other hand, cancer is induced by CpG dinucleotides hypermethyla-
tion at promoters of tumor suppressors and esophageal cells of individuals with a long
smoking history and high methylation levels.166�168 Moreover, carcinogenic factors
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such as chronic inflammation, Helicobacter pylori and hepatitis B or C infections, as also
with alcoholism, induce aberrant DNA methylation, which forms tissue- and carcino-
genic factors-specific patterning and specificity.137,169�174 Interestingly, the methyla-
tion degree can be indicative of exposure to carcinogens.175

13.3.2 Neuronal diseases and epigenetics
Epigenetic changes comprise a molecular link between aging and neurodegeneration,
with etiology and symptomatology of neurodegeneration being, in many cases, linked
to epigenetic effects.176 Increased retrotransposition has been associated with neurode-
generation and reduced levels of DNA methyltransferases is a common feature in aging,
Alzheimer’s disease (AD) and Parkinson’s diseases (PD).177�179 In support, a deficiency
in 5-hydroxymethylcytosine was found in a mouse model of Huntington’s disease
(HD).180 On the other hand, several studies demonstrated increased DNA methylation
in post-mortem tissues from cohorts of patients with AD.181,182 Histone acetylation at
the repetitive DNA sequences decreases with age in mice brains and altered histone
acetylation has a causative role on age-dependent memory impairment.183,184 Histone
acetylation at certain residues is high in memory regulating brain areas, such as the hip-
pocampus, with these residues being frequently affected in neurodegeneration.185

Hypomethylation at neuronal enhancers in patients with AD is related to synapse degen-
eration.186 Reduced PRC2 activity causes the upregulation of genes activated in HD
and of genes that are known to induce neuronal cell death and neurodegeneration.187

MiRNAs also play various roles on neuroprotection and neurodegeneration, via
non-elucidated mechanisms, with their concentration being dramatically decreased with
age in the human brain.188,189 In flies, expression of miR-34 is altered through aging
and its loss causes brain degeneration and lifespan reduction. Its upregulation extends
lifespan and inhibits human pathogenic polyglutamine disease protein-induced neurode-
generation. This is partially mediated via translation inhibition of Eip74EF.190 On the
other hand, samples from humans with AD and from mice with modeled AD, have dif-
ferent patterns of miRNAs expression compared to controls, as also with elevated levels
of miR-34.191,192 MiR-34 targets and decreases pro-survival factor Bcl2 and antiaging
deacetylase SIRT1 and is suspected to play a causative role on neurodegeneration
onset.121,193 Levels of lncRNAs have been correlated with the expression of mutant
alpha synuclein in presymptomatic PD.194 Several lncRNA molecules are dysregulated
in brains of patients with HD. Some of these have been suggested to target the neuro-
protective transcriptional repressor, REST, a key mediator of transcriptional changes in
neurodegenerative diseases.195,196 Levels of another ncRNA, the miR-181c is decreased
in the brains of AD patients, while its loss increases the levels of the amyloid precursor
protein (Aβ).197 The major epigenetic alterations that are involved in the development
of cancer and neurodegeneration are depicted in Fig. 13.2.
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13.3.3 Cardiovascular disease and epigenetics
One of the main risk factors of cardiovascular disease (CVD) is age. Several studies
prove the major impact of epigenetic alterations in vascular function and arteriosclero-
sis, while histone deacetylase inhibitors are promising drugs to treat vascular diseases
and arteriosclerosis.198 When biological age is measured with the Horvath DNA
methylation-based method, for each year of additional biological age, the risk for
CVD occurrence increases by 4%.199 Many studies reveal associations between epige-
netic alterations through aging and CVD.200 Hypermethylation of genes coding for
superoxide dismutase-2 (SOD2), for histone 3 and for angiotensin I converting
enzyme 2 promoter increases the risk of essential hypertension. Reduced global DNA
methylation, hypomethylation of H3K79 and hyperacetylation at the promoter of the
endothelial oxide synthetase gene (eNOS) are associated with hypertension.201�203

Epigenetic changes are also implicated in the development of hypercholesterolemia
and atherosclerotic lesions. Patients with dyslipidemia have different methylation profiles
in genes regulating mitochondrial function and lipid metabolism. Patients with hypercho-
lesterolemia have hypermethylated promoters in genes that regulate transfer of cholesterol
and formation of atherosclerotic lesions is associated with enhanced histone acetylation
on H3K9 and H3K27 in the smooth muscle cells, as also altered methylation of several
genes.92,204�209 Methylation status of specific residues, such as H3K9, and the activity of
the SWI/SNF chromatin remodeler have been causative to cardiomyocytes patholo-
gies.210,211 Finally, several ncRNAs are involved in age-related CVD.212 Although there
are not experimental proofs to establish a causative relationship between age-dependent
epigenetic changes and CVD, these and several other findings suggest a strong correlation
between epigenetic alterations and the development of CVD with age.213

With the exception of cancer, neurodegeneration and CVD, increasing evidence
suggests that more age-related diseases, such as age-related renal, immune and meta-
bolic diseases are correlated with age-related epigenetic changes.214,215

Figure 13.2 Epigenetic alterations implicated in cancer and neurodegeneration development.

344 Aging



13.4 Conclusions

Age-dependent epigenetic changes constitute a longevity denominator that promotes
age�related decline and pathologies. With age, several genetic, environmental and life-
style agents alter epigenetic identity of individuals, leading to epigenetic drift, which can
serve as a biomarker for “biological age” and functions as a regulator of physiology and
lifespan, even of next generations. Epigenetic alterations mainly impact transcription reg-
ulation and proteins translation, which affect activity of genes involved in healthspan
and lifespan determinations, such as genes participating in insulin signaling and responses
to diet, genomic stability, telomeres attrition, cellular differentiation, senescence, stress
responses and genes that are implicated in the onset and progress of age-dependent dis-
eases. Although the same type of epigenetic alterations can impact cellular homeostasis
and longevity in an opposite manner, dependent on the afflicted genomic areas, several
studies have attributed epigenetic changes on specific genomic areas to distinct pheno-
types and the onset of pathologies. However, research findings suggest that epigenetic
alterations do not exclusively lead to pathologies and physiological decline, but they can
even be beneficial for age-related physiological adaptations.94

Some difficulties impede the elucidation of the role of epigenetic mechanisms on
aging and the development of age-related diseases. The same type of epigenetic altera-
tions can have contradictory effects on health, depending on the specific histonic or
genomic residue affected. Also, the same residual modifications can have opposite
effects on cellular function in different animal model systems, thus making interpreta-
tion of research findings in humans’ physiology puzzling. Moreover, the strong inter-
connection between different epigenetic alterations hinders causative relationships
between such alterations and specific phenotypes. Nevertheless, in a simplistic, but
solid, speculation, age-related epigenetic changes observed in humans possibly impacts
aging phenotypes through the same mechanisms that laboratory-induced epigenetic
alterations use to modulate cellular physiology in animal model systems.

The importance of clinical epigenetics for human medical treatment lies on the revers-
ibility of epigenetic modifications. Adoption of a certain lifestyle, including increased physi-
cal activity, consumption of low-caloric foods and dietary polyphenols, changes in habits
such as tobacco smoking and alcohol consumption can reduce the effects of epigenetic drift
on physiological decline.100,216�219 Moreover, a group of chemicals that enhance longevity
through altering the epigenome has been described, which can potentially alleviate age-
related deterioration and pathologies in humans (Table 13.1). Furthermore, large arsenals of
drugs that target specific disease-related epigenetic modifications exist and can potentially
confront the development and symptomatology of age-related human diseases220 In the
future, the usage of such drugs, combined with the analysis of the epigenome “fingerprint”
of individuals, have the potential to revolutionize the contribution of clinical epigenetics in
geriatrics, through improving both diagnostics and treatments of human diseases.
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Table 13.1 Drugs and biomolecules related to both longevity regulation and epigenetics alterations.

Epigenetic mechanism Interventions Targets Aging
(Chronological or
replicative)

Organism References

DNA methyltransferases
(DNMTs)

Decitabine AID Extension Mus musculus 221

Hydralazine NRF2, PKA/SIRT1 Extension Caenorhabditis elegans 222,223

RG108 Vg Extension Apis mellifera 99

EGCG AMPK/SIRT1/
FOXO, glucose
metabolism

Extension C. elegans, Drosophila
melanogaster

224,225

Curcumin REDOX signaling Extension C. elegans, Saccharomyces
cerevisiae, Rattus rattus

226�228

Genistein SOD-3, HSP-16.2 Inconsistent
extension

C. elegans, M. musculus,
D. melanogaster

229�231

Ursolic acid Srl/PGC1α JNK Extension D. melanogaster, C. elegans 232,233

Ascorbic
acid

NA Inconsistent
extension

M. musculus, D.
melanogaster,
C. elegans

234�236

Metformin mTOR/AMPK
KDM6A/UTX

Inconsistent
extension

D. melanogaster, C. elegans 237�239

Histone modification (HDACs,
HMTs, HDMs and HATs)

Resveratrol SIRTs Inconsistent
extension

C. elegans, D. melanogaster
M. musculus

240�243

SB FOXO/DAF-16,
NRF2/SKN-1HSPs

Extension C. elegans, D. melanogaster,
M. musculus

26,36,244�246

PBA NA Extension D. melanogaster, 247

TSA HSP22 Extension D. melanogaster, C. elegans, 248,249

Quercetin PaMTH1, MPF Extension M. musculus, Podospora
anserina, C. elegans

250�252

Spermidine Autophagy Extension M. musculus, S. cerevisiae,
D. melanogaster C. elegans

253,254

Rapamycin mTOR Inconsistent
extension

M. musculus, D.
melanogaster C. elegans

255�259

EGCG, epigallocatechin-3-gallate; Vg, hemolymp vitellogenin; SB, sodium butyrate; AID, activation-induced cytidine deaminase; PBA, phenylbutyrate; TSA, trichostain A; NA, no
information available.
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Disrupted cellular quality control
mechanisms in aging
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14.1 Aging: is it a programmed fate and/or an error accumulation?

Aging is a biological process that affects cells, organs and organisms, mainly character-
ized by a time-related deterioration of the physiological functions necessary for fertility
and survival.1 Aging affects all the individuals of a species at variable rates and is
unavoidable. Therefore, it is important to elucidate the mechanisms underlying this
process. When lay audiences refer to aging, they usually refer to senior people and the
highlighted features are typically: a decline in motor abilities, cognitive performance
and “external” visual signs of age, such as wrinkles. However, aging is much more
complex than that and engages the accumulation of detrimental modifications in
deoxyribonucleic acid (DNA), proteins and lipids, as well as the appearance of cellular
protein aggregates and lysosomal lipofuscin, a specific hallmark of senescent, post-
mitotic cells.2 Generally, this process is accompanied by a progressive decrease in the
capacity to properly react to stress conditions, which occurs in association with the
homeostatic failure and accumulation of molecular damage.3

Until a few decades ago, it was believed that aging was not dependent on adaptive
changes and the maximum lifespan was steady and dependent on genetic traits.
However, in the 1900s, several studies showed that a maximum lifespan does exist,
and it depends on a sequence of factors that ensure an individual’s survival to a certain
point until biological aging eventually causes death (for further details see4�6).

In the last century, scientists carried out a battle against aging, trying to decipher
the mechanisms underlying this biological process, and how to harness those findings
against some of the more complex age-related human pathologies. So far, a broad
spectrum of theories was brought to light as an attempt to explain what aging is.
Aging theories can be broadly divided in two main categories: (1) genetic and (2)
non-genetic theories. The first group, where we can include the programmed
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longevity, the endocrine and the immunological theories, relies on the hypothesis that
lifespan of a cell or organism is genetically predetermined, in a similar way as eye color
is determined, and proponents of this theory justify it with several studies showing, for
instance, that people with parents who have lived long lives are likely to live long
themselves.7�10 On the other side, the non-genetic theories, or so-called the “damage
or error theories,” are composed of wear-and-tear, rate of living, reactive oxygen or
nitrogen species, and the somatic DNA damage theories, which posit that aging is the
result of a breakdown in the control mechanisms that are required in a complex
performance.11�18 These theories hypothesize that aging is the result of an accumula-
tion of damaged molecules and toxic byproducts of recurrent cellular activities, such as
cellular respiration.12,15,17 Nevertheless, based on present knowledge, none of these
theories properly or completely explains the complex biological process of aging.
Evidence leads us to think that indeed, both types of theories can have some legiti-
macy and are not necessarily mutually exclusive; they can actually complement each
other.9,19 Significant recent progress in the field of biology of aging focused on the
understanding of the cellular and molecular processes underlying aging and on the
biological factors associated with extended longevity in humans and animal models.
Furthermore, researchers believe that identifying ways to slow down age-related
changes will open new venues for the development of new therapeutic interventions
aimed at maintaining health quality in the elderly, for as long as possible. Indeed, tar-
geting the aging biological process may bring new insights for a novel and potentially
broadly effective treatment against diseases associated with old age, including neurode-
generative diseases, cardiovascular diseases, cancers, and type 2 diabetes mellitus.20

Despite the recent advances, the truth behind the mysteries of human lifespan remains
elusive. However, evidence from the last decades suggests the existence of a conver-
gent route of a plethora of signaling pathways in the main degradative pathways (lyso-
somal and proteasomal), that seem to exert a pivotal role in the balance between aging
and longevity.21 In fact, the idea that aging is a result of an inevitable accumulation of
toxic metabolic waste products or damage caused by them is actually sustained, directly
or indirectly, by almost all of the aging theories.19,22 In this context, in 2009, a stealthy
chance brought into the spotlight, a pivotal role for autophagy in the regulation of
aging.23 In the next sections we will discuss autophagy and how it can be the key to
decipher the aging process. Moreover, we will give an overview about recent advances
in the field of autophagic inducers that can represent the future of the “youth elixir.”

14.2 Autophagy: an evolutionarily conserved process

Autophagy, a name derived from the Greek, “eating of self,” is a widespread and evo-
lutionary process that was first described in 1967.24 The name was attributed due to
the observation of an autodegradation process of cellular components inside the
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lysosomal compartment in eukaryotic cells.25 It was described that cytoplasm and orga-
nelles were encapsulated into bilayer membrane vesicles called autophagosomes, which
were transported to vacuoles/lysosomes for decomposition and recycling (Fig. 14.1).26,27

Further studies demonstrate that autophagy is a process that appeared early during the
evolution and homologous genes essential to the autophagic process can be found in all
eukaryotic model organisms investigated so far.28�30

In the last two decades, the role of autophagy in health and disease was revived
and a remarkable understanding of this process was achieved.31 Indeed, the initial stud-
ies by Deter and De Duve showed that autophagy is a general bulk recycling process
involving the sequestration and transport of intracellular material to the lysosome for
degradation. More recently, a panoply of metabolic and proteostatic signaling roles,

Figure 14.1 Aging and autophagy: an intertwined relationship. The biological process of aging is
one of the more complex and unsolved puzzles of humanity. Recent studies highlight a pivotal
role for autophagy in aging process and it is presently described as a “longevity determinant.”
Evidence clearly show that during aging the quality control efficacy of autophagy decreases lead-
ing to an accumulation of damaged organelles (e.g., mitochondria, endoplasmic reticulum) and
protein aggregates, among others, which affects cells homeostasis leading to cell degeneration
and, eventually, death.
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determinant for key physiological processes, ranging from cell fate to organism life-
span, were attributed to autophagy.31 Besides its self-eating role of intracellular mis-
folded proteins, damaged organelles or invading microorganisms in cells, autophagy
was also recently described as an adaptative response able to provide nutrients under
different stress conditions.32

There are two different kinds of autophagy, defined according to the targets
involved in the process: the non-selective and selective autophagy. In non-selective
autophagy, the cargo is total cytosol and its degradation in the lysosomes generates
nutrients essential during starvation. Selective autophagy includes a cytoplasm-to-
vacuole targeting pathway, mitochondrial autophagy (mitophagy), and pexophagy
(peroxisomes).33 More recently, also aggrephagy (protein aggregates), lysophagy (lyso-
somes), ribophagy (ribosomes) and ERphagy (endoplasmic reticulum) were described
under the umbrella of selective autophagy.31,34 Furthermore, autophagy can also
be divided in macroautophagy (generally called autophagy), microautophagy and
chaperone-mediated autophagy (CMA), based on the selective uptake of cargo des-
tined for degradation.21,22 Macroautophagy involves the formation of double-
membrane structures (autophagosomes) that engulf portions of cytoplasm and com-
plete organelles that, then, fuse with lysosomes to form autophagolysosomes where
the cargo will be degraded and resulting elements can then return to cytosol to
undergo metabolic processing.21,35 Concerning microautophagy, it is mainly character-
ized by the lack of autophagossomes where engulfment occurs directly through the
lysosomal membrane.36�38 Although microautophagy is generally very similar to
macroautophagy, it does not seem to exhibit adaptation to nutritional deprivation;
instead, a continuous protein degradation occurs even under normal conditions.39

Studies about microautophagy are scarce and generally limited to yeast; few studies
can be found in mammalian cells, in which more investigation is necessary.38,40 Lastly,
there is the CMA, a third complementary autophagic route.41 In this specific case, sin-
gle soluble cytosolic proteins are targeted with a specific lysosome motif (KFERQ-
related sequences) that is recognized by a complex of chaperone proteins and delivered
to the lysosomal membranes for degradation.42�45 Docking of this substrate/chaperone
complex to lysosome is mediated by specific binding to the cytosolic tail of the
lysosome-associated membrane protein 2A (LAMP2A).46 Yet, the role of CMA in the
turnover of long-lived proteins and intracellular quality control, as well as its role in
different diseases, seem similar to other types of autophagy.21 Recently, the identifica-
tion of expressed sequences displaying high-sequence homology with the mammalian
LAMP2A in several fish species, bring the hypothesis of CMA existing from earlier
times during evolution than initially thought32,47; although the process is more intri-
cate in higher organisms.48

Usually, all forms of autophagy are considered as housekeeping processes responsi-
ble for recycling cellular components with major roles in normal development and
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physiology. Nevertheless, autophagy functions go far beyond what is considered
“normal” conditions to maintain cellular homeodynamics, specifically in non-dividing
differentiated cells such as neurons, that cannot dilute and eliminate waste by cell divi-
sion.48 Indeed, an essential role for autophagy has been described under distinct stress
conditions such as hypoxia, endoplasmic reticulum stress, DNA damage and invasive
pathogens49,50 where autophagy is the key process responsible for the degradation of
damaged proteins and organelles, oxidized lipids or intracellular pathogens.

Autophagy regulation is very complex and includes a wide variety of signaling cas-
cades and regulatory mechanisms. Recent evidence revealed a key role for sirtuin 1
(SIRT1) in the process: it was shown that SIRT1 interacts with several autophagy-
related (ATG) proteins, essential regulators of the autophagic process.51,52 Apparently,
SIRT1 is able to deacetylate ATG proteins (including the homolog microtubule-
associated protein 1A/1B-light chain 3 (LC3) in mammalian cells) in a NAD1-depen-
dent manner,51 stimulating the autophagic uptake of cellular proteins and damaged
organelles for degradation and thus, maintaining cellular homeostasis.53 Additionally,
interaction of SIRT1 with the family of forkhead box O (FoxO) transcription factors
and p53 pathway also seems to exert a pivotal role in autophagic regulation in differ-
ent stress resistance and aging models.12,53�55

Likewise, probably the most conserved autophagy inducer known so far is adenosine
monophosphate-activated protein kinase (AMPK). It is well known that physiologically,
nutrient deprivation and/or energy scarcity is one of the major autophagy inducers and,
at which point AMPK importance raises due to its key role in the control of several
metabolic processes, working as energy sensor and connecting the dots between cellular
metabolism and energy availability.56 Indeed, AMPK is able to inhibit the mechanistic
target of rapamycin (mTOR), the main autophagy repressor in mammalian cells that is
physiologically active in situations of high energy levels, and it is responsible for a
decrease in the rate of autophagosomes formation.57�59 In short, AMPK senses decreases
in cells’ energy availability and suppresses mTOR activation, stimulating autophagy in
order to enhance energy levels. However, the role of AMPK is not fully understood
and recent evidence shows that AMPK can also regulate autophagy through a direct
association with an autophagy-initiating Unc-51 Like Autophagy Activating Kinase 1
(Ulk1), which is an orthologue of yeast ATG1,60 and by directly modulating lysosomal
function.61 Further studies are necessary to fully understand the complexity of AMPK-
dependent autophagosome maturation and lysosome fusion.62

Knowing that different highly conserved signaling pathways converge in autophagy,
which seem to regulate aging and lifespan in multiple model organisms, including worms,
flies and mice,63 it is of utmost importance to reinforce the fact that a strict balance in
autophagy activation/suppression is of enormous significance not only due to its pivotal
role in energy balance but also because it can be a double-edged sword protecting cells
when it is moderately activated or inducing cell death when excessively activated.
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In the next section, we will further exploit this issue trying to summarize the con-
sequences of autophagic deregulation in the aging process.

14.3 Role of autophagy in aging: what can go wrong?

Hitherto, the molecular mechanisms underlying the aging process remain one of the
greatest scientific mysteries of humankind and with it, the unsolved basis of why aging
comprises the major risk factor for some of the most complex age-associated diseases.
In the last several decades, researchers tried to decipher the biological process of aging
and clearly demonstrated that autophagy has a crucial role as a “longevity determi-
nant” since its proper regulation can determine lifespan in different species.48,53 As a
matter of fact, it has been shown that autophagy failure or mutations in autophagy
genes promotes premature aging and increased age-associated diseases.64�66 One of
the major threats of aging, is the accumulation of misfolded or cross-linked aggregated
macromolecules and defective organelles that affect cell functions,67�69 supporting the
vital role of autophagy in this process (Fig. 14.1). However, the complex interplay
between autophagy and aging is a question that remains enigmatic. Despite the uncer-
tainty entailing this issue, it is already known that both aging and autophagy regulation
are driven by shared signaling pathways.70 This strict relationship seems to rely on the
fact that autophagy is a biological process occurring downstream of different longevity
pathways, such as insulin/insulin growth factor 1 (IGF-1) and mTOR signaling, calo-
rie restriction (CR) and mitochondrial activity.48 These pathways are deeply involved
in a coordinated program71�73 where the aging process seems to downregulate some
of the most crucial survival protein cascades (e.g., phosphatidylinositol 3-kinase
(PI3K), B cell CLL/Lymphoma-2 (Bcl-2) and/or SIRT-FoxO signaling path-
ways),53,74,75 alterations that will also compromise their pivotal role in the regulation
of autophagy. So, it can be stated that autophagy is a biological process inseparable
from aging. Several studies clearly demonstrated that the activation of autophagy due
to the inhibition of mTOR is responsible for the increased lifespan of several
species.76�79 Additionally, unbalanced regulation of the mTOR and AMPK signaling
pathways impairs autophagy contributing to organismal aging.80 Such alterations can
contribute to the development of cancer, metabolic diseases and neurodegeneration
due to an increase in cellular vulnerabilities.41,81�83 In 2001, a study performed in
Saccharomyces cerevisiae showed for the first time the mTOR involvement in aging,84

and this finding later was confirmed and extended to other species such as
Caenorhabditis elegans and Drosophila.76,85 Moreover, evidence from the literature shows
that the depletion of autophagy genes (e.g., Atg6, Beclin 1, S6K1) shorten lifespan in
long-lived nematodes and mammals.86�88 Recent genetic studies also indicate that
autophagy genes are required for lifespan extension in various long-lived nematode
mutants.89 Likewise, the existence of two hypomorphic alleles that reduce mTOR
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expression by 25% in mice resulted in a B20% increase in lifespan of these animals
when compared with wild-type counterparts.90 Nevertheless, modulation of mTOR
signaling can be a double edged sword in longevity since its complete inhibition in
early life stages can induce premature lethality.91�93 Thus healthy aging should go
through a tight regulation of mTOR activation in order to maintain cellular homeo-
stasis and health.94,95

Presently, one of the major hypothesis under debate is based on the role of autop-
hagy in cellular defense against damage. Indeed, evidence from a wide variety of
organisms indicates that autophagy plays a key role in protecting cells from reactive
oxygen species (ROS) generated primarily during mitochondrial respiration (for fur-
ther details please see96�98). The overproduction of ROS by mitochondria, particu-
larly superoxide anion (O2

•2) that dismutates to form hydrogen peroxide (H2O2) that
can further react to form the highly reactive hydroxyl ion (HO•), with the consequent
accumulation of damaged organelles,99 supports the idea that aging is associated with a
loss of autophagy effectiveness.48 Generally, a strict balance between the production
and the scavenging of ROS is necessary to maintain homeostasis. However, with
advancing age, several inherited or acquired (through extrinsic factors such as lifestyle,
stress, metabolic diseases, among others) defects in redox-mediated signaling path-
ways100 are responsible for a decline in the efficiency of several antioxidant defensive
mechanisms, which result in a shift in the balance towards the formation of ROS con-
tributing to accumulated cell damage over time.100�104 Moreover, it is well known
that the unbalanced production of mitochondrial ROS also affects other cellular com-
partments12 threatening cellular homeostasis and playing a pivotal role in the accelera-
tion of aging and age-associated pathologies.19,105

Under physiological conditions, the loss of mitochondrial function during early age
activates mitophagy to eliminate defective mitochondria and slows aging through a
balance between mitochondrial quantity and quality.106,107 Impairments in mitophagy
result in the accumulation of dysfunctional mitochondria, leading to a decrease in life-
span, as previously demonstrated by the knockdown of several mitophagy-related
genes such as dct-1, pink-1, and pdr-1 (the nematode Parkin homolog).108 In addi-
tion, the deficient removal of damaged mitochondria triggers oxidative injury and pro-
tein misfolding,109,110 compromising vital cellular processes including oxidative
metabolism and calcium buffering, favoring cell death.111

Together with mitochondria, peroxisomes also play an essential role in ROS pro-
duction within cells. Their normal function is critical for the maintenance of a healthy
cellular redox balance, which influences the aging process.112 Therefore, for the main-
tenance of cell homeostasis, damaged peroxisomes must be removed by autophagy.
For decades, the importance of peroxisomal ROS production in aging has been hid-
den behind mitochondrial ROS; nevertheless, their importance in the aging process
has been highlighted by several studies that showed a positive correlation between
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peroxisomes function, decline and accumulation of damaged peroxisomes, suggesting
an age-related decline in pexophagy.113�115 Nevertheless, although the major role of
peroxisomes dysfunction in aging and age-related diseases is already established, pexo-
phagy is still a field under development and further studies are necessary to fully eluci-
date their role in the aging process.

Aging is considered a major risk factor for several neurodegenerative diseases such as
Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington disease (HD), frontotem-
poral degeneration and prion protein (PrP) disease.116 These diseases are characterized by
an accumulation of protein aggregates (e.g., amyloid β plaques, neurofibrillary tangles of
hyperphosphorylated tau, α-synuclein aggregates, huntingtin aggregates) indicating a
defective clearance by aggrephagy,117 as demonstrated by several studies performed in
animal models of disease.21,118�127

A deregulation in CMA also seems to occur during the aging process.128 Studies
performed in aged animals showed a significant reduction in LAMP2A levels as well as
an altered localization of the protein in the lysosomal membranes. These alterations
cause a decrease in CMA activity and, consequently, an increased vulnerability to age-
associated damage.128�130 There is also evidence that CMA defects contribute to the
development of age-associated diseases, namely neurodegenerative diseases.131,132

Despite the recent advances in the field of autophagy, there are many aspects that
need further clarifications. For instance, the role of ERphagy, lysophagy and ribophagy
in the aging process is underexplored. It is widely known, the importance of healthy
pools of ER, ribosomes and lysosomes, in the maintenance of cellular homeostasis.
Therefore, we anticipate that impaired autophagic degradation of damaged ER, ribo-
somes and lysosomes is involved in the aging process.133 In fact, ERphagy seems to be
regulated in a similar way to mitophagy.107 Most studies regarding aging and associated
diseases are mostly focused on “general autophagy,” or mitophagy due to the pivotal
role of mitochondrial dysfunction in such situations.

At this point, one can ask how scientists have been using the knowledge discussed
above in the fight against aging and related diseases. In the next section we will briefly
discuss some of the advances in anti-aging therapeutics that were developed under the
assumption that autophagy is a central player in aging.

14.4 The chase for “eternal youth”: can autophagy-directed
interventions be the much-desired youth elixir?

The last decades brought a burst in the development of therapeutic approaches that
have been determinants in healthcare improvement contributing to the dramatic
increase in life expectancy worldwide. Nevertheless, the biological process of aging still
comprises one of the major health threats because it is the major risk factor for several
human pathologies.134 Dissecting the core mechanisms of aging became one of the
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biggest missions in medicine. Based on the previously mentioned evidence, several
autophagy-directed approaches underlie the quest for “youth and immortality foun-
tain” trying to answer properly the three big promises of this mission: health span,
rejuvenation, and longevity, in a step forward, allowing humans to live far beyond
their natural span while preserving their health status (Fig. 14.2). In this line, several
studies aimed to answer the question: can autophagy promotion prevent aging in
humans and thus protect against age-associated diseases? So far, the effectiveness of the
proposed approaches remains uncertain.

Figure 14.2 Autophagy-targeted therapies as potential anti-aging drugs. Aging is the major risk
factor for some of the more intricate and challenging diseases affecting humankind. Thus, research-
ers in the field are devoting special attention in deciphering the mechanisms underlying the aging
process to lay the groundwork for the development of new promising strategies to delay aging
avoid or reduce age-related diseases. Due to the key role of autophagy in cells homeostasis, several
autophagy-directed therapies are under study including AMPK inducers, sirtuins activators, mTOR
inhibitors and modulators of cAMP/IP3 signaling. AMPK, adenosine monophosphate-activated pro-
tein kinase; mTOR, mechanistic target of rapamycin; cAMP, cyclic Adenosine Monophosphate; IP3,
inositol triphosphate.
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Thus far, the first line of action builds on non-pharmacological strategies including
physical exercise.135 Several studies showed that physical exercise, adapted to the age
and health condition of the individual, can be a powerful ally in aging and age-related
conditions.135 And, physical exercise is considered a major autophagy inducer since it
decreases the ATP/AMP ratio which, in turn, activates AMPK stimulating autop-
hagy.136,137 Indeed, AMPK activation by physical exercise inhibits mTOR signaling
and activates PI3K signaling pathway that, in turn, stimulates the expression of ATG
and LC3-II proteins.135,138 It was previously reported that treadmill exercise can mod-
ulate several autophagy-associated proteins, such as Beclin-1, improving autophagy
during aging.139 Nevertheless, the potential of physical exercise to act as an anti-aging
intervention, via its capacity to activate autophagy, is dependent on the exercise type,
duration and/or intensity and, more studies are needed to fully clarify the effects of
different exercise modalities in the aging process.137

Together with physical exercise, nutrient availability also plays a role in the regula-
tion of autophagy during the aging process. Evidence from the literature shows that
autophagy induction via CR is a very robust way to extend the lifespan, slowing the
pace of aging by retarding its comorbidities, through improved mitochondrial respira-
tion.140,141 It has also been reported that a selective reduction of protein intake, espe-
cially amino acids, mimics the beneficial effects of CR.142 The theory of CR as an
anti-aging intervention was first described in 1935 by McCay and coworkers.143 The
authors observed that a 40% reduction in calorie intake was responsible for a 50%
increase in rat lifespan. The pro-longevity effects promoted by CR are mediated by
the signaling pathways involving the activation of AMPK, sirtuin 1 and IGF-1 and
inhibition of mTOR144�147 (Fig. 14.2). In short, CR effects result from the modula-
tion of major autophagy regulators, as previously described. Nevertheless, it is impor-
tant to emphasize that in the elderly, the risks of this approach can overlay its benefits
leading to immunodeficiency and malnutrition. Moreover, some human studies
showed detrimental secondary effects such as osteoporosis, loss of libido, inability to
regulate body temperature, and loss of strength and stamina.148 Based on these obser-
vations, researchers started focusing on pharmacological compounds capable of mim-
icking CR-mediated autophagy induction. So far, rapamycin, an inhibitor of mTOR
signaling, leads the studies in the field (Fig. 14.2). Rapamycin is the only known phar-
macological substance with proven efficacy in lifespan extension in all model organ-
isms studied149 such as yeast,78,150 nematodes,76 Drosophila85,151 and mice.23 All these
studies support the conserved role of autophagy in the aging process.48,151 Rapamycin
works as a CR mimetic providing the same benefits as those provided by CR, without
reducting calorie intake.152 It has been shown that rapamycin was responsible for an
increase in lifespan of B14% in adults and of B28%�38% in young mice.153

According to the National Institute on Aging (NIA) Intervention Testing Program,
rapamycin was able to prolong the lifespan in mice either when administered at early
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adult or elder mice (9 and 18 months of age).23 Others reported significant benefits of
rapamycin against cardiac aging154 and age-related neurodegeneration.155 Interestingly,
the majority of studies showed that rapamycin has consistently more benefits in
females than males.134 Nevertheless, contradictory results can be found in both mice
and humans and several side effects have been reported after chronic treatment with
rapamycin such as decreased insulin sensitivity, glucose intolerance, increased risk of
new-onset diabetes, increased incidence of viral and fungal infections including pneu-
monia, chronic edema, painful oral aphthous ulceration, and hair loss,156�158 which
affects rapamycin wide-scale use as an anti-aging compound.159�161 These side effects
lead researchers to propose an intermittent rapamycin treatment, allowing it to be
washed out of the human body, a phenomenon that seems to occur within a few
weeks.162�164 In fact, in female 129/Sv mice, rapamycin intermittent treatment
(administered at a dosage of 1.5 mg/kg, subcutaneously, three times a week for a
period of 2 weeks, followed by 2 weeks without rapamycin, starting from the age of 2
months) inhibited age-related weight gain, decreased aging rate, increased lifespan and
delayed spontaneous cancer.165 Despite these observations, limited effects were
observed in the aging process itself, raising important questions about the efficacy of
rapamycin: is it worth living longer but, as the “Tithonus Error,” decrepit and increas-
ingly crippled by age-related conditions? Further studies are necessary to fully elucidate
the potential benefits of rapamycin usage as an anti-aging therapeutic.

Several studies support the therapeutic potential of autophagy-directed drugs in age-
associated diseases, particularly in neurodegenerative diseases.166 It is now known that
protein aggregates that characterize neurodegenerative diseases are autophagy substrates
(e.g., mutant huntingtin, α-synuclein, and phosphorylated tau).118�121 Studies in an HD
mice model showed that rapamycin increased animals’ lifespan through reduction in the
toxic aggregates formation.21,120 Rapamycin and its analogs have also shown benefits in
animal models of AD, PD, frontotemporal degeneration and PrP disease.122�127

Besides rapamycin, also nicotinamide derivatives such as metformin, urolithin A and
spermidine showed efficacy in delaying aging and in extending lifespan (Fig. 14.2).167

Indeed, metformin (N, N-dimethylbiguanide), an AMPK-dependent autophagy
inducer, widely used in type 2 diabetes, has beneficial effects on healthspan and lifespan
on both clinical and model organisms. In fact, it has been demonstrated, that metformin
is able to increase lifespan in both C. elegans and mice and, when combined with rapa-
mycin, longevity increased in male C5BL/6 mice.165,168,169 It has also been studied how
metformin treatment influences and modulates the biology of aging and its associated
diseases in humans, by focusing on gene expression profiles and insulin sensitivity and
secretion, in a diabetes-independent mode, as an attempt to open new venues for the
design of new anti-aging drugs.170 Several other AMPK-inducers (e.g., berberin) have
proven efficacious against age-associated pathologies through AMPK and/or sirtuin 1
inhibition of mTOR and consequent autophagy induction (Fig. 14.2). Positive effects

369Disrupted cellular quality control mechanisms in aging



were already reported in cardiac remodeling, collagen deposition, apoptosis and fibrosis,
resulting in senescence retardation,171 improved cardiac function,172,173 and cognition in
aging animal models.174,175 Concerning, Urolithin A, the specific mechanism of action
remains elusive however, it is known that this natural compound is able to enhance
mitophagy preserving mitochondrial health and to extend lifespan in both C. elegans and
rodents.176

Besides AMPK- and mTOR- directed drugs, also sirtuin activators are emerging as
promising anti-aging tools. For instance, resveratrol, a sirtuin activator, has gained the
interest of researchers in recent years due to its ability to upregulate ATG genes in dif-
ferent experimental models such as yeast, drosophila and nematodes, promoting an
increase in health span and lifespan.177�179 However, resveratrol efficacy in mammals
is yet to be confirmed since, so far, several studies in mice showed that although it
promotes significant benefits in motor performance, bone health, cataracts and cardio-
vascular issues, as well as, an increase in survival rate in high-calorie fed mice, there is
no conspicuous increase in mean or median lifespan.180�184 Nevertheless, the study of
sirtuin activators is still a field under development and is presently in the focus of some
of the best laboratories in the world, and could in the near future highlight an effective
and safe anti-aging therapeutic approach.

A growing number of autophagy inducers are under development with different
mechanisms of action. For instance, the literature shows a wide variety of compounds
capable of inducing autophagy through the modulation of cyclic AMP (cAMP)/inositol
triphosphate (IP3) signaling pathways, such as rilmenidine, clonidine, minoxidil, and
verapamil185,186 (Fig. 14.2). Interestingly, independently of their mechanism of action,
all of these molecules modulate, directly or indirectly, mTOR activity and, subse-
quently, they regulate autophagy.

Despite the substantial knowledge acquired in recent years regarding autophagy
involvement in aging and its associated diseases, the challenge of finding a safe and
effective anti-aging therapy is far from the end. Certainly, further studies are urgent to
clarify the pros and cons of autophagy-directed therapies to fight aging and age-related
diseases. We believe that these changes occur not only due to continuous oxidative
stress and damage, but also because of the inherent inability of cells to completely
remove damaged structures (biological garbage).

14.5 Going down the rabbit hole: how lysosomes modulate longevity
pathways

As noted above, autophagy has a key role in longevity and defects in autophagy are
associated with age-related diseases. The different modes of autophagy have a common
aspect: the lysosome as the terminal degradation organelle. Lysosomes have been
known for decades as the cellular recycling organelle, which degrades macromolecules

370 Aging



into building blocks that can be reused to generate new cellular components. In the
last ten years, it became clear that in addition to their hydrolytic role, the lysosomes
also carry out key signaling roles, mostly related to nutrient sensing, and metabolic
roles, associated with the distribution of metabolites such as cholesterol and metals, for
example, to other cellular compartments.187

The discovery that a group of transcription factors (the microphtalmia family com-
posed by the TFEB, MITF, TFE3, TFEC) can trigger the coordinated expression of
genes whose protein products are located in lysosomes, and in net terms promote the
formation of new lysosomes, revealed not only the existence of a transcriptional mech-
anism to maintain lysosomal biogenesis, but also the ability to modulate lysosomal bio-
genesis in response to the intra/extra-cellular environment.187,188 Importantly, the
activity of the microphatalmia transcription factors is regulated by mTORC1 (among
other pathways): mTORC1 inhibits the microphtalmia transcription factors,189 thus
coordinating lysosomal biogenesis to nutrient sensing, and putting lysosomal biogenesis
as another branch of autophagy downstream of mTORC1-mediated lysosomal
signaling.

Lysosomal biogenesis requires not only the expression of lysosomal genes and the
translocation of the respective protein products to the lysosomal membranes, but also
the generation of new lysosomal particles. This is achieved through a process known
as autophagic lysosome reformation (ALR) (Fig. 14.3). After autophagosomes fuse
with lysosomes, and the lysosomal hydrolytic machinery digests the autophagic con-
tents, the lysosome initiates a process of tubulation, which will culminate in the fission
of those tubules and generation of new lysosomal particles.190,191 The tubulation is
dependent on the activity of mTORC1.190 The activation/deactivation of the
mTORC1 complex occurs at the lysosomal membrane and depends on the activity of
the lysosomal v-ATPase as well as the efflux of several nutrients from the lysosomes,
such as amino acids and cholesterol.192,193 Tubulation usually occurs about 12 h after
autophagy was initiated, thus allowing for the temporal regulation of different phases
of lysosomal biogenesis. Starvation results in mTORC1 down-regulation, and the
consequent activation of TFEB. As the digestion of autophagosome starts occurring in
the lysosome, the efflux nutrients such as amino acids and cholesterol from the lyso-
somes lead to activation of mTORC1. By now, the lysosomal proteins are translated,
and being translocated to the lysosomes, and the activation of mTORC1 shuts down
TFEB activity. The detailed mechanisms that underlie formation of lysosomal tubules
remains poorly understood, but requires the involvement of kinesin KIF5B, the
membrane-binding proteins spastizin, spatacsin and clathrin, the sugar transporter spin-
ster1, the actin nucleation promoting factor WHAMM, and the signaling phospholipid
PtdIns(4,5)P2.

187,194 Loss of these proteins results in impaired lysosomal reformation,
and accumulation of lysosomes with undigested contents, as illustrated in Fig. 14.3.
Importantly, the activity of the lysosomal v�ATPase is also necessary for tubulation.190
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Thus, the described progressive loss of v-ATPase activity during aging may trigger a
feed-forward cycle in which partly dysfunctional lysosomes cannot undergo ALR,
thus resulting in the progressive accumulation of undigested material, and of dysfunc-
tional lysosomes without the capacity to generate new functional lysosomal particles.

The progressive loss of v-ATPase activity has been linked to several neurodegener-
ative diseases, although the most definitive evidence that v-ATPase is involved in
aging was obtained in studies using yeast.195 Essentially, impaired lysosomal acidifica-
tion will result in decreased autophagic capacity, with an accumulation of autophago-
somes. This is particularly important, in the context of aging, due to the decreased
capacity of carrying out mitophagy; mitophagy is a key process in the maintenance of
a healthy mitochondrial network. Research in mitophagy is an intense area of work,
and we won’t be addressing specific aspects of this pathway in this chapter as recent
reviews cover the topic, for example.196 Indeed, it was shown both in lower eukar-
yotes and in mammals that loss of v-ATPase activity results in impaired mitochondrial
function, triggered by a loss of homeostasis in intracellular iron metabolism, for which

Figure 14.3 Representation of the life cycle of lysosomes, focused on autophagic lysosomal refor-
mation. mTOR, mechanistic target of rapamycin. Autophagosomes are represented with blue mem-
branes, and lysosomes with red membranes. The fusion of autophagosomes to lysosomes (step 1)
is represented by part of the structure with blue membranes and part with red membranes. After
the autophagosomes fuse with the lysosomes, the catabolic machinery of the lysosomes degrades
the contents of the autophagosomes and releases recycled building blocks, including amino acids,
which activate mTORC1 (step 2). At a later step, the lysosomes start tubulating (step 3), from which
new lysosomes will arise (step 4). However, if the lysosomes are not functional, undigested con-
tents accumulate, and this results in the inability of the lysosome to tubulate (step 5), becoming a
terminal storage organelle.
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the v-ATPase activity is a key component.195,197�199 These experiments brought fur-
ther light to the interdependence between lysosomes and mitochondria, which is
a key aspect of quality control for both organelles and will be discussed in more
detail below.

14.6 Partners in crime: mitochondria and lysosomes need each other

The metabolic roles of mitochondria and lysosomes are well established for half a cen-
tury, and major inroads were made on their dynamics and signaling roles during the last
twenty years. However, these organelles have predominantly been studied using reduc-
tionist approaches. Only recently had it started to emerge that mitochondria and lyso-
somes are well coordinated, and that perturbations in one (due to, for example, genetic
mutations) result in secondary malfunction of the other.200 The mechanisms underlying
the coordination between mitochondria and lysosomes can involve signaling pathways,
contact sites, and exchange of contents.200 For the purpose of this chapter, the mechan-
isms of mitochondria-lysosomal crosstalk that are involved in quality control of these
organelles are: delivery of mitochondrial contents to the lysosome (through mitophagy
or mitochondria-derived vesicles),201 delivery of lysosomal contents to mitochon-
dria,199,202 regulation of the lysosomal signaling phospholipid PtdIns(3,5)P2 by a signal-
ing network controlled by mitochondria,61 regulation of lysosomal biogenesis by
mitochondria,203 and regulation of mitochondrial biogenesis by lysosomes.204

The function of an organelle depends on the amount of that organelle, and on the
proportion that is healthy and dysfunctional. Therefore, cells have several strategies to
maintain homeostatic levels of mitochondria and lysosomes, such as increasing biogen-
esis or removing the damaged organelles. Furthermore, dysfunctional organelles can be
separated from the healthy ones: impaired parts of the mitochondrial network can be
separated by fission, and marked for mitophagy, and impaired lysosomes can be set
aside in the cytoplasm as terminal storage organelles. Notably, the biogenesis of mito-
chondria is strongly repressed in multiple lysosomal storage diseases as well as when
lysosomal acidification is impaired,199,204 and mitochondrial stress can also modulate
the biogenesis of lysosomes.61,203,205,206 Furthermore, chronic defects in mitochondria,
akin to what would be expected during an age-related decrease in mitochondrial per-
formance, can result in the inhibition of lysosomal hydrolytic capacity, resulting in the
accumulation of undigested lysosomal contents and loss of functional lysosomes.61,206

It is noteworthy to point out that the loss of lysosomal function in cells with chronic
mitochondrial defects is not due to excessive delivery of mitochondria to lysosomes,
but rather due to the inability of the lysosomes to generate the phospholipid PtdIns
(3,5)P2, a key regulator of many lysosomal membrane proteins.61 These studies under-
line that multiple mechanisms are in place to ensure that mitochondria and lysosomes
are coordinated; these organelles represent not only key metabolic machineries and
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signaling hubs, but also have the capacity to coordinate anabolism and catabolism,
hence the importance of ensuring that their functions are in sync.

Of course, mitochondria and lysosomes are not isolated in the cells. The existence
of selective autophagy for different components in the cells was already discussed, and
both mitochondria and lysosomes communicate with other organelles, via physical
contact sites and signaling pathways.207 For example, perturbations of mitochondrial
function are known to trigger endoplasmic reticulum stress.208 On the other hand, the
inability of lysosomes to deliver cholesterol to the endoplasmic reticulum can result
in their compensatory association to mitochondria via contact sites.209 Peroxisomes
are intrinsically associated with mitochondria in terms of biogenesis, metabolism
and dynamics, and require the lysosomes for pexophagy. The near future is likely to
bring increased attention to holistic approaches that enlighten the role of organelle
networks as key players in the quality control of organelle function and of multiple
cellular roles.
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15.1 Introduction

Normal development of organisms is impossible without constant renewal of cells and
tissues. Continuous division can lead to the accumulation of unwanted changes in cells,
the number of which increases with age and reduces the functionality of organs. The
elimination of defective or abnormal cells, and regeneration of healthy cells, is necessary
for proper tissue homeostasis in an adult. It is known that multipotent stem cells (MSCs)
are a regenerative pool in the body. They can differentiate into adipocyte, bone, cartilage,
muscle, nerve and the other cell types as necessary,1,2 therefore, they are point of great
interest in the context of regenerative material in medical research. Mesenchymal stem
cells (MSCs) are found in adipose tissue, skin, placental tissue, the endometrium, menstrual
blood, liver tissue, synovial fluid, dental pulp, muscles, and many other parts of the
body.3�5 The presence of these cells in a large number of body tissues ensures they func-
tion normally. As MSCs age, they lose regenerative potential, which may be associated
with age-related diseases in the elderly, therefore these cells are potential therapeutic
targets.6�8 Senescence of MSCs is characterized by irreversible cycle arrest in the G0 / G1
phase, increased expression of proteins associated with aging (in particular, p16, p21, p53)
and higher β-galactosidase (SA-β-gal) activity.9 Senescence of MSCs leads to functionality
decrease, phenotypic changes, formation of senescence-associated secretory phenotype
(SASP), impaired immunomodulatory function and the ability to undergo aberrant differ-
entiation.10 One of the main characteristics of cellular aging, a turning point in the transi-
tion from early to complete aging, is considered to be an irreversible halt in proliferation.
In the 1960s, it was discovered that in aging human fibroblasts cultures, once they had
reached their maximum number of divisions, their cell cycles stopped, this phenomenon
was called the “Hayflick Limit.”11 This aging-related permanent arrest of proliferation,
telomere shortening, nontelomeric DNA damage, extreme mitogenic signals, and altered
chromatin organization are some of the defining characteristics of aging.12 However,
when a cell reaches the Hayflick Limit or replicative aging, this does not necessarily lead
to cell death, loss of functionality, or decreased viability.13 The senescent cells can still be
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viable and live in a culture, in contrast to the apoptotic cells that undergo programmed
cell death.14 A number of factors, such as oxidative damage, telomere contraction, hyper-
proliferation, expression of oncogenes, ultraviolet and γ-ray irradiation, and chemical
agents can trigger DNA damage response (DDR) in cells.15,16 Weak DNA injury usually
causes cell cycle arrest, while severe damage can activate a program or program the aging
of death, such as apoptosis, necrosis, or autophagy.17 At the same time, a chronically senes-
cent cell acquires various phenotypic changes, including morphological changes, chromatin
remodeling, metabolic reprogramming, and the secretion of factors that form the so-called
SASP.18 In this chapter, we will review the latest data on stem cell aging, focusing in on
the aging of MSCs, the reasons why cells lose their functionality during aging, and investi-
gate possible strategies to prevent aging and improve cell fitness.

15.2 Cell fitness and cell competition

Studying the mechanisms involved in removing unfit cells is an urgent task. Over the
last few years, there has been growing evidence that a mechanism of intercellular com-
petition, called cell competition, helps eliminate these damaged cells precisely because
they have a lower fitness in comparison to other cells in the vicinity. During competi-
tion and through this determination of relative fitness, cells that are deemed less
fit than their neighbors are removed (that is, become “losers cells”), even if they
would be classed as viable in a different context19 (Fig. 15.1).

Although a large number of the studies on cell competition have been conducted in the
Drosophila fruit fly model, similar mechanisms have also been observed in mammalian cells.20

Maintaining a high-fitness stem cell throughout life probably also prevents the onset of the
tumorigenesis process, because due to competition, high-fitness cells displace damaged stem
cells, which pose a potential danger in the form of malignant transformation.21 However, it
has been shown that Mll5 (candidate tumor suppressor gene) mutant mice demonstrate a
30% reduction in the average representation of hematopoetic stem cells and decreased fitness,
but inactivation of this gene did not induce spontaneously developed hematologic cancers.22

Interestingly, other studies of epithelial cells have shown that cell competition drives out cells
with potentially deleterious mutations.23 For example, experiments on mice with constitu-
tional trisomy or chromosomal instability caused by a hypomorphic mutation in the gene
Bub1b, showed that despite the presence of nonregenerating aneuploid adult tissues,
hematopoietic stem progenitor cells (HSCs) and other regenerative adult tissues are largely
euploid.24 This may indicate that, in vivo, mechanisms exist to select against mutant, unfit
cells. It is probably that the aging process affects the cellular competition processes and
reduces the selection of cells with higher fitness properties and rejects the mutated cells. For
example, the incidence of clonal hematopoiesis of cells with somatic mutations increases in
people aged over 40 years old.25 In a study by Martincorena et al., sequencing of esophageal
epithelial cells showed that middle-aged and elderly donors had a high content of cells with
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mutations in 14 different cancer genes, in particular, NOTCH1 and TP53 (12%�80% and
2%�37% of cells, respectively). An interesting point was that the prevalence of the
NOTCH1 mutation was several times higher in the healthy esophagus tissue in comparison
to cancers.26 These data may indicate, on the one hand, a positive selection of cells with
high oncogenic risk increases with age, but on the other hand, it may show a decrease in
the competition between healthy and potentially degenerated cells within the body.

15.3 Senescent mesenchymal stem cell phenotype

The criteria for the definition of MSCs were proposed in 2006, and included: adhe-
sion to plastic, positive expression of the surface markers CD90, CD73 and CD105,

Figure 15.1 Cell aging and cell fitness. (A) As a result of the cumulative influence of senescence inducing
factors and the life process on mesenchymal stem cells (MSCs), their differentiation potential and their abil-
ity to self-renew are reduced, thus the cell begins the aging process. At the same time, under in vitro con-
ditions, cell aging occurs at a higher rate, due to a number of factors associated with the cultivation
conditions. In vivo aging of MSC cells occurs more slowly during the life of the organism. (B) The theory of
cellular competition states that “winner cells” displace “loser cells” from tissues, which is part of the process
of maintaining normal tissue homeostasis. However, with aging, there is an accumulation of “loser cells”
and a decrease in tissue functionality, which is probably associated with a decrease in cellular competition.
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and negative expression of CD11b, CD14, CD19, CD34, CD45, CD79α and
HLA-Dr, as well as the ability to differentiate into adipo-, osteo- and chondro-
cytes.27,28 Some sources show that these markers exert stable expression in MSCs
regardless of the age status of donors or passage number.8 However, there are investi-
gations demonstrating that the expression of these conditionally “stable” markers can
change. For example, expression of the cell surface marker CD73 in synovium-
derived stem cells changed from P1 (49.3%) to P4 (27.9%).29 Also, it was found that
the expression of CD105 decreased in passages 3 to 5 in canine umbilical cord-derived
MSCs (UC-MSCs).30 In addition, the expression of classic MSC markers CD90,
CD73 and CD105 in general may vary depending on the site of origin. For example,
CD105 expression varies from 4% in liver-derived MSCs to 58% in amniotic-derived
MSCs 31 (Table 15.1).

The source of MSCs can also influence the rate of aging. For example, adipose
tissue-derived stem cells (hASC) and Wharton’s Jelly-derived MSCs (hWJ-MSC) have
shown different proliferation profiles over time, and hASCs underwent aging faster
during cultivation.32 However, replacement of CD901 MSCs by CD311 can occur
in the hearts of aging mice, which affects the cells’ abilities in undergoing differentia-
tion into epithelial cells.33 Some markers can also serve as identifiers of aging.29,33�39

For example, Stro-1, CD106/VCAM-1 (vascular cell adhesion molecule 1) and
CD146/MCAM (melanoma cell adhesion molecule), show suppressed expression dur-
ing long-term cultivation, whereas expression of the CD295 marker increases.38,40

Although the source of this research8 demonstrated the absence of a direct correlation
between the expression levels of CD106/VCAM-1 and the number of passages,

Table 15.1 Changes in CD marker expression in senescent and young mesenchymal stem cells
(MSCs).

Marker Young MSCs Senescent MSCs

CD31 Decrease Increase
CD54 Increase Decrease
CD59 Increase Decrease
CD71 Increase Decrease
CD73 Increase Decrease
CD106 Increase Decrease
CD90 Increase Decrease
CD146 Increase Decrease
CD178 Increase Decrease
CD205 Increase Decrease
CD264 Decrease Increase
CD271 Increase Decrease
CD273 Increase Decrease
CD295 Decrease Increase
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Moravcikova et al. showed that late passage bone marrow�derived mesenchymal stem cells
(BM-MSCs) are characterized by a decreased expression of this marker.39 The same source
studied the level of expression of a number of other markers including CD178/FasL
(Fas ligand), CD205/Ly75 (lymphocyte antigen 75), CD273/PD-L2 (programmed cell
death 1 ligand 2), all of which showed pronounced expression decreases at 8�10 passages,
additionally the expression levels of CD54/ICAM1 (intercellular adhesion molecule 1),
CD71, and CD59 also decreased.39 Decreased expression of the marker CD146 correlated
with the aging of human UC-MSCs, decreases in the expression of mRNA stem cell-
related octamer-4 (Oct4), Nanog, (sex determining region Y) -box 2 (Sox2), as well as
Bmi-1, Id1 and Twist-related protein 1 (Twist1), probably via the transcriptional regulation
of CD146 which may delay cellular senescence during in vitro expansion.41 CD264 may
become a promising marker for determining cell aging in heterogeneous MSCs cultures. In
a study by Madsen et al., conducted on bone marrow�derived MSCs isolated from differ-
ent age donors, it was shown that although the expression levels of CD264 do not correlate
with the chronological age of the donor, it does increase during long-term cultivation and
is associated with cell aging, which was identified as changes in morphology, differentiation
and colony-forming potential.36,37 It should be noted that extensive cultivation of MSCs
in vitro significantly accelerates cell aging.8 Hyperoxygenation, differences in the composi-
tion of the sera and media used, and suboptimal cultivation conditions lead to erosion of
telomeres, a change in the DNA methylation landscape, and adjusting of the cell mem-
brane composition, which ultimately leads to aging42,43 (Fig. 15.1). In addition, during
aging, MSCs change their morphology, and accumulate cell debris and excess actin fibers,
which contributes to the formation of a granular cytoplasm and enhancement of cell auto-
fluorescence. In the article composed by Bertolo et al., the phenomenon of MSCs auto-
fluorescence is described as a promising marker for determining the level of cell aging in
culture in a noninvasive manner.44

15.4 The functionality changes in senescent mesenchymal stem cells

Cells cultivated under artificial conditions are subject to accelerated aging, the cause of
which may also lie in the absence of a natural cell microenvironment and, as a conse-
quence, result in high replicative stress.45 Phenotypic changes within senescent cells
are accompanied by a progressive loss of activity in terms of their reduced ability to
undertake homing, migration and differentiation.46,47 Experiments using BM-MSCs
from C57BL/6J mice showed that the level of autophagy in BM-MSCs of aging ani-
mals was lower than in MSCs isolated from young mice, while the use of the autop-
hagy inhibitor 3-methyladenine reduced their osteogenic abilities for differentiation
and proliferation, it also increased their abilities in relation to adipogenic differentia-
tion.48 Recent evidence suggests that autophagic activity declines with age, probably
contributing to the accumulation of damaged macromolecules and organelles during
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aging. Damaged/dysfunctional proteins that accumulate with age and are not removed
in a timely manner, disrupt normal cell function.49 It has been shown that during cell
aging, vacuolar H1 ATPase activity changes and lysosome pH regulation is impaired,
which leads to decreased functionality. It has also been shown that 3-butyl-1-chloro
imidazo [1, 5-a] pyridine-7-carboxylic acid (SGJ) is able to protect lysosomes from
alkalization via increased expression of lysosomal-associated membrane proteins
(LAMP) 1 and 2.50 The study of functional changes in MSCs during aging occurs
in vitro at specific stages. As mentioned above, ex vivo cell expansion accelerates aging
for a number of reasons associated with culture conditions. However, despite the
inevitable aging of cells ex vivo, numerous data have been published showing that
there are initially significant differences in viability, proliferation and differentiation
capacity between MSCs isolated from elderly and young donors. At the same time,
allogeneic transplantation of AD-MSCs from older donor mice to younger mice sig-
nificantly reduced the walking speed, grip strength, endurance and daily activity of the
recipient mice post-transplantation, when compared to mice transplanted with the
same number of AD-MSCs from younger donors.51 UC-MSCs at passage 5 exhibited
stronger inhibitory effects on lymphocyte proliferation in co-culture than passage
2 cells. Higher expression of cyclooxygenase 2 (COX-2) and transforming growth fac-
tor β1 (TGF-β1) was also seen, leading to suppressed immune cell proliferation and
function.52

15.5 The role of factors associated with aging

15.5.1 Oxidative stress
Oxidative stress is one of the main causes of cell aging (oxidative stress-induced pre-
mature senescence). Oxidative stress can result from chronic, low-grade inflammation
associated with aging and many degenerative diseases.53 At the same time, normal
levels of reactive oxygen species (ROS) help maintain MSC function.54,55 However,
abnormally high levels of endogenous ROS and exogenous oxidants damage cell
structures and contribute to premature cell aging. Imbalance of ROS and antioxidants,
such as superoxide dismutase (SOD), initiates growth arrest regulated by a complex
network of molecular signaling pathways.56 Oxidative stress has a detrimental effect on
the osteogenesis capacities of BM-MSCs. However, during the late stages of osteo-
genic differentiation, intracellular antioxidant enzymes, SOD2, catalase, and glutathi-
one peroxidase 1, can be activated in MSCs, and spontaneous activation of sirtuin
1 (SIRT1) can occur.57 The generation of ROS can be associated with an increase in
D-galactose. However, ascorbic acid has the potential to inhibit MSC aging caused by
D-galactose, by activating the RAC-alpha serine/threonine-protein kinase/mammalian
target of rapamycin (Akt/mTOR) signaling pathways.58 The protein kinase C (PKC)
isoform, PKCβII (serine/threonine kinase family), increases oxidative stress in muscle
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pericytes following activation by growth factors and ROS, through the regulation of
various pathways involved in the phosphorylation cascade.59 Adding serum from
patients with ankylosing spondylitis, characterized by a high content of ROS, contrib-
uted to the aging of MSCs in vitro, and resulted in decreased mitochondrial mem-
brane potential.10 It has also been shown that Sirt3 deacetylase promotes decreased
levels of cellular ROS through SOD 2 and regulates the balance of intracellular oxida-
tion and antioxidation.60 Hydrogen peroxide-induced aging of rat MSCs activated
miR-206, while targeting Alpl, miR-206 actually improved cell functionality.61

Interestingly, miR-17 miRNA, miR-20�5p and miR-106-5p, are rapidly and stably
suppressed during hydrogen peroxide-induced oxidative stress. At the same time,
overexpression of miR-20b-5p/miR-106a-5p saved cells from growth arrest, which
facilitated the G1/S transition and DNA synthesis.62 Overexpression of B cell-specific
Moloney murine leukemia virus integration site 1 (Bmi1) in MSCs has antiaging and
antiosteoporotic effects by inactivating p16/p19 signaling and inhibiting
oxidative stress in a mouse model.63

15.6 Genetic and epigenetic aspects

Cellular senescence, which is induced in response to stressors, causes cells to stop divid-
ing.64 Of the tumor suppressor markers, p21, p16 and p53, are among the most com-
monly used cell aging markers.65 High expression of both p21 and p16 was confirmed in
AD-MSCs isolated from elderly mice, which was also associated with a higher content of
senescence-associated beta-galactosidase (SA-β-gal)1 cells compared to cells from young
donors; this was consistent with the increased number of senescent cells among the
isolated cells. In addition, in natural cells with high p21 expression, the same signaling
pathways are activated as seen in the “artificially” senescent cells created in vitro.51 An
interesting article was published in Nature Methods investigating exome sequencing of
iPSCs isolated from peripheral blood mononuclear cells from donors of different ages.
The work showed that the number of mutations in gene regions was doubled in iPSCs
from donors who were 80 years old, compared to those aged 20 years. It is therefore
assumed that these mutations were in cells even before reprogramming.66 During in vitro
cultivation of MSCs, decreases in FGF21 expression have been observed, which leads to
increased mitochondrial ROS production. Moreover, siRNA treatment with mitofusin2-
(Mfn2-) inhibited FGF21-depletion-induced aging of MSCs, which is probably associated
with the AMPK signaling pathway. It has also been shown that overexpression of FGF21
in old MSCs inhibits aging.67 The DDR in cells appears to exist as a result of internal or
external stimulation. DDR often initiates replication, leading to the accumulation of
DNA damage, mutations and subsequent aging.68 Senescent retinal pigment epithelium
stem cells (RPESCs) show a high SA-β-gal content and increased regulation of p21 and
p53 proteins compared to young cells. Senescent RPESCs also express higher mRNA
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levels of senescence-associated genes (p21, insulin-like growth factor-binding protein 3
(IGFBP3), plasminogen activator inhibitors SERPINE1, and SERPINB2) when com-
pared to their younger counterparts.69 In response to DDR, an increase in the transcrip-
tion factor Zscan4 (zinc finger and scan domain containing 4) occurs; it increases
ATM-TRAF6-TAK1 (ataxia-telangiectasia mutated protein/tumor necrosis factor (TNF)
receptor associated factor 6/TGF-β-activated kinase 1) axis formation, which ensures the
formation of long-term SASP in human stromal cells. TAK1, in turn, activates p38 and
phosphoinositide 3-kinases (PI3K)/Akt/mTOR to support continuous SASP signaling.70

Mutations in the liver/bone/kidney alkaline phosphatase (Alpl) gene cause pathological
changes in bone metabolism. Liu et al. found that Alpl removal induces premature bone
aging, including bone loss and increased bone marrow fat, coupled with increased expres-
sion of p16 and p53 due to aging and impaired differentiation of MSCs.71 Senescence
associated beta galactosidase (SA-β-gal) is one of the most widely used markers of cell
aging. SA-β-gal activity depends on the levels of expression of the galactosidase β1
(GLB1) gene, which encodes lysosomal beta-D-galactosidase, and whose activity is usu-
ally high at an acidic pH of 4.5.72 However, with the expansion of the lysosomal com-
partment and an increase in the expression associated with aging isoform GLB1,
activation of SA-β-gal occurs at suboptimal pH values (pH5 6).73 Cells isolated from
adult donors showed decreased cell proliferation and differentiation, stage-specific embry-
onic antigen-4 expression and ATP content, as well as increased cell size and increased
expression of β-gal, intracellular ROS, and annexin-V. In addition, after treatment of
young MSCs with conditioned medium from MSCs of elderly donors, decreased prolif-
eration was observed, likely due to the increased levels of SASP cytokines [in particular,
interleukin (IL) -6] contained in the conditioned medium.74 In an investigation by
Franzen et al., six CpG sites associated with genes are mentioned: glutamate metabotropic
receptor 7, calcium-sensing receptor, selectin P (SELP), caspase (CASP) 14, keratin-
associated protein 13�3 (KRTAP13�3), and PRAME family member 2 (PRAMEF2),
whose methylation may be associated with aging.75 Lysine demethylases KDM3A and
KDM4C are involved in the regulation of heterochromatin reorganization through the
transcriptional activation of the non-SMC condensin I complex (NCAP) subunit D2 and
NCAPG2 during MSC senescence. Suppression of KDM3A or KDM4C results in a sus-
tained response to DDR and aggravates cellular senescence.76 Interestingly, the methyla-
tion profile in induced pluripotent cells of different age donors showed a principally
linear, but relatively weak relationship with donor age; in cells obtained from older
donors, the methylation level was only 5% higher than those recorded from younger
donors cells.66 Epigenetic activation of the INK4/ADP-ribosylation factor (ARF) locus
by Polycomb (PcG) and Trithorax (TrxG) group proteins is a decisive mechanism in the
establishment of cellular senescence.77 Overexpression of PcG proteins has been shown
to delay the onset of replicative senescence; DPY30 is an important regulator of cell pro-
liferation. Depletion of DPY30 in cells led to serious changes which were characteristic
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of aging, cell flattening and increased size, an increase in ROS levels, activation of DDR
pathways, increased activity of SA-β-galactosidase, and increased levels of p16.78

15.7 Senescence-associated secretory phenotype and the
microenvironment

Senescent cells secrete a large number of cytokines and chemokines called SASPs,
which affect cellular processes such as proliferation, migration, differentiation and
remodeling of tissues, which can eventually lead to the onset of malignant neo-
plasms.79 Senescent RPESCs secreted higher concentrations of IL-6, IL-12, IL-17,
interferon (IFN)-γ, TNF-α, and TGF-β in comparison to young RPESCs.69 MSCs
from adult donors (over 40 years old) were larger by the 3rd passage and also showed
a lower spreading rate compared to cells isolated from young donors (who were just
over 16 years old). A SASP study also showed that adult MSCs produced significantly
higher levels of the aging-related cytokines IL-6 and IL-8 when compared to MSCs
from younger donors.80 Older MSCs also produced a significantly greater amount of
TGF-β2 in their cultures as compared to young MSCs.35 Therefore, it has been
hypothesized that TGF-β2 significantly suppresses growth of young MSCs and holds
potential for stimulating osteogenic differentiation of both young and old MSCs.
Another interesting component of SASPs and the aging process relates to their interac-
tions with extracellular vesicles (EVs). Research shows that senescent cells produce and
secrete EVs that differ in number and composition from nonsenescent cells, and play
key roles in the deleterious effects of aging (Fig. 15.2).

In addition, the EVs released from senescent MSCs differ in phenotype - the average
size of vesicles decreases and the number of secreted EVs increases.81 Telomere depletion
or DNA damage caused by aging or disease can cause a p53-dependent increase in EV
biogenesis.82 EVs are loaded with microRNAs, which have recently been shown to be
part of the SASP and are specifically produced by senescent cells. Weilner et al. found that
EVs from senescent MSCs contain decreased levels of galectin-3, which has a positive
effect on the ability of MSCs to undergo osteogenic differentiation. Such EVs, with
reduced levels of galectin-3, may contribute toward the negative effects of age-related loss
of MSC osteogenic differentiation.83 EVs from aged mice are highly enriched in
miR-183 (miR-96/-182/-183). In vitro assays have revealed that old EVs are endocytosed
by primary BM-MSCs, resulting in inhibition of osteogenic differentiation in young
BM-MSCs. Oxidative stress increases the amount of miR-183�5p in BM-MSC-derived
EVs.84 Endothelial miR-31 is secreted by senescent cell microvesicles, and inhibits osteo-
genic differentiation of MSCs. Researchers suggest that miR-31 may be a valuable plasma
biomarker of aging, which may in turn help decipher the appropriate therapeutic strategy
for osteoporosis.85 Growth differentiation factor 6 (Gdf6) is a regenerative factor secreted
by young MSCs. The expression of specific secretory factors, including Gdf6, is regulated
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by miR-17, the expression of which decreases with age. Increased Gdf6 expression
restored the osteogenic capacity of old MSCs in vitro and had beneficial effects in vivo on
aging-related pathologies such as decreased lymphopoiesis, insufficient muscle recovery,
decreased neural precursors in the brain, and chronic inflammation.86 Probably one of the
key pathways influencing the SASP phenotype formation is the JAK1/STAT3 pathway
(Janus kinase 1/signal transducer and activator of transcription 3), which was exhibited in
irradiated isolated BM-MSCs. Following treatment with a JAK1 inhibitor, a decrease in
SASP secretion was observed.87 Similar results were obtained on BMSCs ovariectomized
(OVX) mice using a JAK inhibitor.88,89 Gnani and colleagues showed that secretion levels
of SASP-specific cytokines (IL-1, IL-6, IL-8, and monocyte chemoattractant protein
1 (MCP-1)) were significantly higher in older MSCs, while secretion of these pro-
inflammatory factors may adversely affect clonogenic differentiation of HSCs.34 SASP
factors secreted by senescent SCs also affect surrounding healthy cells through paracrine
activity via various mechanisms, including recruitment of inflammatory cells, remodeling
of the microenvironment, induction of fibrosis, and inhibition of stem cell function.90

Hematopoietic stem cells and progenitor cells are found in bone marrow

Figure 15.2 Mesenchymal stem cell senescence. The influence of senescence-associated secretory
phenotype factors of the old mesenchymal stem cells on the microenvironment, and its consequences.
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microenvironments, together with MSCs. Thus, the aging of MSCs, and the secretion of
inflammatory factors, affect hematopoietic progenitor cells. It was previously shown that
the induction of apoptosis by TNF-α in progenitor cells promotes the survival of HSCs
and their differentiation into myeloid cells through the p65-nuclear factor κB (NF-κB),
which prevents necroptosis, induces immunomodulatory functions, and directs the differ-
entiation of HSCs along the myeloid pathway.91 The relationship between TNF-α and
the induction of senescence through the ERK-ETS1 (extracellular signal-regulated kinases
1 and 2/ETS proto-oncogene 1) signaling pathway and the IL27Ra receptor has been
shown. Increased levels of IL27Ra expression also lead to a shift in the differentiation pro-
file of HSCs toward myeloid cells and the development of immune senescence. At the
same time, a deletion within the murine IL27Ra gene eliminates these effects, and also
cancels the inhibitory effect of TNF-α on HSCs.92 Experiments showed that MSC-
derived exosomes from young donor cells had lower expression levels of miR-127�3p
and miR-125b-5p, compared to MSC-derived exosomes in cells from elderly donors, and
more pronounced therapeutic effects in the murine model of LPS-induced acute lung
injury to reduce inflammation by polarizing macrophages for the M2 phenotype.88 BM-
MSCs of young mice, when co-cultured with RAW264.7 cells (macrophage cell line),
showed greater immunomodulatory effects, increasing the polarization of macrophages
toward the M2 phenotype and inducing secretion of antiinflammatory and immunomod-
ulatory cytokines. However, in the Transwell system, BM-MSCs from aged mice
increased macrophage migration stronger.93 Ruhland et al. showed that IL-6 secreted by
senescent MSCs induced myeloid-dependent immunosuppression, whereby CD81 T
cells were inhibited, leading to unrestricted tumor growth.94 Senescent cells also facilitate
the neoplastic transformation of adjacent epithelial cells.95 After aging, these cells begin to
secrete inflammatory factors, cytokines and matrix metalloproteinases, which disrupt tissue
architecture and function, leading to the formation of a microenvironment that promotes
the progression of mutant epithelial cells.96 Of the many SASP factors associated with
inflammation and malignant neoplasms, it is IL-6, secreted by senescent MSCs, that pro-
motes tumor progression. Indeed IL-6 secretion increases by more that 40-fold in senes-
cent MSCs. In addition, conditioned media from senescent MSCs can activate STAT3,
the main downstream transcription factor for IL-6, in breast cancer cells. Moreover, xeno-
grafts consisting of MDA231 co-culture and MSCs aged with peroxide turned out to be
larger than xenografts consisting of MDA231 co-cultures with young MSCs or only
MDA231.97

15.8 Therapeutic strategies to rejuvenate and increase fitness

One of the goals of therapeutic approaches aimed at rejuvenating the body using
MSCs, is to maintain the functionality of stem cells (their ability for self-renewal and
multiple differentiation), both after expansion in the laboratory, and directly in the
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body. Gaur et al., proposed a compendium of protocols which may be useful for
culturing and subsequent characterization of AD-MSCs and the stromal vascular frac-
tion.98 Reducing the oxidative stress that cells experience during culture may improve
the therapeutic potential of MSCs. The milk protein lactoferrin is able to inhibit pro-
duction of intracellular ROS, and activation of caspase-3 and Akt induced by hydro-
gen peroxide, whilst also suppressing MSCs senescence and apoptosis.99 Treatment of
culture plastic with amphiphilic block copolymer (redox copolymer), described in the
article by Ikeda et al., also helps to reduce ROS, and maintain the SOX2 gene expres-
sion levels which are responsible for stem formation.100 In contrast, melatonin treat-
ment of MSCs protects them from oxidative stress and its associated aging, again
highlighting the correlation between oxidative stress and aging.101,102 Regulation of
miR-17 miRNA and E2F1 transcription factor expression can also slow aging and
prevent the MSC growth arrest caused by oxidative stress.62 It is also worth noting the
results obtained using autologous extracellular matrix - its use improves proliferation,
reduces the signs of aging which includes decreased multipotency, and is associated
with increased expression of β-gal aging and accumulation of ROS.103 EVs isolated
from iPSCs after addition to the culture of senescent MSCs with an increased ROS
content, showed decreased cellular ROS levels and the aging phenotypes of senescent
MSCs attenuated, probably due to the delivery of the intracellular antioxidant enzyme
peroxiredoxin.104 It is known that stem cells in mesenchymal niches are present in rel-
atively low oxygen concentrations (1%�8%).105 Thus, 21% of the ambient oxygen
will lead to the formation of oxidized biological macromolecules and result in the for-
mation of excess ROS.106 When UC-MSCs are maintained under hypoxic conditions
(5% oxygen) they exhibit increased capacities for cell growth and expression of the
Bmi1 protein, and decreases in the induction of the p53-p21 signaling cascade and
MCP-1 protein secretion, when compared to cells in normoxic (21% oxygen) condi-
tions. These results suggest that culture conditions consistent with the cellular level of
ROS may prove to be a practical strategy for slowing the progression of cellular senes-
cence during ex vivo expansion of UC-MSCs.107

One of the promising approaches in relation to aging cells is the use of senolytics.
Dasatinib is one agent that can be used to reduce the senile phenotype and remove
aged cells from tissues. Using the example of ADSCs isolated from women with nor-
mal pregnancies (NP-ADSCs) and women with preeclampsia (PE-ADSCs), it was
shown that dasatinib treatment significantly increased the number of apoptotic
PE-ADSCs compared to NP-ADSCs. In addition, treatment decreased the expression
of the gene encoding the p16 protein and six SASP components, and also increased
the angiogenic potential of some NP-ADSCs.108 Rapamycin is one of the most popu-
lar and promising potential antiaging drugs.48 A number of experiments carried out in
rats with D-galactose-induced osteoporosis showed that rapamycin reduced cellular
senescence and promoted the organization of heterochromatin BM-MSCs.109
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Experiments performed on MSCs isolated from rat bone marrow have shown the
effectiveness of rapamycin in increasing both autophagic activity and the production of
lysosomes by cells. In addition, hypoxia-exposed rapamycin-treated cells increased the
secretion of hepatocyte growth factor (HGF), insulin-like growth factor 1 (IGF-1),
stem cell factor (SCF), stromal cell-derived factor-1 (SDF-1) and vascular endothelial
growth factor, whilst expression levels of both IL-1β and TNF-α were inhibited.110

And although research on senolytics seems to be very promising, the effects of some
of the drugs can negatively affect the function of stem cells, such as the drug
Navitoclax (ABT-263).111 Other treatments, including resveratrol and noncoding
RNA modulation, can also reverse the altered phenotype of aging MSCs.112 Another
possible strategy may be to replenish the lactobacilli population. It was observed that
there is a link between premature aging of BM-MSCs and intestinal microbial com-
munities, in particular, a decrease in the number of lactobacilli in the intestine led to
an abnormal accumulation of D-galactose, which induced premature aging of cells.113

The link between obesity and the initiation of the early aging program of AD-MSCs
has been confirmed, this was expressed as a decrease in cell proliferative capacity,
increased expression of the p16, p53, IL-6, and MCP-1 genes, and the same results
were reported in experiments using BM-MSCs.114,115 The use of the "DNA clock"
method, which is based on measuring the level of histone methylation, is a promising
marker for predicting MSC aging.75 This can be used in the context of new
approaches in regenerative medicine, for example, the use of MSCs derived from
iPSCs.116,117

15.9 Conclusion

Stem cells provide the body’s regenerative pool, to which the function of preserving
tissue throughout life is maintained. Aging is the result of an increase in the number of
dysfunctional cells that is dangerous to the surrounding tissues. The most recent data
show that stem cells are also susceptible to aging, and this dramatically alters the gen-
eral condition of the body. This is due to the secretion of a number of factors and
EVs, key miRNAs differences, chronically senescent SCs, changes to the microenvi-
ronment, reductions in the functionality of neighboring cells and induced inflamma-
tion. It is probable that these factors can also affect the cellular microenvironment,
reducing the level of competition between cells as age advances. Stem programs are
triggered and reduced in fitness both directly in the body, during life, and as a result
of intensive use in vitro, which ultimately leads to the loss of the therapeutic potential
of these cells. Stress caused by suboptimal cultivation conditions triggers signaling
pathways that form with the formation of the senile MSCs phenotype. These factors
change the established strategies of cell therapy. It has been shown that autologous SC
or EVs show isolated negative effects on the body and aggravate the development of
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pathological conditions. However, allogeneic SCs, cultivated for a short time in vitro,
and injecting younger donor cells into the elderly, are safe and improve indicators of
physical performance and biomarkers of inflammation. Standardization of isolation
methods and transplantation can expand the applicability of SC in the field of geron-
tology, and reverse age-related changes, which will prolong life and improve its
quality.
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16.1 Epidemiology of early life environment and adult aging—
developmental origins of health, disease, and aging?

The emergence of the developmental origins of health and disease hypothesis, also
known as fetal programming or the Barker hypothesis, was derived from the observed
long-term effects on adult health from a low birth weight (LBW).1 The first studies
pointing at relationships between early life experience and adult health were presented
by Forsdahl2 and Wadsworth.3 However, it was with Barker’s works that the scientific
community gained awareness of the contribution of the gestational environment to
the long-term health of the offspring.4 These and other more recent studies revealed a
strong relationship between fetal growth restriction and adult sequelae, demonstrating
that adults who were small at birth, but not premature, were at an increased risk for
coronary heart disease.4 Association of hypertension to health status at birth was also
corroborated by an epidemiological study using a Finish cohort of approximately 6000
subjects.5 During the Dutch famine, from 1944 to 1945, investigators could determine
the impact of undernutrition in early, mid or late gestation on birth weight. Babies
exposed to famine only during early gestation still presented a normal birth weight,
but an augmented incidence of coronary heart and renal diseases in later life compared
with non-exposed individuals.5,6 Another interesting finding was the existence of a
conditional adaptive response by the fetus, which confers a survival advantage when
the postnatal diet remains suboptimal, but becomes harmful when postnatal nutrition
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is adequate or in excess.7,8 In agreement with epidemiological human observations,
studies in rodents, sheep, and non-human primates report accelerated F1 aging and
early disease development induced by maternal nutrition during pregnancy.9�13

In this chapter, we present evidence and review mechanisms regarding how the
uterine environment modulates synchronization of cellular clock synthesis and regula-
tion, and aging pace, thus imprinting the “biological time.” Controlling the speed of
development and aging will ultimately shape their lives and how long they will live.
We discuss the early life nutrition and programming of adult aging and lifespan, the
mechanisms underlying early programming of aging, the early programming of aging-
related diseases, and the transgenerational passage of the aging clock.

16.2 Early life nutrition and programming of adult aging and
lifespan

Aging is described as a time-dependent functional deterioration and gradual loss of
physiological integrity and efficacy, increasing vulnerability to disease and conse-
quently, death. This impaired function is a major risk factor for human pathologies,
including cancer, type 2 diabetes (T2D), cardiovascular disease (CVD), and neurode-
generative diseases. Genomic instability, epigenetic alterations, telomere attrition, loss
of proteostasis, deregulated nutrient-sensing, mitochondrial dysfunction, cellular senes-
cence, stem cell exhaustion, inflammation, and altered intercellular communication all
contribute to mammalian aging (Fig. 16.1).14

16.2.1 Prenatal malnutrition, longevity, and aging
Malnutrition is a condition that may vary from exposure to suboptimal conditions to
maternal obesity (MO), having distinct impacts on offspring health and life expectancy
(Fig. 16.1). The relationship between reduced birth weight and increased all-causes
mortality in adult women and with premature death in adult men was demonstrated
in a cohort of Finnish individuals.15 Later retrospective studies demonstrated that male
individuals with above average birth weights but a reduced length of the placental sur-
face had increased mortality, suggesting that alterations in placental biology and func-
tion can have a lasting impact on long-term health that is independent of fetal
growth.16 The lifespan of humans makes it challenging to carry out prospective human
studies to assess the impact of contemporary in utero exposures such as fetal overnutri-
tion on mortality. Therefore, a number of studies have addressed effects of the early
environment on molecular proxy markers of aging, such as telomere length, which
shorten as a consequence of cell division and oxidative damage and thus indicate cellu-
lar aging.17 A recent study demonstrated that young adult men who were born very
preterm (less than 33 weeks of gestation) had both a higher blood pressure and shorter
white blood cell telomere length than those born at term.18 Studies in animal models
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support these findings, demonstrating that rat offspring born to dams fed a low-protein
(8%) diet had a reduced birth weight but then underwent accelerated postnatal growth
when suckled by a normally nourished dam.19 When weaned onto a standard labora-
tory chow, these offspring had a reduced probability of survival up to 15 months of
age. In addition, they displayed accelerated telomere shortening in the kidney,19 an
observation also made in a number of tissues in this model, including pancreatic islets,
heart, and the aorta (reviewed in Ref. 20). In mice, offspring with nutritionally-
induced LBW displayed an approximate 25% reduction in lifespan, which was reduced
further if animals were weaned onto an obesogenic diet, demonstrating that the effects
of maternal and offspring diet were additive.21 This study also identified different criti-
cal time windows during early development for the impact of maternal diet on off-
spring longevity. Those exposed to the maternal low-protein diet during lactation
alone, grew slowly during the suckling period, were protected from diet-induced obe-
sity, and had an increased lifespan compared to control offspring.21 These studies high-
light the importance of the appropriate nutrition at the appropriate time during

Figure 16.1 Factors and mechanisms of developmental programming in utero and in lactation
period (left panel). During such developmental windows, mother exposition to insults or stressors
such as under- or overnutrition, obesity, diabetes, stress, tobacco smoking, alcohol, other drugs or
external pollutants may imprint changes at the molecular level that program metabolism, senes-
cence, cellular communication, and genomic and epigenetic alterations (right upper panel).
Although the descendance may adopt lifestyle changes, such molecular imprinting may increase
the risk of early development of aging-associated disorders, such as inflammaging, cognitive
impairment, neoplasia, CVD, and physical frailty (right lower panel).
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development for optimal health and lifespan and the ability of alterations in early
nutrition to both accelerate and decrease the aging process.

MO prevalence during pregnancy is increasing and has long-term impacts on the
offspring health and life expectancy, increasing the risk of obesity, insulin resistance,
hypertension, dyslipidemia, T2D, CVD, non-alcoholic fatty liver disease, and behav-
ioral problems in adult individuals.22 Many rodent studies have pinpointed that a
maternal high-fat diet (HFD) during pregnancy induces adverse metabolic outcomes
in the progeny, including pancreatic β-cell dysfunction and insulin resistance. Adult
female and male offspring of obese Wistar rats showed increased β-cell mass and pro-
portion. However, diabetic models may produce distinct results, which may be related
to the different regulation of the pancreatic duodenal homeobox (PDX-1) mRNA
and protein expression.23,24 A maternal HFD diet induces molecular alterations in
pathways of lipid metabolism in the liver of rat offspring.25 Offspring of HFD mice
also showed obese phenotype, hyperphagia, hypertriglyceridemia, and fatty acid
synthase overexpression. In addition, changes in gluconeogenesis, hepatic insulin resis-
tance, and increased phosphoenolpyruvate carboxykinase protein expression were
observed in mouse offspring of HFD-fed females.26

Regarding aging markers, children whose mothers had metabolic syndrome during
pregnancy had reduced salivary DNA telomere length at 10 y.o.27 Another study has
demonstrated that pre-pregnancy BMI was associated with lower cord blood and pla-
cental telomere length at the time of delivery.28 A study using flies, which have a
shorter life cycle, demonstrated decreased longevity in the flies that had progenitors
fed an HFD.29

16.2.2 Can lactation and early life nutrition contribute to early aging?
Breast milk has the appropriate balance of nutrients and other bioactive factors, but its
composition is variable according to stages of lactation, time of the day, maternal diet
and maternal metabolic status.30,31 The colostrum is produced in the first days of lacta-
tion, being richer in immunological factors. Gradual transition to mature milk raises
the levels of macronutrients and micronutrients, growth factors, and a very rich micro-
biota.32 Maternal diet and metabolic status, more than BMI, strongly influence milk
composition, not only due to changes in lipids and glucose levels, but also to other
factors, such as insulin, leptin, or inflammatory cytokines.33 Although macronutrients,
lactose, and mineral content are relatively constant, fatty acids may have significant
fluctuations according to diet. Polyunsaturated fatty acids levels, for instance, seem to
be regulated by the consumption of their dietary sources.34 Protein restriction during
lactation has been consistently shown to have long-term consequences on the infant’s
health.30,31 On the other hand, maternal obesogenic/cafeteria diets have consistently
shown to increase milk fatty acids content and to program metabolic dysfunction in
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infants, including adiposity, insulin resistance, and later T2D.35 A recent study in rats
showed that MO during suckling leads to impairment of the melanocortin system, a
reduction of hypothalamic IRβ, leptin signaling and POMC levels, increased NPY,
and ultimately, obesity.36 Western diets are rich in glycotoxins, such as advanced
glycation end-products (AGEs), which activate membrane AGEs receptors (RAGE),
triggering intracellular NF-kB signaling, inflammation, and oxidative stress. Increased
maternal exposure to glycotoxins during breastfeeding leads to an impaired lipid pro-
file, adiposity, and decreased β-cell function in rat offspring.37

Exclusive breastfeeding was shown to protect from telomere shortening at six
weeks of age when compared to formula-feeding.38 However, changes in milk vol-
ume or composition may also account for early programming of aging mechanisms.
Mice postnatal overfeeding was shown to increase renal levels of proteins implicated
in cellular senescence at weaning, such as p53, and lower levels of Sirt1, a known
inhibitor of senescence.39 Accordingly, maternal HFD feeding during gestation and
lactation was associated with increased hepatic levels of senescence markers, such as
the cell cycle arrest protein p16INK4a.40 In contrast, slower postnatal growth caused
by protein restriction during lactation is associated with reduced DNA damage,
reduced oxidative stress, and less frequency of short telomeres.41 Thus, altogether,
changes in normal protein and fat composition of the milk, namely those resulting
from overfeeding, are associated with an early increase of cellular markers of aging.

16.3 Mechanisms underlying early programming of aging

16.3.1 Metabolic programming
T2D has long been associated with birth weight and to a reduction in life expectancy.
There is extensive data from animal models showing that a suboptimal early environment
(including maternal protein restriction, MO, intrauterine artery ligation, and overexposure
to glucocorticoids) can lead to reduced beta cell function (e.g., as a consequence of
reduced beta cell mass), and peripheral insulin resistance (through changes in insulin signal-
ing protein expression) which is often associated with increased oxidative stress (reviewed
in Ref. 42) (Fig. 16.1). In addition to the role of in utero overexposure to glucocorticoids
for offspring health programming (e.g., through accelerated tissue maturation), there is also
evidence suggesting that long-term alterations in the hypothalamic-pituitary-adrenal-axis
(HPA) can be a contributing mechanism (reviewed in Ref. 43). It is well-established that
glucocorticoids act antagonistically to insulin; therefore, increased circulating levels can
lead to insulin resistance.

Studies in animal models (including models of maternal undernutrition and mater-
nal overnutrition) have identified key components of the insulin signaling pathway as
being susceptible to metabolic programming as a consequence of exposure to a subop-
timal in utero environment.44 Although defects in the expression of insulin signalling
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proteins have been identified in the main insulin sensitive tissues [muscle, liver, adipose
tissue (AT), and the brain], AT displays some of the earliest and largest effects. Insulin
receptor substrate one (IRS-1) and the p110 beta catalytic subunit of PI 3-kinase in
AT appear to be common targets of developmental programming. Substantial reduc-
tions in both of these proteins were observed in AT from both rat offspring of low-
protein fed dams45 and offspring born to obese mice.46 Consistent with oxidative stress
playing a role in insulin resistance programming, postweaning diet supplementation of
low-protein to offspring with Co-enzyme Q normalized the AT levels of IRS-1 and
PI3-kinase p110 beta catalytic subunit. Similar effects on insulin signalling proteins
have been observed in humans. AT biopsies from young adult men who either had
LBW demonstrated reduced expression of IRS-1 and the p110 beta catalytic subunit
of PI3-kinase.47 As in the rodent studies, the underlying molecular mechanism was a
post-transcriptional effect with no differences in the corresponding mRNA levels. A
recent manuscript by Rodriguez-Gonzalez and colleagues studied rats at four time
points across lifespan and demonstrated that rat offspring born to obese dams displayed
accelerated metabolic aging, including the development of hyperinsulinemia.13

16.3.2 Early cellular miscommunication and cellular senescence
Senescence and early development of aging features have been shown to be a conse-
quence of cell cycle defects. Senescence is defined as a state of permanent cell cycle
arrest. In vivo and in vitro inhibition of the spindle assembly checkpoint protein
BubR1 leads to a shorter lifespan, cachexia, and increased cell senescence. Reduced
levels of BubR1 and other mitotic checkpoint genes (Bub3 and Rae1) have also been
observed during natural aging and to increase senescence and p53 and p21 levels.48,49

The Cdkn2a locus, encodes for p16Ink4a and p19Arf, known inhibitors of the cell
cycle.50 Both are upregulated by a series of stress stimuli, such as telomere reduction,
oxidative stress, DNA damage, and nutrient deprivation. Increased p16Ink4a levels in
response to stress lead to cell cycle arrest at G1, which allows cell repair when tran-
siently activated, but leads to senescence when chronically activated.50 p19Arf is an
activator of p53 in response to stress, which transiently activates p21-mediated cell
cycle arrest during cell repair. p53 activation resulting from DNA damage, genomic
instability, telomere shortening, or loss and oncogene activation was shown to pro-
mote a terminal cell cycle arrest, which makes cells become senescent, leading to
reduced longevity, osteoporosis, organ atrophy, and lower stress tolerance.51�53 Given
that p19Arf was also shown to protect from senescence under certain circumstances,
different levels of p53 were suggested to determine cell fate. Under severe acute stress,
p53 activates p21-mediated cell cycle arrest, leading to senescence. However, under
mild stress, less robust p53 activation may cause reactive oxygen species (ROS)
reduction, expression of antioxidant enzymes and improved mitochondrial respiration
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through regulation of enzymes involved in mitochondrial respiration. In such condi-
tions, p53 favors cell repair, preventing senescence and allowing cell and organ func-
tionality50 (reviewed in Ref. 52). Importantly, in Hutchinson-Gilford Progeria no p53
overactivation was observed, showing the existence of other mechanisms involved.54

One important question remaining is: which stimuli lead to chronic, mild, or acute
strong p53 activation? Diabetes has been suggested as an inducer of senescence in
endothelial cells, causing an early-age phenotype.55 Similarly, increased senescence
markers were found in the AT of severely obese patients with markers of glucose dys-
metabolism and insulin resistance.56 Thus, metabolic dysregulation could be a trigger
for early aging due to increased stress-induced cell senescence. Interestingly, changes
in transcriptional activation of the Cdkn2a locus were associated with decreased AT
plasticity and an imbalance between adipogenesis and senescence.57 Thus, senescence
is linked to an early loss of AT plasticity, contributing to the loss of metabolic dysregu-
lation and further cell stress. In contrast, food restriction was shown to decrease cell
markers of stress in the rat liver, namely HSP90 and HSP70, which was associated
with lifespan-increasing effects of caloric restriction. Moreover, diabetes may also pro-
gram senescence during developmental phases (Fig. 16.1). In rat, changes in DNA
methylation induced by gestational diabetes were shown to decrease CDKN2A
promoter methylation and to increase its expression in the pancreatic beta-cells of the
offspring, which was suggested to contribute to impaired beta-cell function in adult-
hood.58 A similar increase of senescence markers was observed in human umbilical
cord mesenchymal stromal cells of diabetic women, showing decreased differentiation
capacity.59

16.3.3 Programming of genomic aging and epigenetic alterations
The genomic instability designates the spontaneous tendency to create genomic alterations
during the cellular life cycle, and is widely accepted as one of the hallmarks of aging.60�62

Early embryonic genomic instability is generally a consequence of reproductive aging in
human females and sperm DNA damage,60,61,63 commonly resulting in preclinical preg-
nancy or fetal losses.64 However, the role of early genomic instability in offspring program-
ming of premature aging is unknown. Accumulation of DNA damage is well established
with age, resulting from multiple stressors.65�67 ROS are the most studied group of toxic
molecules able to produce genomic instability. During pregnancy, the placenta is a supple-
mentary source of ROS promoting a systemic state of oxidative stress in normal pregnancies
that is exacerbated in gestations complicated by preeclampsia, IUGR, MO, and dia-
betes.68�71 Additionally, fetal metabolic impairment and mitochondrial dysfunction represent
an endogenous source of ROS. In obesogenic pregnancies, ROS generation overcomes nat-
ural antioxidant defense capacity in fetal tissues, which increases lipid peroxidation, protein
carbonylation, and nuclear and mitochondrial DNA oxidation.72�74
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Mammalian cells contain multiple mechanisms to repair DNA damage but the
capacity decreases with aging.75 While damage by DNA-alkylating agents activates the
direct reversal repair mechanism and removes damage without altering the DNA back-
bone, other more complex repair mechanisms involve the single- or double-stranded
DNA break and replacement of damaged nucleotides by undamaged bases, which
potentiate mutations.76 Defects in DNA repair-related proteins promote the premature
accumulation of DNA damage and are associated with accelerated aging and the early
development of age-related disorders.77 High guanidine residues regions (such as telo-
meres) are particularly susceptible to oxidative stress, which potentiates telomere short-
ening and decreased telomerase activity.78 In animal models, altered intrauterine
environments caused by stress and malnutrition were associated with shortened
telomeres and lower telomerase expression and activity in multiple tissues of the off-
spring19,41,79,80 (Fig. 16.1). Several human studies have corroborated the impact of the
intrauterine environmental changes on maternal stress, age, and pre-pregnancy BMI
on offspring telomere biology and have related telomere shortening with hallmarks of
biological aging.78,81

The telomere biology system is strongly regulated by epigenetic patterns due to the
heterochromatin-like regions in subtelomeres.82 In contrast to adulthood, fetal develop-
ment presents elevated degrees of epigenetic plasticity that is modulated by the intrauterine
environment.83�85 Offspring epigenetic alterations due to the intrauterine environment
may represent a mechanism of transgenerational disease transmission and premature aging,
affecting long-term gene expression and predisposition to disease.44 Altered histone modi-
fications, such as acetylation and methylation, promote hepatic hypertrophy and lipid
accumulation, adipogenesis, circadian dysregulation, and skeletal muscle insulin resistance,
programming the offspring to obesity and diabetes.44 It has been shown that intrauterine
conditions can also regulate gene promoter methylation and impact gene expression of
loci related to insulin resistance, glucocorticoid response, and cellular growth, develop-
ment, and metabolism in 60-year-old humans.86�88

16.4 Early programming of aging-related diseases

16.4.1 Inflammaging
A noticeable aging-associated alteration in intercellular communication is “inflamma-
ging” (inflammation1 aging), a chronic, low-grade inflammation that happens in the
absence of infection, is driven by endogenous signals and a disturbed immune system,
and its age-association progression increases susceptibility to age-related pathologies. A
major feature of inflammaging is a chronic innate immune system activation, reflected
by increased serum levels of proinflammatory cytokines [e.g., interleukin 1 (IL-1),
IL-1β, IL-6, IL-8], tumor necrosis factor alpha TNF-α, interferon gamma (IFN-γ),
and acute-phase reactants [C reactive protein (CRP)].89 Inflammaging can be initiated
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by the buildup of proinflammatory tissue damage, a defective immune system incapa-
ble of effectively removing pathogens and defective host cells, the predisposition of
senescent cells to release proinflammatory cytokines, the upregulation of the NF-κB
and NLRP3 inflammasome, or dysfunctional autophagy.90

Suboptimal prenatal exposures have been associated with developmental deficiencies of
the immune system and modulation of the inflammation process, increasing the risk
of adult inflammatory/immune diseases and accelerated/premature aging.91 Increased risk
of allergy was described for infants of mothers with increased levels of proinflammatory
cytokines in maternal serum due to psychosocial stress.92 O’Connor et al. described
reduced IFN-γ and increased IL-4 responder cell frequencies in 6-month old infants
exposed to maternal anxiety.93 Elevated maternal immunoglobulin E (IgE) during preg-
nancy was associated with increased IgE in children at the age of 1 year94 and altered
T cell subsets were found in cord blood of children from mothers with allergies.95

Stress-induced increases in maternal glucocorticoids can impact fetal immune cells and
increase susceptibility to inflammatory diseases.96 In lambs, prenatal betamethasone and
endotoxin exposure increased the mRNA level of the proinflammatory cytokine IL-1b in
the pulmonary lymphocytes of progeny, leading to lung inflammation.97 In addition, pre-
natal stress increases the protein and mRNA expression of glucocorticoid receptors in lym-
phoid cells in offspring, which in turn modifies the immune homeostasis.98

Prenatal exposure to xenobiotics can also program “inflammaging.” Exposure to
tobacco during pregnancy had proinflammatory effects, increasing the expression of proin-
flammatory chemokines and bronchial epithelial cell death, affecting the development of
the fetal lung and immune system, increasing the risk of asthma, allergies, and respiratory
infections.99,100 Maternal exposure to high levels of traffic particles also increased the risk of
asthma and respiratory disorders in children.101 Macrophages of newborn mice exposed in
utero to ethanol presented deteriorated phagocytic activity.102

Prenatal malnutrition, under- or overnutrition have also been linked to a prema-
ture inflammation process and development of T2D and CVD103,104 (Sections 16.2.2
and 16.4.4). Human populations and experimental animal studies provided a link
between an adverse gestational environment (e.g. xenobiotics exposure, psychosocial
stress, maternal habits, nutrition, etc.) and perturbed immune regulation in progeny
that could be related to the development of inflammaging earlier in life.

16.4.2 Cognitive decline and dementia
Brain development is critical to the immediate survival being prioritized during fetal
development. The most studied mechanism of psychosocial and physiological stress
programming is the HPA axis.105 Despite the clear relationship between HPA axis
dysfunction and increased offspring stress, this is not the only regulatory system pro-
grammed in utero. The type, intensity, and length of maternal stressor exposure
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during gestation promote different psychiatric phenotypes but consistent behaviors.106

In animal studies, offspring exposed to prenatal stress present behavioral changes,
depressive-like and anxiety-like behaviors, cognitive impairment, lower social integra-
tion, and increased aggression.107

Offspring sex has been suggested as a critical factor for prenatal stress program-
ming.108,109 In both humans and animal models, male offspring are more susceptible
to neurobehavioral impairments in adulthood after early gestational stress exposure
while female offspring were able to change the behavior and improve the learning
performance.110,111 Male offspring are more susceptible to attention deficit, hyperac-
tivity disorder, and earlier-onset schizophrenia.112,113 Female offspring exposed to pre-
natal stress had an increased risk of autism spectrum disorders, affective disorders, and
behavioral, and intellectual disability.114�117

Recent human studies linked maternal overnutrition to offspring long-term decreased
cognitive function and dementia. In children, MO predisposes the offspring to lower
intelligence quotient and cognitive test scores, impaired neurophysiological development,
and autism spectrum disorders.118�120 Human studies on the developmental programming
of dementia are challenging due to the late appearance of this spectrum of disease, lack of
patient-parental medical information, and the difficult diagnosis, as in Alzheimer’s Disease
(AD).119 Some evidences suggest a potential role of maternal diet in accelerating brain
aging, pathological AD markers, and cognitive decline.27,121,122 Some characteristics such
as working memory and fear memory show early impairment in aged-adults exposed to
MO.122,123 Proposed programming mechanisms include decreased brain glucocorticoid
and mineralocorticoid receptor binding, impaired hippocampal neurogenesis and neuronal
proliferation, regulation of immunity and inflammation, alteration in metabolic and neuro-
trophic signalling, placental function, and epigenetic modulation.124�130 The relationship
between prenatal stress and maternal overweight with early appearance of cognitive
decline, behavioural and neuropsychological disorders is well-established. However,
more longitudinal studies are required to understand their association with the early
appearance of age-related dementia.

16.4.3 Aging-related neoplasia
The relationship between early aging and neoplasia is complex. Early cell aging due to
exposure to stress could be considered a risk factor for the development of cancer.
However, mechanisms of DNA repair and tumor suppression have also been shown
to cause cell senescence, leading to early aging. Nevertheless, parental history of obe-
sity has been suggested as a risk factor for pancreatic cancer.131 As already discussed,
early development of aging features can be a consequence of cell cycle defects.
Downregulation of mitotic checkpoint genes leads to increased levels of the senescent
markers p53 and p21.48,49 Also, lack of tumor suppressors p16Ink4a or p19Arf, which
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can arrest the cell cycle and positively regulate p53, respectively, also leads to increased
number of tumors.50 Naturally aged mice present a natural decline of p53 function,
while those with early aging display chronic p53 activation. A mice model with an
overactive form of p53 has shown lower incidence of age-related neoplasia, but lower
longevity, with an early-aging phenotype.51,53

p53 and other DNA repair mechanisms are activated in response to stressors.
Increased levels of stressors, such as 8-hydroxy-20-deoxyguanosine (8-OHdG), glyoxal
or methylglyoxal, as well as decreased levels of antioxidants, have been shown in can-
cers and aging-related diseases.132 p53 activation was suggested to be related with
levels of cellular stress. Basal p53 activation is involved in ROS reduction and
improved mitochondrial respiration through regulation of enzymes involved in the
mitochondrial respiratory chain. Thus, early exposure to stressors may lead to increased
p53 expression, which in turn may be a defense mechanism against cancer. However,
chronic p53 upregulation, together with unknown alterations of other DNA repair
and cell cycle regulators, may induce cell senescence and early aging. It was demon-
strated that the offspring of HFD dams have lower mammary gland levels of p53 and
p21, but a link with cancer development was not reported.133 Another example of the
relationship between early aging, senescence, and cancer comes from the study of Ku
dimer (Ku70 and Ku80), which is critical for DNA repair and telomere maintenance.
Mutations in both Ku70 and Ku80 result in increased sensitivity to ionizing radiation.
However, selective Ku70 mutations resulted in higher lymphoma incidence, while
Ku80 mutation leads to early aging and low cancer incidence.134 In utero protein
restriction was shown to increase Ku70 and Ku80 in the thymus of the offspring.22

Cancer suppression and longevity seem to be related but there is not a direct causal
relationship between them. Instead, activation of tumor-suppression mechanisms due
to chronic stress exposure may lead to cell senescence and early aging. Recently, the
increased mammary tumor incidence in the offspring born to HFD-fed dams was
attributed to immune system alterations and suggests a link between neoplasia and
inflammaging programming.135

16.4.4 Cardiovascular aging
Environmental factors including those during early life can lead to premature impair-
ments in cardiovascular function. Perinatal stages of life are crucial to healthy aging
and malnutrition; tobacco and other insults change epigenetic mechanisms, which are
triggers to cardiometabolic imprinting and premature aging.136 Cardiovascular aging
leads to morphological changes, with the thickening of the vascular wall, collagen
deposition, perivascular fibrosis, causing arterial stiffness and altered vascular tone,
which results in an imbalance between vasoconstriction and vasorelaxation. This
increases blood pressure and induces cardiac remodeling and failure.137 CVD increase
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dramatically with age in both sexes, even in individuals with no clinical evidence of
CVD.138 However, aspects of this age-dependent remodeling of the heart and blood
vessels differ between the sexes. Within the general population, men have higher
blood pressure than age-matched women during early adulthood. Aging reduces this
sex difference and significantly increases the risk for CVD in women.139

Numerous experimental models of developmental insults reported increased car-
diovascular risk in the offspring.140 Human studies have demonstrated a relationship
between higher maternal BMI and children’s risk for higher systolic and diastolic
blood pressure.141 One important issue in the developmental programming of CVD is
the sex-specific mechanisms. Female offspring are usually protected against hyperten-
sion and programmed cardiovascular risk during young adulthood.140 Renin
Angiotensin System (RAS) action through AT1R activates the mitogen-activated pro-
tein kinases and Akt pathway leading to cardiovascular dysfunctions. Estrogenic hor-
mones crosstalk with RAS, promoting the activation of angiotensin 1�7 pathway,
inducing therapeutic effects like vasodilation and anti-fibrotic effects.142 Age-associated
enhanced sensitivity to Angiotensin-2 (Ang-2) in females may be associated with the
decrease of estrogen levels.143 Prevention of redox unbalance by sex steroids may also
contribute to the sex-specific risk in CVD programming.144 RAS and NF-kB crosstalk
in the development of CVD, which is also related to inflammaging and age-induced
myocardial inflammation and fibrosis. In rat offspring, RAAS is developmentally regu-
lated by maternal diet. Maternal HFD-induced obesity was observed to increase
AT1R in the offspring heart and AT, predisposing for hypertension.145,146 A better
understanding of these mechanisms is important to prevent programming of CVD and
increase lifespan. Understanding sexual dimorphism is an important strategy to identify
potential mechanisms and reduce cardiovascular aging.

16.4.5 Physical frailty
Due to the absence of biological and clinical gold standards for frailty, different defini-
tions emerge in scientific literature depending on the features used to describe it.147

Frailty is often defined as a clinically recognizable state of increased vulnerability to
stressors due to aging-associated impairments in reserve and function, across multiple
interrelated physiologic systems causing a decline in homeostatic reserve and resiliency,
compromising the ability to cope with everyday activities or acute stressors.147

Generally applied criteria for frailty establishment comprise shrinking (weight loss, sar-
copenia), weakness, and exhaustion (poor endurance), implicating a compromised
muscular function.148 The prevalence of frailty in elderly people ranges from 33% to
88% depending on the criteria used.149,150 Sarcopenia, or age-related loss of muscle
mass, is a physiological process that is responsible for 40% less muscle mass in older
people (. 80 years old), decreasing muscle cross-sectional area, and strength.
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Sarcopenia is strongly related with features of the frailty syndrome, namely low grip
strength, slowness, and low level of physical activity, low energy/exhaustion, and
unintentional weight loss.151,152 Age influences the prevalence of frailty, which rises
particularly among those aged 80 years or older.153 Nonetheless, the relationship
between frailty and chronic diseases is complex and poorly understood so knowledge
on how aging progression interrelates with chronic diseases, weakening biological sys-
tems function and particularly the immune system is crucial for designing protective
strategies (Section 16.4.1). A Singapore longitudinal aging study, identified eight
frailty-related inflammatory markers, namely sgp130, IL-2Rα, I-309, MCP-1,
BCA-1, RANTES, leptin, and IL-6R and identified cellular immunity frailty-
associated phenotypes, like loss of CD28 expression in CD81 T cells.154

Although there are known associations between early life events, stress physiology,
inflammation, and telomere length, knowledge about early life influences on frailty is
scarce.155 In the Helsinki birth cohort study, individuals who were exposed to early
life stress, caused by wartime separation during early life, had increased salivary cortisol
and plasma ACTH.156 Recently, this increased stress in early life was being linked to
increased relative risk of frailty, specifically for men at an average age of 71 years.157

Specific aspects of cognitive decline such as psychomotor speed have been associated
with frailty,149 so early life factors that predispose for cognitive decline may also be
related with frailty (see Section 16.4.2). Several human observational epidemiological
studies linked LBW with decreased adult muscle mass and strength.158 Although there
may be a common biological basis for frailty that may be programming in early life,
there may be multiple trajectories for its development. So early detection of subclinical
changes or deficits at the molecular, cellular, and/or physiologic level would be a key
to preventing or delaying the development of frailty.

16.5 Transgenerational passage of the aging clock—reproductive cell
plasticity and selection

A classical paradigm in biology is that the germline/soma separation allows the former
to provide future offspring with a “blank slate,” regardless of whatever took place in
the latter. Changes throughout the lifetime of the individual until parenthood were
therefore not considered relevant for primordial germ cells, gonadal stem cells,
gametes, and resulting fetuses. However, mounting evidence suggests that what an
individual experiences may shape the future health of its progeny (directly, or even in
a transgenerational manner), via effects that ultimately translate to changes in gametes,
potentially causing transmission of traits in a “Lamarckian” fashion. These traits are
usually associated with metabolic and aging-associated disorders. Traditionally, the
study of this phenomenon focused on maternal factors, but more recently spermatozoa
were shown to also be involved.159
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It is well-known that increased maternal age increases the risk for infertility, spontane-
ous miscarriages, and genetic defects in the offspring,160 but several epidemiological studies
also suggest that advanced paternal age may be critical in determining pregnancy outcomes
and offspring health. Male aging has been associated with preimplantation loss and miscar-
riage. It has also been implicated in the increased incidence of neurodevelopmental psychi-
atric disorders (e.g., schizophrenia, autism spectrum disorders, bipolar disease, and attention
deficit/hyperactivity disorder), trinucleotide repeated associated diseases (myotonic dystro-
phy, spinocerebellar ataxia and Hungtington’s disease, among others), cardiovascular
pathologies and forms of cancer in the offspring.161 Additionally, some reports show that
the offspring of older fathers present general increases in behavioral issues162 and mildly
diminished IQ when compared to children from younger fathers.163

Epigenetic alterations in primordial germ cells and thus spermatozoa represent the
likely mechanistic explanation for this phenomenon, contrasting with the previously
held dogma that sperm only delivers the paternal genome. Alterations in DNA methyla-
tion patterns, histone post-translational modifications and noncoding RNAs (ncRNAs)
have been implicated in paternal programming of offspring diseases later in life.161,164�166

Interestingly, not only spermatozoa but also seminal fluid, possibly via exosomes, can
deliver molecules such as ncRNAs, with the potential to influence the fetus.167

Similarly, the establishment of these epigenetic modifications in primordial germ cells or
oocytes due to external factors/aging can also be transmitted to the offspring. It is often
difficult to discriminate the effects induced by the in utero environment/maternal nutri-
tion from the contributions of the oocyte itself, thus justifying the use of in vitro fertili-
zation and animal models in these type of studies. For example, when fertilized oocytes
of diabetic mice were transferred to non-diabetic pseudo-pregnant recipients, phenotypes
such as growth, retardation and congenital malformation were still observed in the off-
spring,168 thus discarding a uterine environment influence and pointing out to imprinted
oocytes deficits. Furthermore, maternal diabetes as well as HFD-induced MO have been
shown to alter DNA methylation patterns in oocytes.169 Preconception factors may not
only modulate offspring health, but also the health of subsequent generations.
Transgenerational transmission of traits has been reported not only for extreme condi-
tions and unhealthy lifestyle habits but also for exposure to certain environmental endo-
crine disrupting chemicals (EDCs). EDCs have been associated with the transmission of a
transgenerational panoply of disease phenotypes which also include obesity and diabetes
to the next generations, again possibly acting through epigenetic modifications in gonad
stem cells, and thus gametes.165,166,170 However, it should be noted that there is conflict-
ing data on some of these aspects and, for example, analysis of the sperm DNA methyla-
tion patterns in humans with grandparents of varying age suggests that age-related
changes may not be transmitted in a transgenerational manner.171

Finally, although important efforts have been made to unveil how the mitochon-
drial DNA (mtDNA) bottleneck and purifying selection acts to prevent silent and
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unchecked dissemination of invisible mtDNA mutations across generations via the
female germline, major advances are still needed to fully understand mitochondrial
inheritance.172 Even low levels of maternal mtDNA mutations transmitted by the
oocyte can negatively affect he offspring’s health by triggering several mitochondrial-
related diseases and influencing lifespan.172 The current evidence suggests that
mtDNA mutations and deletions in oocytes become more prevalent with increasing
reproductive age,173 which is worrisome in societies where the trend is to delay
motherhood.

16.6 Life interventions to “Re-set the Clock”

16.6.1 Nutrigenomics as a strategy to revert early life programming
Although adult health and disease may be programmed in early life by nutrition dur-
ing pregnancy and lactation, there is a considerable lack of knowledge regarding inter-
ventions during pregnancy to prevent early-aging programming in the offspring.174,175

Nutrigenomic studies how nutrients modulate gene expression and may permit per-
sonalized dietary interventions to promote health in a specific genotype (Fig. 16.2).176

Nutrients can regulate epigenetic modifications through modulation of the levels of
the universal methyl donor S-adenosylmethionine and of the methyltransferase inhibi-
tor S-adenosylhomocysteine. Nutrients such as vitamin B6, vitamin B12, folate, ribo-
flavin, methionine, and choline, are involved in DNA methylation. Bioactive food
components such as tea polyphenols, resveratrol, retinoic acid, curcumin, and sulfo-
raphane can affect epigenetic patterns by modulating the levels of S-adenosylmethio-
nine and S-adenosylhomocysteine or the enzymes that catalyze DNA methylation and
histone modifications.176

There is a scarcity of studies on ways to reverse accelerated aging programming dur-
ing pregnancy. Maybe due to the methodological difficulties involved, there are few
studies relating maternal interventions to delay programmed offspring aging. Several
compounds such as melatonin and resveratrol exhibited beneficial effects on mitigating
oxidative stress and regulating gene expression, improving fertility or embryogenesis, but
long-term effects on aging are still missing.177,178 In animal models, it was found that
folic acid supplementation during pregnancy and lactation prevented the TNF-α and
IL-1β upregulation and neurogenic and memory decline in 18-month-old rats of natu-
rally aged offspring.179 Diet can be used to neutralize inflammaging and the epigenetic
changes associated with aging, promoting health.174 However, it is important to under-
stand how nutrients act at the molecular level during specific programming windows
and recognize their signaling properties to potentiate nutrigenomic interventions for
health and delay aging. For instance, human caloric restriction during adulthood is
linked to increased lifespan,180 but to increased offspring disease incidence during preg-
nancy (reviewed by181).
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16.6.2 Running against aging—exercise as anti-aging “medicine”
The combination of resistance, aerobic, flexibility, and balance exercises is a well-
established strategy to prevent sarcopenia, consistently demonstrating good results in
preventing falls in older populations with physical frailty, whether they were obese or
not.152 Such effects have been attributed to decreased muscle cell senescence and
inflammation, together with increased anabolism and protein synthesis.17 Importantly,
exercise was shown to upregulate muscle IL-6 secretion and other anti-inflammatory
cytokines, together with muscle hormones—myokines—such as IL-15, irisin, or
FGF21, being associated with lower adiposity and better cardiovascular outcomes.182,183

Figure 16.2 Specific developmental stages comprehending prenatal and early life can be critical peri-
ods to promote healthy aging and increase life span. Being exposed during these stages to interven-
tions might permanently change the body’s structure, metabolism, and physiology, and hence promote
health in later stages of life. Some non-pharmacological interventions, such as nutrigenomics and physi-
cal exercise create beneficial effects for human health, preventing the early appearance of age-related
diseases, promoting healthier aging, and increasing lifespan (upper panel). Dietary components have
substantive effects on metabolic health (lower left panel); for instance, bioactive molecules capable of
selectively modulating specific metabolic pathways and gene expression alter fetus programming, clini-
cal outcomes, and disease predisposition. Different types of physical exercise (lower right panel), such
as resistance, aerobic, flexibility, and balance, are also capable of regulating the inflammatory and endo-
crine status, and potentially improving offspring health. Minor progress in improving the early-
developmental processes can potentially result in notable prevention of early age-related disease, delay
aging-related morbidity and mortality, and remarkable extension of healthy lifespan.
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Aerobic exercise was shown to increase VO2 max in frail elderly people and to
improve cardiorespiratory function, preventing atherosclerosis and ischemia�reperfu-
sion injury.152,183 Such effects were attributed to the amelioration of the inflammatory
milieu, reducing inflammaging and upregulating anti-aging pathways, such as SIRT1,
as well as decreasing endothelial cell senescence in elderly people, leading to preserved
vascular function.184�186 Accordingly, physical exercise was shown to delay aging-
related decline of cerebral perfusion, brain aging, and dementia (AD and mild cogni-
tive impairment), in part due to upregulating synaptic plasticity genes.187

The beneficial effects of exercise involve the regulation of several aging hallmarks,
besides those already mentioned. At the genomic level, exercise prevents genomic
instability through upregulation of DNA repair mechanisms, to reduce telomere short-
ening in leukocytes and to control the epigenetic regulation of SIRT1 and BDFN.154

Exercise activates proteostasis, namely autophagy in muscle, but also in the brain and
heart.152,188 At the metabolic level, exercise prevents the age-related decline of
mtDNA and mitochondrial proteins, preserving the oxidative capacity, which are fea-
tures of sarcopenia. Moreover, exercise-induced activation of SIRT1 and PGC-1alpha
was associated with increased mitochondrial biogenesis even in elderly people.152

Adherence to exercise programs in elderly people may be difficult due to several medi-
cal problems, sensory impairment, cognitive dysfunction, and depression, and should be
considered in early life stages in order to prevent aging hallmarks. In the context of devel-
opmental programming, exercise during pregnancy has been widely shown to reduce the
risk of preterm birth, low- and high birth weight and childhood obesity of children from
mother both with normal BMI or obesity (Fig. 16.2),189 while others found no differ-
ences.190 Thus, the impact of exercise during critical development phases in preventing
early-aging programming is currently not known. Nevertheless, in rats, maternal exercise
during pregnancy was shown to program the offspring to higher liver AMPK expression
and to prevent paternal-induced hepatic steatosis.191,192 Such protective effects of maternal
exercise were recently attributed to increased placental expression of Superoxide
Dismutase-3.193 With the necessary adaptations, the practice of exercise during pregnancy
could be a beneficial strategy to enhance offspring health and mitigate accelerated aging.

16.7 Conclusion

The continued increase in life expectancy is a major achievement of the recent past.
The population is getting older, but often not in good health and with reduced quality
of life. This is confronting the population with huge challenges. The major challenge
is to ensure that people not only can live longer, but also live healthy, active, and
independent lives. The European Commission identified active and healthy aging as a
major societal challenge. Biological aging is inevitable, but we can and must control
the consequences of this aging process to make it as pleasant as possible, so we can no
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longer ignore that aging begins in the same moment that a new life is created!
Consequently, studying aging during early life may provide new targets to regulate
this deterioration from the beginning and, prevent or delay the progress of unfavorable
health outcomes throughout adulthood and elderly stages.
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Polypharmacy and medication
adherence
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17.1 Adherence to therapy and medication management

Nonadherence to prescribed medicines is a major public health issue intricately related
to multimorbidity and polypharmacy. Increasing the number of medicines prescribed
to a patient, regardless of whether polypharmacy can be classified as appropriate or
inappropriate, increases the risk of medication nonadherence. Nonadherence is one of
the factors more closely associated with poor control of chronic diseases, such as diabe-
tes, hypertension and dyslipidemia but also with a rapid onset of complications and a
subsequent decrease in the patient’s quality of life. From a systems perspective, the
impact of nonadherence in healthcare systems must also be considered because it is
responsible for over 20% of hospital admissions due to preventable adverse events,
leading to unnecessary costs with a major economic impact.

Aged patients are at greater risk of nonadherence behavior due to the greater num-
ber of medicines they are prescribed, their lower health literacy, and their potentially
decreased cognitive capacities compared to younger populations.

17.1.1 Definition and classification
Adherence to therapy is defined as the extent to which a person’s behavior (e.g., taking
medication, following a diet, or executing lifestyle changes), corresponds with agreed
recommendations from a healthcare provider.1 Adherence to therapy is a multifactorial
and dynamic process shaped by several interacting factors, including personal, clinical and
social variables. In 2003, the WHO identified factors that influence patient adherence
behaviors, highlighting five dimensions:
• Patient-related factors—encompass not only forgetfulness and misunderstanding

instructions about how to take medications, but also patient knowledge, skills in
managing disease symptoms and treatment, and patient beliefs about medication.
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Some patient-related factors are particularly important among aged patients, such as
the preference for the use of complementary and alternative medications, lower
self-care, resisting care, poor independence when taking medications, lack of inter-
personal relationships, living at one’s own home, poor health literacy, lack of med-
ication knowledge, and misunderstanding of verbal instructions;

• Therapy-related factors—related to treatment itself. This dimension includes the
complexity of the medication regimen, not only associated with monotherapy or
polypharmacy but also the number of daily doses and the presence or absence of
adverse effects of treatment.2 In older patients, factors such as formulation, packag-
ing, generic substitution, frequent changes to the regimen, poor or complex label-
ing instructions, short-term medications and lack of immediate consequences of
missed doses are relevant items to consider;

• Condition-related factors—associated with the characteristics of the diseases, such
as its duration, symptomatology, and changes in quality of life;

• Social/economic factors—that comprise the patient’s socioeconomic status, as well
as the costs of medication. In elderly individuals, the distance from the treatment
setting and family support, especially if living alone or a caregiver is needed, are
particularly significant;

• Health system-related factors—involve how healthcare providers interact and commu-
nicate with their patients, the quality of the relationship between patient and health
professionals, physician knowledge and motivation, implementation of guidelines and
therapeutic intensification. In older people who often have multimorbidities and are
followed by more than one specialist, the lack of interprofessional communication or
the lack of medication review and follow-up are important factors to consider.
Accordingly, adherence to therapy requires that the patient has cognitive, emotional

and behavioral skills. In fact, nonadherence involves situations where the inability to fol-
low the regime as prescribed is the main cause of inappropriate behavior but also involves
situations where the patient is not willing to follow the regime, regardless of his/her abil-
ity. Therefore, nonadherence can be classified as intentional or unintentional:3

• Intentional nonadherence is conditioned by the patient’s will, who consciously
does not take medication as prescribed. It is affected by the patients’ beliefs, atti-
tudes and expectations and is influenced by the patients’ motivation to begin and
persist with the medication regimen. Patients’ concerns about the value or effec-
tiveness of medicines, their side effects, and the inconvenience of taking the medi-
cines at the prescribed time and frequency are balanced against the perceived
necessities and benefits of taking the medication, as explained by the necessities-
concerns framework.4

• Unintentional nonadherence is conditioned by the patient’s capacity to follow
treatment recommendations. Regardless of the patient’s will, adherence is pre-
vented by practical barriers, which include forgetfulness, cognitive problems,
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misunderstanding instructions, physical ability, poor organizational skills, polyphar-
macy, and difficulty accessing medicines. This type of nonadherence behavior is
highly prevalent in aged people.

17.1.2 Assessment methodologies
Being adherent to therapy is a multifactorial process, and the assessment of medication
adherence has become challenging. To accurately determine a patient’s level of medi-
cation adherence, several approaches have been developed using a diversity of methods
and tools for this purpose. However, different types of nonadherence behavior and the
complexity of the assessment methods, together with the biases associated with any
assessment of inappropriate behavior (e.g., Hawthorn effect), have prevented the
development of a gold-standard method.5

Methods to assess medication adherence can be classified into direct and indirect
measures. Direct methods, are those that assess objective parts of the medication taking
process, and are more accurate, robust, and objective but are also more expensive,
time and human resource consuming and, on many occasions, impractical for routine
use. Indirect methods are cheaper, more practical and easier to apply and allow not
only the assessment of adherence but also patient behavioral patterns. On the other
hand, indirect methods are not as reliable as direct methods and are subject to bias as
social desirability and response acquiescence (Table 17.1).

The nonadherence type, intentional or unintentional, may also influence the accu-
racy and reliability of the assessment method used. The results of self-reported ques-
tionnaires can be easily dodged by intentional nonadherence, but unintentional
nonadherence may also suffer from social desirability bias and overstating their compli-
ance. Intentional nonadherents may trick any adherence assessment method, direct or
indirect, through different strategies: opening the MEMS containers or extracting the
pills from the container without actually taking them, regularly acquiring the medicine
in the pharmacy and discarding or storing them, and taking the medicine appropriately
a few days before the medical appointment. These limitations of direct methods,
together with their cost, make them useless in daily practice.

Self-reported questionnaires are the most commonly used method to assess adher-
ence. Several validated and culturally adapted questionnaires are available in many lan-
guages. Some questionnaires assess only adherence behavior, while others identify
beliefs about medicines as a proxy to differentiate intentional from unintentional non-
adherence.4 More modern questionnaires try to compile these two elements into a sin-
gle questionnaire with an acceptable length for in-clinical practice.6 However, it is
important to highlight that the method of collecting patient-reported data, or mode of
administration, affects the accuracy and quality of the data obtained. A questionnaire
can be administered by an interviewer, usually the healthcare professional, or presented
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Table 17.1 Characteristics of methods of assessment of adherence to therapy.

Advantages Disadvantages

Direct measures Directly observed
therapy

• Noninvasive • Expensive
• Mobilization of human resources
• Requires constant return visits
• Impractical for routine use

Measurement of the
level of medicine or
metabolite

• Accurate
• Objective

• Expensive
• Invasive
• Depends on the pharmacokinetics of the
drug

• Affected by drug and food interactions
• Affected by “white-coat adherence”
• Not available to all drugs

Measurement of the
biologic marker

Indirect measures Rates of prescription
refills

• Inexpensive
• Noninvasive
• Easy application

• Only valid to assess chronic medication
adherence

• Depends on the fidelity of the patient to
the pharmacy - reliable only in hospital
or pharmacy

Pill counts • Inexpensive
• Noninvasive
• Easy application

• Easily altered by the patient
• Affected by social desirability

Electronic Medication
Monitors (MEMS)

• Precise
• Noninvasive
• Easy application
• Tracks patterns of taking medication

• Expensive
• Not adapted to all pharmaceutical forms
• Requires return visits to download data
from medication vials

Patient questionnaires,
patient self-reports

• Inexpensive
• Noninvasive
• Easy application
• Quick data collection
• Provides data on behavioral patterns
of the patient, as well as their
attitudes and beliefs

• Affected by phenomenon such as social
desirability or response acquiescence

• Influenced by health literacy level of the
patient



to the patient for self-administering. Self-administration reduces costs and time and
reduces the occurrence of social desirability or response acquiescence biases. However,
self-administration can be a problem in aged patients because of their limited health
literacy and cognitive functions, which may result in incomplete and invalid question-
naires. Conversely, professionals administering the questionnaire can ensure that
patients respond to the entire questionnaire and help the patient with their limitations.
However, interviewer-administered questionnaires were demonstrated to be highly
influenced, underestimating the magnitude of nonadherence.7

17.1.3 Interventions in medication nonadherence
Considering the multifactorial characteristics and different types of nonadherence
behavior, a single intervention is not sufficient to optimize medication adherence.
Tailoring the adherence-enhancing intervention is a basic requirement for success
(Fig. 17.1). Several simple interventions can be implemented alone or in combination.

17.1.3.1 Patient education
With the purpose of increasing the acquisition of skills and competencies and improving
patients’ knowledge about medications and diseases, educational strategies contribute to
enhancing confidence regarding medication management and medication-taking ability,
while reducing intentional nonadherence. Patient education can be performed only using
oral communication, but to optimize results and systematize the information provided,
education can be complemented with the use of audio-visual resources and written mate-
rials. Healthcare professionals should use patient education strategies to:

Figure 17.1 Flow chart to decide the intervention to enhance medication adherence.
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• Inform patients about positive and negative consequences of adherence behavior;
• Inform patients about disease signs or symptoms and specific therapeutic goals, as

well as empower patients to self-monitor symptoms/signs related to medications.
This could include subjective experience of symptoms as well as information from
devices, such as sphygmomanometers or blood glucose monitors;

• Teach patients to minimize or manage medication side effects (e.g., sucking on
lozenges or carrying a water bottle if medications cause dry mouth);

• Understand patients’ beliefs toward medicines to reduce their concerns about
potential negative consequences and improve their positive attitudes toward health-
care and medication.
According to the goals of the educational intervention and the individual characteristics

of the patients, strategies vary in the time spent by the health professional, the number of
home visits or clinic/pharmacy visits, and the use of phone calls or video/teleconferences.
The literature has demonstrated that interventions are less effective when they are delivered
in patients’ homes compared to other settings, such as clinics or pharmacies.8

Educational interventions to enhance medication adherence may involve individual or
group educational programs (e.g., inpatients, family, day care centers). Group educational
activities may contribute to increasing patients’ social support, which is especially important
in elderly individuals who live alone, creating self-help groups, adherence “buddies” or
increasing social support for medication adherence from their social relationships.

The efficacy of educational interventions decreases over time, necessitating regular
follow-up with patients. Complex interventions (i.e., constituted by more than one
component) incorporating educational, attitudinal, and technical elements are more
effective than single component interventions and demonstrate greater sustainability of
adherence over time. However, complex interventions comprising too many compo-
nents may overwhelm patients and produce a negative effect. Similarly, brevity is criti-
cal for maximizing the impact of educational interventions, as the patients’ ability to
concentrate and assimilate information is limited over time, especially in aged patients.
Moreover, brief interventions are also less time consuming for healthcare professionals,
which allows a greater number of patient-professional encounters to maximize the
reach, scalability, and impact of interventions. Thus, brief complex interventions are
preferable and have advantages over single-component or longer interventions.9

17.1.3.2 Supporting materials
Used alone or in combination with other types of interventions, written materials con-
tribute to systematizing patients’ education but also to preventing forgetfulness and
minimizing medication-related confusion. Different supporting materials can be pro-
vided to patients according to their individual characteristics and needs:
• Information leaflets on disease, diagnosis, control and treatment;
• Individualized medication lists;
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• Large print labels placed on medication packages;
• Written medication instructions, including drug cards or other formats, which

could be placed on the front of the refrigerator to remind patients of the drug
administration technique. This is particularly important in medications that require
administration devices, such as inhalers in chronic obstructive pulmonary disease
and insulin pens in diabetes;

• Calendars that chart when medications should be taken. Some of these calendars
may require patients to register the use, which can be used by professionals as an
adherence monitoring method.
For the appropriate use of these supporting materials, a previous assessment of

patient health literacy is required. Different supporting materials can be used for differ-
ent patients (e.g., replacing written instructions with icons). Testing the supporting
material with each individual patient is a basic requirement to ensure comprehension.
In addition to poor health literacy, cultural disparities may also limit the value of these
materials.10

17.1.3.3 Medication regimen optimization
Medication regime complexity is a major driver of unintentional medication nonad-
herence, especially in an aging population, with reduced self-management abilities.2

Aiming to optimize patient therapy, simple actions, such as medicine package modifi-
cations, medication regimen simplification, and dosage form adjustments, are impor-
tant and contribute to increasing patients’ treatment understanding and satisfaction.
For example, changing the medication regimen to have less frequent administration of
medications, by switching from multiple doses to sustained-release medications, or
using fixed-dose combination pills that conglomerate more than one drug in a single
pill may contribute to better health-related quality of life and reductions in adverse
drug events.

These simplification measures also require patient involvement and professional moni-
toring after their implementation. Reducing the number of administrations may create
new challenges in a patient using a given administration “beacon.” For instance, weekly
administration may simplify the schedule but may require creating new adherence beacons
in the patient who was previously using a daily meal as a reminder. Additionally, skipping
one dose in a daily administered drug may have much less impact than skipping a weekly
dose. As is common, tailoring adherence-enhancing interventions is a basic requirement
for success.

17.1.3.4 Medication organizing systems
Medication organizing systems are different types of gadgets that allow organization of
the medication to be used by a patient according to the dosage schedule. Pill boxes,
pill cassettes, blister packages, unit-of-use packaging, and special containers with the
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time of the dose printed are useful aids for patients whose primary reason for nonad-
herence is forgetfulness and inability to manage their medication regime. Pill boxes
may be prepared weekly or monthly by a healthcare professional, and they may con-
tribute to facilitating the routine associated with medication taking.

However, two aspects must be considered before initiating medication organizing
systems. As with any intervention where a new element is provided to a patient, test-
ing the comprehension and usability of the instrument is required. However, the will-
ingness of the patient to use these compliance aids must also be explored though a
person-centered approach. Studies have demonstrated that some patients are reluctant
to accept these because they considered maintaining independence and remaining in
control to be important.11

17.1.3.5 New technologies
Although the elderly are typically more averse to new technologies, a reverse trend may
exist. Electronic gadgets and smart phones are increasingly used by older people. Medication
administration reminders using text messages or communication apps (e.g., WhatsApp) can
be sent to each patient from a computerized system at the healthcare professional’s office.
These messages may be especially useful in weekly or monthly drug administrations, where
a daily routine does not help. The use of medication regime schedule apps may not only
help with administration reminders but also allow recording the administration time and
even reporting to a monitoring system in healthcare professionals’ offices if patients allow.

Home automatic pill dispensers, available at reasonable prices, can help patients
living alone when they have complex medication regimens with a number of different
medicines to be used at different intervals.

17.2 Concept of polypharmacy

The generalized use of medicines by the population is one of the main causes of
increased life expectancy during the 20th century. However, medicines are also associ-
ated with iatrogenic harm, especially when a patient simultaneously uses too many
medications. The term polypharmacy was coined to refer to situations where too
much medication is being used by one patient.12 The difference between many medi-
cines and too many medicines is subtle. Generally, a patient is considered to be under
polypharmacy when using five or more medicines concomitantly. However, the
numerical definition of polypharmacy has limited value in clinical practice. For
instance, according to clinical practice guidelines, a patient under secondary prevention
of myocardial infarction requires the concomitant use of 5 different medicines (2 plate-
let aggregation inhibitors, 1 statin, 1 angiotensin-converter enzyme inhibitor, and 1
beta-blocker). If this patient suffers simultaneously from another condition, the
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number of medicines would increase. Using the numerical definition of polypharmacy,
this patient is under polypharmacy, although they are not using too many medicines.

However, it is important to note that the number of medicines used directly influ-
ences medication regimen complexity, which is strongly associated with two problem-
prone situations: difficulty in medication self-management and a higher probability of
medication nonadherence. The first produces a patient, although willing to follow the
regime as it was prescribed, who fails to comply due to limited health literacy and self-
efficacy, which is especially common among aged patients. The second situation is
associated with negative patient behavior produced by what the patient considers an
excessive number of medicines, which results in a voluntary desertion of the prescribed
regime.

This paradox led to the use of polypharmacy in a nonpejorative manner and the differ-
entiation between appropriate polypharmacy, which is evidence-based and beneficial,
from inappropriate polypharmacy, which can be potentially harmful. Inappropriate poly-
pharmacy can be defined as the prescription of multiple medicines that are either inappro-
priate or no longer indicated for a given patient.13

17.2.1 Potentially inappropriate medication in the elderly
The prevalence of multimorbidity increases with age, with more than 65% of aged patients
suffering from three or more chronic conditions.14 Single-disease guidelines frequently favor
the use of several medicines to treat the condition. Aggregating the recommendations of
several guidelines required for a multimorbid patient unavoidably results in polypharmacy.
However, these evidence-based, single-disease guidelines usually do not take into consider-
ation multimorbidity associated with aging and frequently ignore age-related physiological
changes that occur in this population. Therefore, strict obedience to these guidelines,
instead of having a holistic vision of the aged patient, often results in inappropriate poly-
pharmacy. This situation may worsen with the prescribing cascade subsequent to the occur-
rence of adverse effects.

Although with some differences, inappropriate prescribing is a related concept to
inappropriate polypharmacy. Potentially inappropriate medications (PIMs) are defined
as medicines prescribed to a given patient for whom the risks outweigh the benefits.
PIMs can also be defined as less cost-effective medicines when equally or more effec-
tive alternatives are available.15,16 According to Spinewine, three different categories
of inappropriate prescribing exist:17

• Underprescribing—omission of a medication that is needed (a clinical indication
without therapy);

• Overprescribing—prescription of a medication that is clinically not indicated
(unnecessary therapy);

• Misprescribing—Incorrect prescription of an indicated medication.
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Misprescribing can be subdivided into the following categories associated with
potential prescribing errors:
• Medication dose—prescribed dose is incorrect or not adapted to patients’ charac-

teristics (e.g., renal function);
• Duration of therapy—duration of therapy is too short or too long according to

available evidence. A duration of therapy that is too long is very often associated
with prescribing inertia, which can be defined as the automatic renewal of a medi-
cation even when the original indication is no longer present;

• Therapeutic duplication—inappropriate prescription of drugs from the same
pharmacological class;

• Drug-drug, drug-disease and drug-food interactions have potential negative
effects on therapeutic outcomes.17

17.2.2 Pharmacokinetic and pharmacodynamic changes in older people
Overprescribing and misprescribing are particularly challenging in older people due to
age-related physiological decline and frailty. Although there is enormous variability
among individuals, several physiological changes occur with a progressive reduction in
organ functioning and homeostatic reserve.18 These changes have an impact on the
pharmacokinetic and pharmacodynamic characteristics of drugs and may affect older
patients’ response to drugs, negatively affecting patient safety.16

All pharmacokinetic stages, absorption, distribution, metabolism and excretion,
may be affected by aging. Although several age-related changes exist in the gastrointes-
tinal system, such as a decrease in the overall surface of the intestinal epithelium, a
decrease in gut motor function, reduced blood flow, and a decrease in gastric acid
secretion, absorption of the majority of drugs that permeate the gastrointestinal epithe-
lium is not diminished in older people. However, an age-dependent reduction in
absorption rate may occur for some drugs (e.g., indomethacin, prazosine, and digoxin).
A reduction in the rate of transdermal, subcutaneous and intramuscular drug absorp-
tion may also occur in aged patients due to decreased tissue blood perfusion.19

Drug distribution is also affected by aging because important physiological changes that
influence the volume of the distribution of hydrophilic and lipophilic drugs occur. In old-
er people, skeletal muscle mass declines, body water content decreases, and fat content
increases. Consequently, the volume of distribution of hydrophilic drugs decreases, and
subsequent doses used in younger individuals result in higher plasma concentrations in old-
er adults (e.g., aspirin, famotidine, lithium). Conversely, the volume of distribution of
lipophilic drugs increases (e.g., amiodarone, diazepam, verapamil). A clinically relevant
consequence is a prolonged half-life, which results in a longer time required to reach the
steady-state concentration with a higher risk of toxicity. Nonetheless, the frailty present in
very old individuals is characterized by marked weight loss, with a consequent decrease in
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fat proportion. Therefore, in these patients, the volume of distribution of lipophilic drugs
may be decreased.

Other age-related changes that may directly affect drug distribution are associated with
plasma protein binding. Drugs can bind to plasma proteins, but only the unbound fraction
is pharmacologically active. One of the most prevalent plasma proteins, albumin, exhibits
reduced plasma levels with aging. Subsequently, an increase in the free fraction of
albumin-bound drugs occurs in older patients (mostly with acidic compounds, such as
diazepam, phenytoin, warfarin, and salicylic acid). Conversely, α1-glycoprotein, a plasma
protein that predominantly binds to alkaline drugs (e.g., lignocaine, propranolol), is either
increased or unchanged. These changes may affect the proportion of unbound pharmaco-
logically active drug fractions. However, these modifications are more common in situa-
tions of acute illnesses or malnutrition.

Finally, an age-dependent increase in blood brain barrier permeability and dysfunction
in the P-glycoprotein efflux pump also exists in older patients. These changes may result
in a higher distribution of drugs to the central nervous system (e.g., rifampicin and
cyclosporin).20

Drug metabolism mostly occurs in the liver. Hepatic clearance depends on hepatic
blood flow, plasma protein binding, and intrinsic hepatic clearance. Important age-related
changes occur, such as a decrease in liver size and a reduction in liver blood flow. The
decrease in liver size leads to a reduction in CYP enzymes with a consequent reduction in
intrinsic hepatic clearance. A reduction in phase I reactions may occur, while phase II or
conjugation reactions remain unchanged in older people. Decreased liver blood flow
mostly affects the clearance of drugs that display high hepatic extraction (e.g., lignocaine,
pethidine, and propranolol), which will cause reduced hepatic metabolism. This metabolic
reduction leads to a higher drug half-life, which will require dose adjustments. However,
hepatic metabolism of drugs with low hepatic extraction (e.g., carbamazepine, diazepam,
phenytoin, theophylline, and warfarin) is usually not affected by reduced hepatic
flow, with hepatic intrinsic clearance being the limiting factor. Drugs with extensive first-
pass metabolism (e.g., propranolol and verapamil) may have increased bioavailability, and
prodrugs may have slower activation in the aged liver (e.g., enalapril and perindopril).19

Drug renal excretion is decreased with aging as well. Renal blood flow decreases,
along with glomerular filtration rate and tubular secretion. As a result, an age-
dependent decline in the clearance of all drugs mostly eliminated by the kidneys is
expected, with a consequent increase in drug serum levels (e.g., digoxin, aminoglyco-
side antibiotics, and lithium). Serum creatinine may not be a reliable indicator of renal
function in aged people. Reduced muscle mass, typical in this population, may affect
the production of creatinine, and a normal creatinine serum value may not represent
normal renal function in these patients. Several formulas to calculate creatinine clear-
ance adapted to body weight are available to guide healthcare professionals in making
dose adjustments for older patients.
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Alongside these pharmacokinetic changes, aging is also associated with increased
pharmacodynamic sensitivity to some drugs. These age-related changes may occur
not only at the receptor and signal transduction levels but also through homeostatic
mechanisms that may be attenuated, possibly compromising both drug safety and
efficacy. Counter regulatory mechanisms are reduced in elderly individuals, result-
ing in a prolonged time required to restore the original steady state after a pharma-
cological perturbation. A paradigmatic example of this phenomenon is the
increased susceptibility of older people to orthostatic hypotension in response to
drugs that lower arterial blood pressure. Other augmented drug effects can also
occur in the following common situations with aged individuals: dehydration,
hypovolemia, and electrolyte disturbances in response to diuretics; bleeding risk
with oral anticoagulants; or hypoglycemia with oral antihyperglycemic drugs.
Changes in drug receptors and signal-transduction mechanisms also develop in old-
er people, such as the downregulation of β-adrenergic receptors with a concomi-
tant reduction in β-blocker effectiveness. In the central nervous system, significant
modifications also exist, such as a reduction in the number of receptors, namely,
muscarinic and dopaminergic receptors. As a consequence, an increased susceptibil-
ity to the antimuscarinic effects of some drugs may occur, leading to agitation,
confusion, and delirium. Vulnerability to extrapyramidal effects may also be
enhanced when antipsychotic drugs are used.

17.3 Inappropriate polypharmacy management

Avoiding the occurrence of polypharmacy may be an impossible mission. Increasing
longevity and the development of new medicines to treat conditions more accurately
diagnosed are major drivers of polypharmacy. Professional hyperspecialization, together
with single-disease care, are additional challenges. To overcome the potential negative
consequences of inappropriate polypharmacy, it is necessary to have polypharmacy
management strategies aimed at promoting appropriate medication.21 Polypharmacy
management can be defined as a “whole system approach that optimizes the care
of multimorbid patients through maximizing benefit while reducing the risks of inap-
propriate polypharmacy.”14 Different countries have established polypharmacy man-
agement programs, usually based on comprehensive reviews of patient medication
profiles performed by family physicians or clinical pharmacists trying to identify inap-
propriate medications prescribed to aged patients.13 These medication reviews are
based on two different approaches: (1) implicit criteria—a systematic process that
guides a subjective clinical judgment about appropriateness, (2) explicit criteria—the
application of a set of previously validated sets of criteria to objectively identify PIM,
and (3) a mixed method including both strategies. A systematic review identified
46 different tools to assess prescribing appropriateness.22
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17.3.1 Implicit tools
Clinical judgment does not necessarily require the existence of an instrument to guide the
assessment process. However, these systematic tools demonstrated increased efficacy with
fewer mistakes when performing many clinical procedures. Implicit tools for medication
review are instruments to guide clinicians in reviewing medication profiles. They consist
of lists of items (or checklists) that serve as reminders of the several topics to be considered,
including patient-specific characteristics and even patient preferences. This greater adapt-
ability to patient characteristics but also to professional knowledge are their major
strengths. However, implicit criteria tools are frequently criticized because they are highly
subjective, time-consuming and have low interrater reliability.16,17,22

The medication appropriateness index (MAI) is the most relevant and internation-
ally validated implicit tool.23 Created in 1992 to guide medication review processes,24

the MAI is a measure of prescribing appropriateness that assesses ten aspects of each
item in a patient’s medication profile: indication, effectiveness, dose, correct directions,
practical directions, drug-drug interactions, drug-disease interactions, therapeutic
duplication, duration of therapy, and cost.23 The MAI provides specific instructions to
standardize the assessment process and classifies each medicine in the profile as appro-
priate, marginally appropriate, or inappropriate. Medicines classified as inappropriate
score from 1 to 3, depending on the criteria involved, using a weighted score that
gives a measure of prescribing inappropriateness.17 Although several studies defend
against good intrarater and interrater reliability and the good reputation and content
validity of the MAI, this instrument does not assess underprescribing and does not
detect adverse drug reactions or prescribing cascades.17

17.3.2 Explicit tools
Explicit tools to guide medication review are instruments containing sets of specific objec-
tive criteria, ranging from simple lists of drugs to more complex conditional criteria, to
identify PIM from a patient’s medication profile. Their main strength is that their use
implies little or no clinical judgment, which results in high interrater reliability and is ame-
nable to use in computerized clinical decision support systems. Explicit tools are mostly
derived from published reviews, expert opinions, and consensus techniques and do not
always have a sufficient pharmacological basis, which is considered their major limitation.
A recent systematic review identified 36 different explicit tools.25

17.3.2.1 Indicators for preventable drug-related morbidity
The indicators for preventable drug-related morbidity (PDRM) were an attempt to create
an objective and explicit instrument to evaluate a patient’s medication profile, aiming to
identify medicines prescribed with an associated risk of negative outcome. Drug-related
morbidity is defined as the failure of a therapeutic agent to produce the intended
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therapeutic outcome, resulting from either the production of an adverse effect or the
failure to obtain the desired effect within a reasonable time. Drug-related morbidity is
considered preventable if four aspects exist: given an adverse clinical outcome, a preceding
drug-related issue must have been recognizable; the adverse outcome or treatment failure
must have been foreseeable; and the causes of the drug-related issue and the outcome
must have been identifiable and controllable.26,27

PDRM indicators are created by collating a suboptimal process situation that
involves the use of a medicine with the potential negative outcome expected if that
process exists in a patient. These PDRM indicators can be created using a simple con-
ditional criterion:
• Negative outcome expected: Fall or hip fracture or other bone fracture
• Process of care: Use of a tricyclic antidepressant (e.g., amitriptyline, imipramine,

etc.)
However, these indicators can also be constituted by more complex criteria:

• Negative outcome expected: Emergency visit/hospitalization due to depression
or increase in dosage of antidepressant

• Process of care: the conjunction of
’ History/diagnosis of depression
’ Use of a sympatholytic antihypertensive (e.g., reserpine, methyldopa,

clonidine, etc.)
In 1999, in the USA, Mackinnon et al. created 52 PDRM indicators for older

people.28 In 2002, Robertson et al. validated Mackinnon’s indicators in the older
Canadian population, and in 2003, Morris et al. validated 29 PDRM indicators for use
in the older UK population.27

To accompany scientific evidence and clinical practice evolution and to maintain
their clinical relevance, PDRM indicators should be regularly updated. The updating
process requires consensus panel teams and time-consuming processes that impede the
normalization of these PDRM indicators.

17.3.2.2 Beers criteria
Beers criteria are probably the best known explicit criteria to identify PIMs in elderly
individuals. They were created in the USA in 1991 by Mark H. Beers and have since
been the subject of several updates. The first version of the Beers criteria was specifi-
cally designed for nursing home residents and included 30 medications that should be
avoided in this population. In 1997, Beers updated the tool to a more comprehensive
set of criteria, organized according to the following categories: (1) medications or
medication categories that should generally be avoided because they pose unnecessarily
high risk for older adults persons; (2) risky drugs if exceeding a maximum recom-
mended daily dose; and (3) drugs to be avoided in patients who had specific comor-
bidities. This version aimed to be applied to all older people and not only to nursing
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home residents. In 2003, Beers criteria were again updated to include new drugs avail-
able in the market and to integrate new scientific evidence. In 2003, the authors classi-
fied PIMs into two categories: PIMs independent of diagnosis and PIMs dependent on
diagnosis. In 2012, a new version of the Beers Criteria was released with the support
of the American Geriatric Society (AGS).29 Based on a comprehensive systematic
review, 53 medications or medication classes were compiled and divided into three
categories: (1) PIMs and classes to avoid in older adults; (2) PIMs and classes to avoid
in older adults with certain diseases and syndromes that the drugs listed can exacerbate;
and (3) medications to be used with caution in older adults. With this last category,
the authors aimed to include drugs that could be plausibly used in a significant number
of situations but with great potential for misuse or to cause harm. After 2012, AGS
updated the Beers criteria twice. The most recent version of the Beers criteria was
released in 2019 and presented a more complex classification of inappropriate drugs
for elderly individuals (Beers Table 1, Beers Table 2, etc.):
• Table 1—“Designations of Quality of Evidence and Strength of Recommendations”;
• Table 2—“Medications to avoid for many or most older adults”;
• Table 3—“Medications to avoid for older adults with specific diseases or

syndromes”;
• Table 4—“Medications to be used with caution”;
• Table 5—“Potentially important noninfective drug-drug interactions”;
• Table 6—“Drugs for which dose adjustment is required based on individual’s kid-

ney function”
• Table 7—“Drugs with strong anticholinergic properties.”

Although the Beers criteria are considered explicit criteria, because their use implies
little or no clinical judgment, Beers Table 4 refers to medicines that should be “used
with caution,” which may invalidate the explicit characteristic of the Beers criteria.

17.3.2.3 STOPP/START criteria
The Screening Tool of Older People’s Prescriptions (STOPP) and Screening Tool to
Alert to Right Treatment (START) criteria were created in 2008, and a second ver-
sion was released in 2014.30 The current STOPP and START criteria comprise
81 PIMs and 34 potential prescribing omissions (PPOs). STOPP criteria present a sub-
optimal process clinical situation and mention, between brackets the potential negative
outcome, for instance: “Selective serotonin reuptake inhibitors with current or recent
significant hyponatremia, that is serum Na1 ,130 mmol/l (risk of exacerbating or
precipitating hyponatremia).” START criteria present the clinical situation where a
given drug should have been prescribed, for instance, “Statin therapy with a docu-
mented history of coronary, cerebral or peripheral vascular disease, unless the patient’s
status is end-of-life or age is .85 years.” The 2014 STOPP/START version also
includes a list of references where each criterion was supported.
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STOPP/START authors claimed to have created a set of criteria with more “prac-
tical clinical value” than Beers criteria because STOPP/START are evidence-based
rather than consensus-based criteria.30 STOPP/START criteria have been widely
tested in interventional studies and implemented in clinical decision support systems.

17.3.2.4 EU(7)-PIM list
The EU(7)-PIM list was created in 2015 by Renom-Guiteras et al. with the aim of
developing a European list of PIMs for older people that could be used to compare
prescribing patterns across European countries and in clinical practice. Based on previ-
ously published explicit criteria and comprising the participation of geriatric prescribing
experts from 7 different European regions, the EU(7)-PIM list includes a total of 282
chemical substances or drug classes from 34 therapeutic groups, according to ATC
classification. This instrument presents monitoring suggestions, dose adjustments and
therapeutic alternatives.

In contrast to the Beers criteria or STOPP/START, the EU(7)-PIM list can be
used even when the patients’ clinical information is scarce because authors aimed to
create an explicit list restricted to drugs or drug classes. Therefore, the EU(7)-PIM list
is potentially suitable for use in pharmacoepidemiological studies with databases or sur-
veys without any clinical information.31

17.3.2.5 EURO-FORTA list
The FORTA (Fit fOR The Aged) list was first developed in 2012 and was updated in
2015 by experts from Germany and Austria. The FORTA list adopts a different
approach to assessing medication appropriateness, combining a positive and negative
classification that addresses over- and underprescribing. Therefore, FORTA categorizes
each drug or drug class according to the following classification:
• “Class A (Absolutely)5 indispensable drug, clear-cut benefit in terms of efficacy/safety

ratio proven in older people for a given indication.
• Class B (Beneficial)5 drugs with proven or obvious efficacy in older people with

limited extent of effect or safety concerns.
• Class C (Careful)5 drugs with questionable efficacy/safety profiles in older people,

to be avoided or omitted in the presence of too many drugs, lack of benefits or
emerging side effects; review/find alternatives.

• Class D (Don’t)5 avoid in older people, omit first and review/find alternatives.”
The FORTA list is organized according to clinical indications, and each drug is

labeled with a FORTA class depending on its clinical indication. This means that a
given drug can have different classifications depending on the diagnosis. Drugs classi-
fied with A or B are considered appropriate, while those labeled with C or D are
potentially inappropriate.
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The FORTA list has been validated in a randomized controlled trial (VALFORTA)
that demonstrated significant improvements in important health outcomes. As a result, in
2018, country/region-specific FORTA lists for seven countries/regions, as well as a
European FORTA list, were developed to enhance the international utility of the list.
The EURO-FORTA list contains 264 drugs or drug classes for a total of 26 clinical
conditions.32

17.3.2.6 Selecting an explicit tool
There is no single ideal explicit tool for identifying PIMs because each of the instru-
ments has different strengths and weaknesses. The selection of a tool depends on its
purpose of use (i.e., clinical practice or research) and the availability of patient clinical
data.31

Access to information recorded in patients’ medical records is a major driver for the
selection of an explicit tool to identify PIMs. Instruments such as the Beers Criteria,
STOPP/START and EURO-FORTA list cannot be correctly used without access to
patient diagnoses. However, the EU(7)-PIM list and other PIM-identification tools do
not require access to patient diagnoses because they are simple lists of medicines to avoid
in older people. New and updated versions of the explicit tools increasingly require more
data from the patients’ medical records. For instance, to properly use the STOPP/START
criteria, access to extensive patient clinical information is required: the complete therapeu-
tic regimen, duration of therapy, previous medications, current medical conditions, patient
medical history, laboratory data, and other physiological parameters.

Once access to patients’ electronic medical records is granted and when a computer-
ized prescription order system exists, clinical decision support systems are useful technolo-
gies to support a more efficient medication review process. Explicit tools to identify PIMs
can support these alert-generating systems that will guide professionals performing medica-
tion reviews. Although all the explicit tools can support these systems, the simple lists
(e.g., Euro-FORTA) will produce nonspecific alerts that will be more frequently overrid-
den. Conversely to what happens in person-based use of explicit tools, computerized sys-
tems require more complex criteria, such as STOPP/START, to produce highly specific
and relevant alerts.33,34 The clinical information needed to correctly apply these different
explicit tools is summarized in Table 17.2.

17.4 Epilogue

The elderly population is at a greater risk of adverse drug events due to the concres-
cence of several contributing factors: physiological decline and frailty that leads to
pharmacokinetic and pharmacodynamic modifications, a higher prevalence of multi-
morbidity that requires appropriate polypharmacy, and a higher risk of inappropriate
polypharmacy. Polypharmacy, whether appropriate or inappropriate, also contributes
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to increased medication regime complexity and subsequent challenges in medication
self-management and adherence, which reinforces the increased risk of adverse drug
events in this population.

Healthcare professionals should be specifically trained to address medication age-
related issues at the individual level. However, multiprofessional polypharmacy man-
agement programs should also be established to reduce individual and system burden
of age-related medication issues.
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CHAPTER 18

How molecular imaging studies can
disentangle disease mechanisms in age-
related neurodegenerative disorders
Edoardo R. de Natale1, Heather Wilson1, Chi Udeh-Momoh2, Jamie K. Ford2,
Marios Politis1 and Lefkos T. Middleton2,3
1Neurodegeneration Imaging Group, University of Exeter Medical School, London, United Kingdom
2School of Public Health, Imperial College London, London, United Kingdom
3Public Health Directorate, Imperial College NHS Healthcare Trust, London, United Kingdom

18.1 Introduction

Global improvements in healthcare have led to an unprecedented increase in life
expectancy1 and for the first time in human history, the number of individuals aged
65 is projected to potentially reach 1.5 billion by 2050. These demographic changes
are associated with an increasing incidence and prevalence of age-related neurodegen-
erative diseases (NDDs), such as Alzheimer’s disease (AD) and Parkinson’s disease
(PD). This in turn, constitutes a major socioeconomic and healthcare challenge, with
extreme financial burden to global economies.

Aging is characterized biologically by a number of alterations of cellular metabolic
mechanisms that determine the progressive loss of cellular capacity to produce energy,
to cope with molecular stressors, and to renew itself.2 These include genomic instabil-
ity, telomere attrition, epigenetic alterations, and loss of proteostasis which, in turn,
trigger the deterioration of other cellular functions such as mitochondrial dysfunction,
cellular senescence, and deregulated nutrient sensing.2,3 The majority of brain cells are
postmitotic cells, and as such are particularly prone to accumulating age-related cellular
damage and degenerate with the scarce possibility of being replaced.4

NDDs are characterized by a progressive deterioration of cerebral structure and
function, and encompass a heterogeneous group of disorders including AD, PD, as
well as other common age-related neurodegenerative disorders such as Amyotrophic
lateral sclerosis (ALS), Huntington disease (HD) and Dementia with Lewy bodies
(DLB). Commonalities in subcellular mechanisms and shared features of most NDDs
include abnormally increased selective protein aggregation, failure of protein degrada-
tion pathways, impaired axonal transport, mitochondrial and oxidative dysfunction,
impaired cerebral metabolism and synaptic activity as well as programmed cell death.5
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Neurodegeneration is a silent and long process starting decades before the onset of
clinical symptoms where aging is regarded as the most important risk factor.6 In this
view, clinical symptoms constitute the final stage of a process where brain cells pro-
gressively degenerate and other factors such as age, gender, genetic variation and
others, confer the interindividual variability determining the differences in clinical evo-
lution7 Fig. 18.1. The 2018 NIA-AA Research Framework criteria of AD8 defines
AD as the combination of altered biomarkers (Amyloid, Tau, and Neurodegeneration
or neuronal injury [AT(N)]), have shifted the emphasis of NDDs from clinical
entities that are vaguely defined by their clinical symptomatology and where diagnosis was
only possible postmortem, to discrete, biological entities where individual differences
are defined in vivo, by the extent of changes of specific biomarkers. According to the
precision medicine approach, this view is a critical step towards minimizing ambiguity
for the identification, and targeting more detailed subgroups of complex diseases, based
on specific biomarker-based biological profiles, thus aiming towards the discovery and
development of more targeted efficacious therapeutic approaches. In this regard, it is

Figure 18.1 Timeline of aging and of neurodegenerative diseases. Aging (in black) can be
regarded as a constant, progressive line where cellular damage accumulates but does not reach
the level of clinical manifestation of symptoms (dashed red line). In familial, genetic diseases, such
as Huntington’s disease (blue line), the premanifest stage is characterized by a fast accumulation of
cellular alterations that actually starts very early in life and gives rise to clinical symptoms at an
early age. In late-onset, sporadic diseases, such as Alzheimer’s disease (brown line), the deviation
from the physiological line occurs many years before the onset of symptoms and cellular damage
gradually accumulates over time. Environmental factors, such as traumatic brain injury (gray line)
can modify abruptly the line of cellular senescence and give rise to a progressive neurodegenera-
tive clinical picture.
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essential to find methods to directly study the molecular alterations underlying aging
and neurodegeneration to unravel their mutual relationship, the weight they have in
each disease, and to better characterize each clinical entity according to both varying
biological alterations and for differential diagnosis9.

In vivo molecular imaging carries the advantage of studying structural and func-
tional cellular biology in living people, with high temporal and spatial precision. PET
makes use of radiotracers that bind with high affinity to specific molecules of interest
gathering invaluable information that may relate to their etiopathogenesis, pathophysi-
ology, and progression.10�15 Over the years, several radiotracers have been developed,
targeting distinct aging-related cellular mechanisms such as mitochondrial function,
neuroinflammation, oxidative stress, protein accumulation, cerebral glucose metabo-
lism and synaptic dysfunction with increasing clinical applications, giving invaluable
insight about the mechanisms of dementia in vivo Fig. 18.2.16 Recent advances in
structural, microstructural, and functional MRI techniques to study molecules with
paramagnetic properties, such as iron, can also contribute to the understanding of the
role of each of these factors in neurodegeneration.

This chapter will illustrate the current advances in molecular imaging of the aging-
related cellular processes in NDDs, across four core themes pertaining to the neuroin-
flammation processes, protein aggregation, brain metabolism and neuronal function, as
well as iron metabolism. The chapter further describes in vivo imaging of emerging
molecular mechanisms of neurodegeneration and discusses how future applications of
in vivo imaging can help in the translation from basic science, to clinical trials and
clinical management of these patients.

18.2 Molecular imaging of neuroinflammation

Neuroinflammation involves highly complex molecular cascades mediated by micro-
glia and astrocytes. Microglia are ubiquitous specialized glial cells predominantly con-
centrated in the hippocampus, the basal ganglia, and the substantia nigra.17 Astrocytes
are essential cells for maintaining neuronal homeostasis, mediating neurotransmission,
plasticity, and for communicating with the exterior through the blood brain barrier
(BBB).18 Microglia and astrocytes are particularly susceptible to misfolded proteins
(such as β-amyloid (Aβ), tau, or α-synuclein), iron, reactive oxygen species (ROS), as
well as other factors of the cellular microenvironment.19�22 Under conditions of stress,
trauma or exposure to neurotoxic agents, such as the soluble Aβ mono and oligomers,
microglia and astrocytes initiate neuroinflammation through a dual mechanism. On
one hand, they trigger the innate immunity response, by secreting a wide array of
cytokines and chemokines23,24 and by stimulating the oligomerization of the NLR
family pyrin domain containing 3 (NLRP3),25�27 hence promoting the formation of
the inflammasome, a multiprotein cellular complex that triggers multiple molecular
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cascades resulting in the activation of inflammation-related cellular death (pyroptosis).28

On the other hand, microglia activate the adaptive immune response by acting as
antigen-presenting cells for α-synuclein.29 Overall, the inflammation cascade and the

Figure 18.2 Aging is characterized by the concomitant presence of multiple molecular alterations that
result in the loss of cellular homeostasis and, ultimately, in cellular death by necrosis or apoptosis.
When this process is underway, it reinforces itself in a vicious circle of alterations linked one to another,
which is impossible to track back to its initiation, or to isolate one element over another. In neurode-
generative diseases, external factors such as genotype and the environment intervene to reinforce the
weight of some aspects over the others. This, in turn, modifies the overall balance of this process and
results in a deviation from the physiological aging process, towards a detrimental, neurodegenerative
one. Molecular imaging can improve our understanding of the molecular mechanisms underlying cellu-
lar alterations, disentangle the close relationship between these elements, and assess the weight
played by each of them in the generation of the single neurodegenerative diseases.
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activation of proinflammatory cytokines and chemokines, are thought to determine a
microenvironment that favors cellular damage and neurodegeneration.30,31 In addition,
microglia can also diffuse toxic proteins by seeding and spreading tau and α-synuclein
into the extracellular space, through exosomal release.32,33

The primary PET target for investigating neuroinflammation in vivo is the 18-kDa
Translocator Protein (TSPO), a protein known to be highly expressed in microglia
and macrophages,34 which upregulates as a result of microglial activation35 and is con-
sidered a non-specific marker of regional neuroinflammation.36 The first generation
TSPO-PET tracer, [11C]PK1119,5 has been available since the 1990s and has been
widely used across neurological conditions.37 However, [11C]PK11195 displays low
signal-to-noise ratio and non-specific binding. Second-generation TSPO radioligands
such as [11C]ER176, [18F]DPA714, [18F]FEPPA, and [11C]PBR28, with higher signal-
to-noise ratio, are gaining applications in research. The uptake of these tracers is
however dependent on the rs6971 polymorphism in the TSPO gene that affects the
affinity of the tracer to bind to TSPO.38

Overall, TSPO-PET has produced a wealth of literature providing critical informa-
tion into the role of neuroinflammation in neurodegeneration.39 However, in light of
recent reports raising questions over the exact biological significance of increased
TSPO binding,40�42 alternative microglial and astrocytic non-TSPO PET tracers have
been developed to further elucidate the role of neuroinflammation across NDDs.
Astroglial activation can be directly visualized by quantifying the imidazoline 2 binding
sites (I2BS) with the PET tracer [11C]BU99008.43,44 I2BS are located in the outer
membrane of mitochondria and regulate the expression of glial fibrillar acidic protein
(GFAP) that is upregulated in activated astroglia.45 [11C]Deprenyl, a specific radiotracer
to quantify monoamine oxidase (MAO)-B enzyme,46,47 has also been utilized to study
astrocytes in vivo48; however, MAO-B is not exclusively expressed on astrocytes and
[11C]Deprenyl displays off-target binding which does not solely reflect astroglia
action.49

A common pattern across NDDs is a diffuse increase of TSPO binding in cortical
and subcortical regions, which is highest in areas pathologically affected by disease-
specific cellular degeneration.50�56 In patients with early AD, elevated levels of [11C]
PK11195 binding were found in areas of decreased [18F]FDG uptake, a marker of brain
glucose metabolism.57 Furthermore, a 14-month longitudinal study in a cohort of AD
patients showed that a regional progressive increase of [11C]PK11195 corresponded to a
progressive decrease of [18F]FDG uptake.58 These findings suggest an association
between increased microglial activation and neuronal dysfunction. Microglial activation,
measured with [11C]PBR28 PET, was also found to be strongly correlated with tau
deposits in the temporal lobe of AD patients.59 Moreover, sustained chronic inflamma-
tion correlating with decreased cognitive performances, has been reported in advanced
stages of Parkinson’s disease dementia (PDD)60,61 and in cases of traumatic brain injury
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(TBI).62 Overall, these findings suggest a relationship between increased microglial acti-
vation, the accumulation of tau pathology, and clinical symptomatology. Increased
TSPO signal has also been associated with microstructural alterations of the white matter
in ALS and TBI, two conditions characterized by a vulnerability of long axonal tracts.
In National Football League players with a history of TBI, as well as in patients with
ALS, increased microglial activation has been reported to colocalize with areas of
decreased fractional anisotropy on diffusion tension imaging (DTI) MRI, a marker of
loss of white matter tissue integrity.63�65 In these conditions, microglial activation could
represent either the cause or the effect of localized white matter damage. Increased cen-
tral microglial activation has also been associated with peripheral inflammation. In one
study on premanifest gene carriers, increased microglial activation in the somatosensory
cortex was correlated with higher plasma levels of IL-1β and TNF-α.66 These findings
suggest a concomitant role between peripheral and central immune system responses in
early preclinical stages of HD, which warrants further investigations in other NDDs.

Increased TSPO uptake may represent an early feature of neurodegeneration.
Patients with REM sleep behavior disorder and mild cognitive impairment (MCI),
which represent prodromal and early stages for PD and AD respectively, demonstrated
elevated TSPO signal.67�69 In premanifest HD gene mutation carriers, increased
TSPO signal in associative striatum and in networks associated with cognitive function
predicted the probability of phenoconversion of five years.70 Recent research also sug-
gests that the biological relevance of neuroinflammation could vary, according to the
disease stage. Early MCI patients show an initial increase of [11C]PK11195 binding
and a progressive decrease over time as they approach AD, with a second peak of high
TSPO binding following further cognitive and functional decline leading to AD diag-
nosis, suggesting a bimodal peak of microglial activation.67,71 In early disease stages,
microglial activation could represent a protective countermeasure to cellular insults, as
suggested by the finding of higher hippocampal and cortical volume on structural
MRI and slower clinical progression, associated with high TSPO binding in cohorts of
MCI and early AD patients72,73 and by the evidence, in premanifest carriers of PSEN1
and APP mutations, of increased levels of [11C]Deprenyl as early as 17 years from pre-
dicted phenoconversion.55 Conversely, chronic inflammation in advanced disease
stages may be associated with more severe cellular loss. This hypothesis is corroborated
by a recent study in which early de novo PD patients displayed significantly increased
cortical and subcortical uptake of [11C]BU99008, followed by a sharp decline in mod-
erate/advanced disease PD patients, that correlated with motor and cognitive deterio-
ration.74 These results suggest that neuroinflammation could be an early phenomenon
in the neurodegenerative process. Initially, neuroinflammation can have a primary
potentially neuroprotective role; however, as the disease progresses and neurotoxic
effects increasingly prevail, it becomes detrimental contributing, either directly or indi-
rectly, to further progression of neurodegeneration.
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The P2X purinoceptor 7 (P2X7) has recently emerged as a novel PET target for
neuroinflammation. Activation of P2X7 triggers pyroptosis, through stimulation of the
NRLP3-inflammasome related cytokine cascade.75 The PET tracer [11C]JNJ717 has
been recently developed for the in vivo study of P2X7 receptors.76 However, two
pilot studies in small cohorts of PD76 and early-stage ALS77 did not show differences
in [11C]JNJ717 volume of distribution, compared with healthy controls. Further stud-
ies using the more recently designed P2X7 PET tracers, such as [11C]SMW139,78

[18F]JNJ-64413739,79 or [11C]GSK1482160,80 would allow for further exploration of
the potential of this PET target as a marker of neuroinflammation in NDDs.

18.3 Molecular imaging of mitochondria dysfunction and oxidative
stress

Mitochondria are essential cellular organelles that oversee cellular homeostasis through
several functions, such as supplying cells with energy through the mitochondrial respi-
ratory chain, balancing cellular calcium levels, signaling cellular perturbations to micro-
glia, and regulating apoptosis.81 A number of these functions take place in points of
close contact between the mitochondria and the endoplasmic reticulum (ER) called
mitochondria associated membranes (MAM).82 There is wealth of evidence, suggesting
that mitochondrial dysfunction could represent a converging site of multiple molecular
alterations in aging and NDDs.83�92 In addition, it has been shown that MAM can be
directly altered by protein aggregates of tau, α-synuclein, Aβ and TAR DNA-binding
protein (TDP)-43, potentially exacerbating the functional damage to mitochondria.93

Further supporting the central role of mitochondrial damage in the genesis of neuro-
degeneration, a number of pathogenic genes for familial forms of PD, ALS, and AD
are physiologically located, or are active, in the mitochondria94�96 and, as in the case
of the mitophagic PINK1/Parkin pathway, intervene in several NDDs.97�101

An important byproduct of the mitochondrial aerobic respiratory process is the pro-
duction of ROS. It is estimated that mitochondria are responsible for the formation of
about 90% of the ROS present in cells.102 In general, ROS production is counterba-
lanced by natural antioxidants such as superoxide dismutase (SOD) and glutathione.
Excessive ROS can contribute to oxidative stress and to cellular damage of proteins,
lipids, mRNA, and DNA damage.103�105 In addition, ROS production activates NF-kB,
an important mediator of the innate immune response that, in association with iron
released into the cytoplasm, enhances neuronal damage.106,107 The overproduction of
ROS and the loss of antioxidant countermechanisms has been found to be an early and
detrimental event preceding, and promoting, protein aggregation.108,109

Recently, two novel PET tracers have been developed and validated for the
in vivo study of mitochondrial function in humans.110,111 [18F]BCPP-EF is a PET
tracer with high affinity for the mitochondrial complex 1 (MC1), and [11C]SA4503
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for the sigma 1 (σ1) receptor which is highly expressed in the MAM. [18F]BCPP-EF
uptake was diffusely decreased in cortical areas and subcortical areas of AD patients, as
evidence of regional loss of energy metabolism.112 Strikingly, loss of [18F]BCPP-EF
uptake in the parahippocampal gyri was not associated with similar reduction of [18F]
FDG PET uptake, as reference marker of cellular glucose metabolism, suggesting that
[18F]BCPP-EF might be a more sensitive marker of cellular distress than [18F]FDG
PET.112 A 12-month longitudinal study on de novo PD patients and controls, using
both [11C]SA4503 and [18F]BCPP-EF showed insignificant lower levels of σ1 receptor
density and of MC1 in de novo PD patients, with a trend to an annualized increase
particularly in the caudate and putamen.113 These results should be corroborated by
further studies on larger cohorts to elucidate the possible pathophysiological meaning
of in vivo changes of MC1, and σ1 receptor density in PD and in other NDDs.

[62Cu]ATSM, a PET tracer which binds to over-reduced compounds within cells,
originally devised to study hypoxia in cardiology and oncology, has been used to study
oxidative stress in NDDs.114,115 Using this tracer, two small-scale studies on PD
patients demonstrated a state of diffuse oxidative stress in the striatum and a significant
increase in disease severity, when corrected for the [123I]FP-CIT SPECT specific bind-
ing ratio (a marker of the quantity of surviving dopaminergic neurons).116,117 These
findings indicate that oxidative stress is an ongoing process that worsens over time in
vulnerable regions, in PD. In another small-sample study on twelve ALS patients,
increased uptake of [62Cu]ATSM in the motor cortex was negatively associated with
decreases in the revised ALS functional rating scale score, a marker of disease sever-
ity.118 The unfavorable half-life of [62Cu] (about nine minutes) limits the use of this
tracer to centers with on-site tracer manufacturing capabilities. Fluorinated tracers are
currently in development and it is envisaged that, in future years, such tracers might
permit more accurate in vivo investigation of oxidative stress.119,120

18.4 Molecular imaging of misfolded proteins

A great number of human proteins present one or more regions promoting self-
assembly into oligomeric structures of fibrillar cross β-structures.121 In vitro and in vivo
studies indicate that several proteins implicated in NDDs, such as Aβ, α-synuclein, tau,
and TDP-43, can self-aggregate into insoluble, ubiquitinated inclusions,122�124 similarly
to how prion protein (PrPSc) self-templates to induce aberrant conformation to native
proteins.125 Thus, complex and multifactorial molecular mechanisms are in place across
the spectrum of NDDs which create a microenvironment that may favor protein mis-
folding and aggregation. Genetic variants to genes such as SNCA, MAPT, PSEN1,
PSEN2, APP, SOD1, TARDBP, FUS, HTT, as well as environmental conditions,
including inflammation, oxidative stress, and energy failure, increase the propensity of
these proteins to self-assemble in vivo.
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Similarly to classic PrPSc, which is capable of spreading throughout the CNS via
neuroanatomic connections,125 accumulating experimental evidence demonstrates that
other protein aggregates like Aβ,126,127 tau,128,129 and α-synuclein130,131 are transmissi-
ble by a trans-synaptic seeding mechanism through several, and still not entirely
explored, cellular pathways. Human mesenchymal stem cells grafted to patients with
PD showed, on post-mortem examination, aggregates of α-synuclein into Lewy-
Body-like formations, suggesting host-to-graft propagation.132,133 Moreover, cases of
probable human transmission of Aβ pathology through medical procedures have been
reported.134�136 Differences in the spatial and temporal regional distribution of aggre-
gated proteins across NDDs is hypothesized to be determined by a selective cellular
vulnerability to stressors, the precise mechanisms of which are still largely unclear.
Nevertheless, it has been possible to reconstruct, from post-mortem analyses, the
spatio-temporal staging of protein deposition for AD and PD137,138 which correlates
with the clinical progression of these diseases but does not constitute, by itself, proof
for the seeding hypothesis,139 or explain whether protein aggregation is a cause, effect,
or epiphenomenon of other pathogenic events in the neurodegeneration cascade.140

18.4.1 Molecular tracers of amyloid and tau in vivo PET imaging
The last decade has seen a blooming of PET tracers targeting Aβ and tau, and exten-
sive research is underway to identify reliable radiotracers for α-synuclein and mutated
Huntingtin (mHtt).26,141 The most commonly used Aβ PET tracers are [11C]PiB,
[18F]Flutemetamol, [18F]Florbetapir, and [18F]Florbetaben. These tracers bind Aβ with
high affinity but show some degree of non-specific binding to white matter.142 First-
generation tau tracers ([18F]FDDNP, [11C]PBB3, [18F]THK5117, [18F]THK5351,
[18F]AV1451) show high affinity for AD tauopathies, but are hampered by substantial
off-target binding to the basal ganglia, choroid plexus and substantia nigra, and to vari-
able degrees of affinity for neuromelanin and MAO-B.143�146 Second generation tau
tracers ([18F]RO-948, [18F]MK-6240, [18F]GTP1, [18F]PI-2620, [18F]APN-1607)
show promising specificity for tau in both AD and non-AD tauopathies, have better
kinetics, good brain uptake and fast washout, and do not display significant off-target
binding, although this can still be present to some degree.147,148 Because of its high
prevalence and its close relationship with these biomarkers, the AD spectrum has been
the main field of investigation of the dynamics of Aβ and tau deposition, using PET
imaging. As with other NDDs, AD is seen as a disease continuum from the asymp-
tomatic, preclinical stages, to MCI and clinical AD dementia,149 all associated with dif-
ferent levels of brain pathology which can be used to characterize the disease in vivo
according to the recent [AT(N)] classification system.8 Abnormal levels of the classical
AD biomarkers (Aβ and tau) are detectable from very early pre-symptomatic
stages.8,150,151 Aside the traditional dichotomous classification of AD biomarkers,
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emerging evidence suggests the existence of a distinctive peri-threshold “gray zone”
concordant with biomarker levels at the inception of the ‘abnormal cut-off point’.152

Individuals with peri-threshold biomarker levels may present similar trajectories of
cognitive decline as individuals with higher-than-threshold abnormal biomarker pro-
files.152 Interestingly, sub-threshold AD biomarker levels at baseline have further been
associated with faster accumulation of pathology that is predictive of accelerated clini-
cal symptom onset.153,154

Increased Aβ and tau deposition is not specific to NDD and can be spotted with
PET imaging in cognitively healthy older adults.155,156 Aβ is widespread in the frontal
and parietal lobes, whereas tau aggregates appear preferentially in the medial temporal
lobe.157 Despite the non-overlapping distribution, gray matter areas of tau and Aβ
aggregation show connectivity interactions, particularly in the inferior-lateral temporal
lobe and entorhinal cortex.157 This finding suggests a possible relationship between Aβ
and tau aggregation in these areas, that may feed forward into the neurodegenerative
process. This suggestion is supported by the evidence that Aβ accumulation could
influence neuronal damage in the medial temporal lobe158 and drive tau deposition.
Moreover, double-tracer PET studies in the AD spectrum and in Down Syndrome
have demonstrated that tau and Aβ brain retention show a significant reciprocal corre-
lation, and cortical Aβ pathology is required for tau to deposit outside the temporal
cortex.156,159 This hypothesis is further corroborated by recent studies measuring
Aβ-42 and p-tau in the cerebrospinal fluid (CSF). Aβ-42 and p-tau alterations in the
CSF can represent early harbingers of cognitive impairment, as demonstrated in recent
studies on PD patients.160 P-tau-217 was found to precede increases in [18F]AV-1451
uptake in the entorhinal cortex only in “amyloid positive” individuals.161,162

Additionally, in cognitively unimpaired individuals with hippocampal tauopathy seen
on tau PET, cortical retention of [18F]AV-1451 was observed only in those with con-
comitant increased Aβ-42 in the CSF,163 thus indicating that Aβ may trigger the
spread of tauopathy outside the hippocampus, likely transforming pre-existing tauopa-
thy to more toxic tau species, resulting in neuronal injury.

Interestingly, two PET studies in early-onset AD patients showed significantly high
levels of brain tau burden, even in the absence of associated abnormal increases of corti-
cal Aβ deposition,164,165 suggesting that age may drive different regional levels of
response to protein accumulation. In the AD spectrum, tau retention generally correlates
better than Aβ with cognitive dysfunction in episodic and visual memory.156,164,166�169

Thus, it could be posited that abnormal Aβ deposition may trigger the neurodegenera-
tive cascade and tau accumulation, but further progression and clinical significance may
be determined by the latter.

PET studies on genetically predisposed models of amyloidopathy have further con-
firmed the hypothesis that, in familial disease forms, abnormal brain load of Aβ deposi-
tion can represent a very early event in neurodegeneration. Premanifest carriers of the
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autosomal dominant PSEN1 mutation showed widespread cortical [11C]PiB deposition
as early as 15 years before predicted phenoconversion.170 Moreover, Down Syndrome
patients examined before the onset of AD-dementia showed increased and widespread
cortical retention of [11C]PiB.171,172

AD dementia patients consistently show increased levels of Aβ and tau brain depo-
sition on PET imaging.164,173�177 In AD, abnormal levels of Aβ deposition, as seen
with [11C]PiB, are concentrated in the frontal, parietal, temporal and occipital cortices,
posterior cingulate, and the retrosplenial cortex.176,178 Tau PET retention, can be
found in the temporal, parietal, posterior cingulate, frontal and mesial temporal cortical
regions, and in the posterior cingulate.164,174,177 A significant increase of Aβ and tau
has also been detected in the parietal, temporal, occipital and cingulate cortical areas
and the striatum in the majority of patients with DLB, as opposed to a small minority
of PDD patients, while a general absence of Aβ and tau is reported in non-demented
PD patients.179�186 Primary tauopathies, such as progressive supranuclear palsy (PSP),
corticobasal syndrome, or sporadic and MAPT-linked frontotemporal dementia
(FTD), show increased levels of cortical and subcortical tau retention in studies
employing first-generation tau PET radiotracers, with the degree of cerebral tau depo-
sition correlating with clinical symptoms and severity.187�192 Future studies employing
the 3R/4R specific second-generation tau tracers may further improve the ability to
interrogate the biological mechanisms of primary tauopathies.193,194

A striking advantage of PET imaging is the possibility to recapitulate in vivo the
pathological spatiotemporal sequence of protein deposition. Recent studies in the AD
continuum, have reconstructed this sequence in cognitively unimpaired, MCI and AD
participants. Using [18F]Florbetapir, a four-stage temporal and spatial model of Aβ
deposition has been demonstrated starting from the temporobasal and frontomedial
areas in cognitively unimpaired individuals, and successively affecting the associative
neocortex, the primary sensorimotor areas and the medial temporal lobe and subcorti-
cal structures together with clinical progression to MCI and AD dementia.195,196

Similarly, a pattern of tau deposition was identified, first in the transentorhinal region,
and progressing to the lateral, temporal, occipital, and associative cortical regions, con-
sistent with the pathological Braak’s I-VI staging and being significantly associated
with both Aβ retention and global cognition.197,198

The pattern of Aβ and tau brain retention has also been studied by PET imaging in
relation to the APOE genotype. In cognitively normal older adults, APOE ε4 genotype
influences the relationship between brain Aβ and cognitive performances199 and, in sub-
jects with subjective cognitive decline, the APOE ε4 allele can explain about 9%�11%
of the variance of cerebral Aβ levels.200 Cognitively unimpaired APOE4 carriers reach
abnormal levels of neocortical Aβ by age 63 compared to noncarriers that reach abnor-
mal levels of neocortical Aβ at age 78.201 Moreover, APOE ε4 carriers with and with-
out AD dementia also show a higher speed of Aβ-independent progression of tau
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accumulation in the basal and lateral temporal cortical areas, compared with non-
carriers.202�204 The APOE ε4 genotype also influences the level of tau aggregation after
TBI,205 and the level of Aβ in DLB patients.206 In TBI, the degree of [18F]AV1451
retention was higher in APOE ε4 carriers as a function of time from the injury, being
associated with low Aβ-42 CSF levels.205 These findings suggest that the APOE ε4
genotype may enhance the vulnerability to tau spreading.202

A number of longitudinal studies have assessed the degree of progression of Aβ and
tau deposition. In a two-year study on AD patients, cerebral accumulation of [11C]PiB
did not progress significantly despite clinical progression and progressive cellular dam-
age as evidenced by a 20% longitudinal decrease of [18F]FDG.207 By contrast, another
study employing [18F]AV1451 demonstrated, in both cognitively unimpaired older
adults and AD patients, a progressive accumulation of tau consistent with the described
Braak’s progression pattern.208 Aβ deposition, measured with [11C]PiB, showed a pro-
gressive decrease of accumulation rate also in a group of DLB patients. In these
patients, those who showed longitudinal change in [11C]PiB also displayed rapid clini-
cal and cognitive decline over time.209

18.5 In vivo imaging of brain metabolic processes and activity

18.5.1 Molecular imaging of cerebral hypometabolism
Glucose is by far the main energy source for brain metabolism,210 to an extent that
the regional reduction of glucose consumption is used as a surrogate marker of altera-
tions of neuronal processes and cellular distress. Alterations of cerebral glucose metabo-
lism is an early and common feature across the spectrum of NDDs.211 Furthermore,
vascular and metabolic risk factors associated with reduced energy metabolism within
the brain have been linked with increased vulnerability to cognitive impairment212

and to the severity of clinical symptoms.
[18F]Fluorodeoxyglucose (FDG) is an analog of glucose that is taken up in the brain

by metabolically active cells and is phosphorylated to FDG-6-phosphate. [18F]FDG has
long been employed to quantify local energy metabolic activity and as a sensitive down-
stream marker of neuronal injury.213,214 [18F]FDG has long been employed for the
investigation of NDDs in both research and clinical setting215 and has been also pro-
posed as a marker of neurodegeneration (N) in the AT(N) diagnostic AD formula.216

The main source of [18F]FDG signal is constituted by active neurons, although astrocytes
also contribute to the generation of the [18F]FDG signal.217 In AD, preclinical and AD
dementia cases consistently display glucose hypometabolism in the posterior cingulate
cortex and in the parahippocampus218,219 and was shown to be correlated with clinical
severity.220

PET imaging with [18F]FDG has also been employed to assess longitudinal changes
of regional brain metabolism, and its relationship with the progression of dementia in
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the AD spectrum, with evidence of significant correlation between even subtle
regional metabolic changes and cognitive deficits.221,222 In this latter study, low glu-
cose metabolism at baseline, predicted subsequent cognitive and functional decline.221

[18F]FDG PET is also increasingly being utilized for differential diagnosis of AD
versus other forms of dementia. Differential patterns of sub-regional glucose metabo-
lism from [18F]FDG PET scans have been applied for the classification of late-onset
dementia forms, including AD, FTD, DLB and vascular dementia.223,224 In an
investigator-blinded study, a high concordance was found between [18F]FDG PET
data with clinical diagnostic information for distinct neurodegenerative conditions that
included AD, FTD and DLB.225 Overall, these findings denote the utility of [18F]
FDG PET for facilitating differential diagnosis of late dementia forms.

18.5.2 Molecular imaging of brain functional connectivity
Multimodal approaches combining measures of the uptake of different PET radiotracers
and MRI methods of functional connectivity, offer significant insight into many biologi-
cal and neurophysiological processes within the brain in vivo; one example being to
measure evidence of NDDs pathology, how and where they aggregate and accumulate,
and the resulting impact on brain function.226 Due to the relatively low spatial resolu-
tion of PET imaging, MRI’s comparatively superior spatial resolution, multimodal stud-
ies combining both of these approaches are highly complementary in understanding
NDDs pathology across the whole brain. In the future, hybrid PET-MRI scanners may
be of significant value in simultaneously collecting information on the disease mechan-
isms and the resulting alterations in functional connectivity, in NDDs.227

For AD, there is growing evidence supporting “the disconnection hypothesis,”
whereby those with cognitive impairment often demonstrate alterations in brain func-
tional connectivity.228,229 Amyloidopathy and tauopathy both affect brain functional
connectivity and, consequently, act as catalysts in cognitive decline.230 Studies con-
ducted in preclinical AD have identified the default mode network (DMN) as a partic-
ularly vulnerable circuit to cerebral Aβ levels which may induce a “desynchronisation”
effect, resulting in reduced correspondence between DMN regions and, consequently,
cognitive decline.231 Even in preclinical stages, there is a significant relationship
between the accumulation of Aβ fibrils and brain function. In cognitively unimpaired
older adults with sub-threshold [18F]Flutemetamol Aβ cerebral retention, Aβ deposits
were associated with increased functional connectivity in several resting-state networks
(including, but not limited to, the DMN).232 Early evidence of Aβ accumulation,
increased dynamic functional connectivity, and cognitive performance may form a tri-
modal relationship. Together, these three factors may act as a compensatory mecha-
nism, whereby increased functional connectivity may help to maintain cognitive
performance among individuals with higher levels of cognitive reserve, in response to
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early Aβ-induced neuronal damage, and independent of structural alterations in white
and gray matter.232 Conversely, in the presence of supra-threshold global Aβ burden,
despite being cognitively unimpaired, functional connectivity was reduced between
the temporal pole, orbitofrontal cortex, medial prefrontal cortex, amygdala (composing
the anterior temporal system) and the anterior medial temporal lobe.233 In these indi-
viduals, higher levels of Aβ burden may consequently have effects in reducing func-
tional connectivity between regions associated with memory, as evidenced by lower
scores of memory performance.233 This relationship is strengthened as the disease pro-
gresses. In a group of MCI and AD patients, a dose-dependent relationship between
Aβ burden, as measured with [18F]AV-45 PET, and functional inter-network connec-
tivity between the DMN and the dorsal attention network was seen.234 In MCI, high-
er levels of Aβ predicted future memory decline and inter-correlational strength
between the DMN and DAN, suggesting that measures of functional connectivity and
global Aβ burden using PET may be used together to predict future cognitive
decline.234 To strengthen the Aβ-connectivity relationship, in a longitudinal study in
preclinical AD, increased cortical Aβ and lower DMN functional connectivity was
associated with gradual DMN cortical thinning.235

Recent studies have reported Aβ and tau acting as independent entities or interact-
ing together to impact functional connectivity. In one study, [18F]Flutemetamol for
Aβ and [18F]Flortaucipir for tau were found to have different spatial affinities within
the brain, in that Aβ was most highly accumulated within the anterior and posterior
DMN, whereas tau accumulated more within the left inferior occipital cortex, super-
ior frontal gyri, and precuneus.236 Partial spatial overlap between Aβ and tau was
found within the superior frontal and (left) inferior occipital gyri, which suggests that
some regions of the brain may be more susceptible to the combined pathological tox-
icity as both biomarkers accumulate; more so than other networks that do not include
the aforementioned regions.236 The higher spatial affinity of tau for functional net-
works could also explain why tauopathy is associated with a functional decline in
more cognitive domains compared to Aβ accumulation.236

Within resting-state networks, Aβ and tau also appear to target different functional
components. In a very recent study employing fMRI and [11C]PiB and [18F]AV-1451
PET imaging in atypical AD patients, it was found that Aβ deposition occurred more
frequently in network epicenters (or “hubs”) and tau affected region-to-region func-
tional connectivity.237

Fewer studies combine molecular imaging and fMRI measures of brain connectiv-
ity in other NDDs. In one study on drug-naïve PD patients using [18F]FP-CIT PET
for the study of presynaptic dopaminergic dysfunction and fMRI, increased connectiv-
ity in the “motor reserve network” (basal ganglia, cerebellar vermis, insula, and inferior
frontal cortex), as an index of functional motor reserve was associated with a greater
motor symptom prognosis and coping capacity in the presence of developing PD
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pathology as exemplified by a slower rate of longitudinal dosage increases in dopami-
nergic medication across a two-year period.238 In another PD study combining meta-
bolic PET with [18F]FDG and presynaptic dopaminergic with [18F]DOPA,
hypometabolism in the substantia nigra was associated with reduced nigrostriatal con-
nectivity and dopamine depletion, which in turn appeared to contribute to a disrup-
tion in striato-cortical resting-state functional connectivity. Furthermore, functional
dysconnectivity from the putamen in PD patients primarily affected the sensorimotor
network and subregions of the DMN and higher functional desynchronisation with
the striatum was also accompanied by decreased global cognitive performance.
Therefore, reduced neural input from the striatum may have led to concomitant
hypometabolic changes within the cerebral cortex, in turn, triggering cognitive
decline.239 Hypometabolism caused within the salience network and DMN can also
be correlated with the occurrence of specific PD-related non-motor symptoms, such
as fatigue.240

In summary, PET imaging can be used to measure and distinguish the relative
impact of discrete molecular alterations and their relative impact on brain connectivity
and symptoms. Future research using multimodal approaches combining molecular
imaging and MRI functional connectivity methods may provide insight into the rela-
tionship between molecular alterations, their underlying neural mechanisms, and clini-
cal symptoms.241,242

18.6 Imaging of iron accumulation

Iron is an essential element for brain development and cellular communication as it
participates as a cofactor for a number of enzymes, neurotransmitter receptors and pro-
tein channels.243 Free ferric iron, however, is particularly susceptible to oxidative
activity in the brain and is a major source of ROS.244 During aging, iron levels dif-
fusely increase in the brain, but this is not accompanied by neuroinflammatory reac-
tions. In NDDs, by contrast, iron accumulation preferentially affects the areas affected
by neurodegeneration, and is accompanied by inflammation and other alterations of
cellular homeostasis.245 In the presence of excess iron, activated microglia become less
efficient246 and, in the presence of mutant Htt, hyperactive and dystrophic.247 Iron
may also cause mitochondrial dysfunction248 and promote conformational changes and
aggregation of Aβ and α-synuclein.249�251

Iron can be visualized using several MRI sequences. Iron induces a magnetically
inhomogeneous environment that has an effect on water protons, resulting in a faster
relaxation rate (R2 and R2�), which is proportional to regional iron content.252 More
recently, variations of the magnetic susceptibility of tissues to iron have been used to
quantify the regional levels of iron accumulation. Susceptibility weighted imaging
(SWI) phase values,253 and quantitative susceptibility mapping (QSM), have found
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increasing applications for the in vivo quantitative determination of iron content in
both aging and neurodegeneration.254

MRI studies have demonstrated a progressive iron deposition with increasing age
in the putamen, globus pallidus, thalamus, and substantia nigra.255�259 In these indivi-
duals, APOE ε4 genotype promotes an increase in cortical iron deposition and modifi-
cation of functional connectivity. In one study, cortical iron deposition in APOE ε4
carriers was associated with an increase of connectivity along the DMN.260 In another
study, altered functional connectivity along nodes with high iron content in APOE ε4
carriers was associated with low performances in episodic memory tests.261 Iron co-
localizes with Aβ. In a study on 116 elderly subjects using QSM MRI and [18F]
Flutemetamol PET, clusters of co-localizations were found in the basal ganglia and the
frontotemporal cortex and, in this latter region, correlated with cognitive perfor-
mance.262 This finding was consistent with what was found in patients with MCI that
were Aβ and APOE ε4 positive,263 and in a 7-Tesla QSM MRI post-mortem study
on AD tissues. Both studies found a co-localization of higher susceptibility values in
frontal cortex areas known to be rich in Aβ plaques.264 Taken together, these findings
highlight the potential synergistic action that iron and Aβ exert on brain cells.
However, it has been hypothesized that Aβ is diamagnetic and that, in AD, part of the
QSM susceptibility signal may be due to the deposition of Aβ itself.265

Presymptomatic carriers of genetic mutations for familial NDD forms also show
increased levels of iron. Far-from-onset premanifest HD gene expansion carriers show
bilateral and progressive increases in SWI field map values in the putamen and palli-
dum, that extend to the caudate and cortical regions.266 Similarly, asymptomatic car-
riers of LRRK2 and Parkin mutations for familial PD, show increases of R2� in the
substantia nigra to an intermediate level between healthy controls and idiopathic PD
patients.267

Increased cortical and subcortical iron is a consistent finding in PD, multiple system
atrophy (MSA), PSP, AD, ALS, FTD, HD, and Friedreich’s Ataxia.268�278 Increased
iron correlates with the severity of motor or cognitive symptoms,268�280 and the
degree of cellular degeneration.281,282 Excess iron has been associated with microstruc-
tural alterations in the white matter. In manifest HD, areas of higher T2 relaxation
rate, such as the pallidum, were associated with a worse myelin breakdown reflected
by increased fractional anisotropy on DTI.283�285 In MSA patients, increased T2� in
the putamen was associated with changes in mean diffusivity on DTI, indicating
increased diffusion along damaged white matter tracts.143

Brain iron deposition has been studied as a progression marker. Longitudinal stud-
ies conducted in early PD patients showed fast rates of iron accumulation in the sub-
stantia nigra, whereas advanced PD patients showed significant progression also in the
caudate, pallidus, and red nucleus, that correlated with disease progression.286�289 A
fast progression of putaminal iron accumulation was also seen in the Parkinsonian
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variant of MSA, as opposed to the Cerebellar variant.290 In contrast, in a small sample
of ALS patients, a 6-month longitudinal observation with QSM did not find any pro-
gression of iron deposition in the motor cortex.291 More studies are needed to clarify
the role of iron deposition in disease progression across the NDD spectrum.

18.7 Emerging mechanisms of neurodegeneration

18.7.1 Glymphatic system
The glymphatic system is a clearance system of brain waste to the veins, active during
non-REM sleep and composed of an intricate web of perivascular virtual spaces
formed by the endfeet of astrocytes.292 The water channel Aquaporin-4 (AQP4) is
embedded in the end-feet membranes and mediates the bulk flow of fluids between
the Interstitial Fluid and the CSF.293 Loss of function and genetic variations of the
AQP4 gene may affect this cerebral clearance mechanism and result in the intra-
cerebral retention of macromolecules, such as Aβ; hence contributing to cognitive
decline and AD dementia.294,295 Two plausible mechanisms have been suggested on
how dysfunction of the glymphatic system may contribute to neurodegeneration.
Firstly, by facilitating the accumulation of soluble macromolecules and other neuro-
toxic proteins, through reduced clearance; secondly, by facilitating the seeding of toxic
proteins in distant brain regions through the slow directional flow of fluids along the
perivascular spaces.296,297

Recently, in vivo neuroimaging techniques of acquisition and analysis have been
developed to study the glymphatic system under physiological and pathological condi-
tions.298 The flow and exchange of fluids along the glymphatic system can be visual-
ized after intravenous or intratheacal administration of contrast, with dynamic contrast
enhanced MRI (DCE-MRI), ultra-fast magnetic encephalography, near-infrared spec-
troscopy, ultra-fast functional MRI, and 3D phase-contrast MRI.299 Novel analysis
methods of DTI and arterial spin labeling sequences also allow for the study of the
exchange of fluids along the perivascular spaces and the blood flow across the BBB.300

DCE-MRI imaging has demonstrated an age-dependent and progressive BBB break-
down in the hippocampus which correlated with cognitive dysfunction across the AD
continuum.301 Similarly, patients with normal pressure hydrocephalus showed reduced
clearance of contrast in the entorhinal cortex and adjacent white matter, suggesting
impaired glymphatic circulation.302,303 Further studies will help to better elucidate the
relationship between alterations of the glymphatic system and the development of
NDDs.

Attempts at studying glymphatic transport and drainage in animals have employed
[18F]FDG dynamic PET scans,304 but no specific radiotracer to quantify the density
and function of molecular targets of the glymphatic system have been studied yet.
Recently, [11C]TGN-020 has been developed as a radioligand to bind both AQP4
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and Aquaporin-1 (AQP1).305 In the first report on human healthy subjects, [11C]
TGN-020 bound specifically in the subpial and perivascular endfeet of astrocytes, and
the choroid plexus, areas of preferential distribution of AQP4 and AQP1.306 The
in vivo evaluation of the density of AQP4 in NDDs would be extremely valuable and
it is expected that novel AQP4-specific radiotracers with high sensitivity and specificity
will be developed and used to increase our knowledge of this evolving field in
neurodegeneration.304,305

18.7.2 O-GLcNAc
O-GlcNAcylation is a reversible mechanism of protein post-translational modification in
which a β-N-acetylglucosamine (O-GlcNAc) residue is added to serine or threonine
residues by the enzyme O-GlcNAc transferase (OGT), and removed by the enzyme
O-GLcNAcase (OGA).307,308 This process is active during periods of cellular stress, such as
hypoxia, heat shock, or nutrient deprivation, so that high levels of O-GlcNAc are used
as indirect markers of cellular stress.309 Substrates of OGT and OGA include hundreds
of cytoplasmic, nuclear, and mitochondrial proteins, making O-GlcNAcylation one of
the most critical biochemical processes for cellular homeostasis.310 Substrates presenting
multiple sites for O-GlcNAcylation are tau, Glycogen synthase kinase 3 beta (GSK3β),
α-synuclein, β-amyloid precursor protein (APP), SOD, neurofilaments and Htt, high-
ligting the potential importance of O-GlcNAc in neurodegeneration.311,312 It has been
suggested that O-GlcNAc could play a protective role in NDDs. For example, it has
been shown that decreased levels of O-GlcNAc impair mitochondrial activity in AD
and are associated with disease progression.313 In addition, O-GlcNAcylated β-amyloid,
tau, and α-synuclein show, both in vitro and in vivo, decreased ability to self-
aggregate.314,315 In light of these observations, increasing the cellular levels of O-GlcNAc
(by inhibiting the OGA enzyme) has become a promising target for pharmaceutical inter-
vention in NDDs.316,317

Recently, [18F]LSN3316612 has been developed as a high-affinity PET radiotracer
for the in vivo quantification of OGA.318 Preliminary studies, on animals and humans,
have demonstrated its suitability to quantify OGA in vivo.319,320 It is envisaged that,
in the future, molecular imaging of the O-GLcNAc biochemical pathway could pro-
vide important information in the understanding the pathophysiology of O-GlcNAc
in neurodegeneration.

18.8 Translational use of molecular imaging in neurodegenerative
diseases

In vivo molecular imaging fulfills the dual role of allowing investigation into compo-
nents of the complex etio-pathogenic puzzle of neurodegeneration, whilst also facilitat-
ing the identification of novel therapeutic targets.321 Molecular imaging plays a
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protagonistic role in revealing the complex biology underpinning neurodegeneration
and characterizing biomarkers to be used as criteria to comprehend and define NDDs.8,9

To this end, appropriate, longitudinal, multi-modal PET studies across the temporal
spectrum of NDDs have the potential to track back when and how the initial cellular
damage takes place, and how different possible causative pathophysiological processes
interact and influence each other to give rise to clinical symptoms. Coupled with strong
statistical models, and with sufficient power to predict clinical milestones, they could add
value in the selection of at-risk study participants in randomized clinical trials. This
approach may warrant a high likelihood of success in studies involving pre-symptomatic
carriers of causative disease mutations, such as familial AD or HD.322 On the other
hand, the knowledge derived from such studies will be critical to assist research and
development efforts in the design of tailored clinical trials, in which selected inclusion
criteria and specific outcome measures can increase the likelihood of success of a trial. In
this regard, PET imaging carries the added advantage of potentially achieving large effect
sizes whilst requiring relatively small sample sizes, in the context of early development/
experimental medicine studies, as opposed to other clinical or fluid outcome measures.
The ability of PET imaging to directly visualize changes in brain function at a molecular
level, can also be exploited in other parts of the drug development pipeline, such as
in vivo studies of target engagement and receptor occupancy, or modulating effects on a
metabolic or a neuro-inflammatory process; thus allowing for drug candidate or dose
selection, in real-life setting.

18.9 Conclusions

Despite remarkable progress in clinical research, the nosological boundaries and het-
erogeneity of most NDDs still remain poorly understood and this (at least) partly
explains the disappointing output of the pharmaceutical research and development
efforts for effective disease-modifying medicines in the last decades. Molecular imaging
carries the promise of significantly contributing to the advancement of personalized/
precision medicine paradigm in age-related NDDs, by allowing a more precise pheno-
typic characterization of each at risk individual or patient, albeit directly related to the
underpinning biology. Such development will bring the field of NDDs closer to the
paradigm of personalized or precision medicine trials, targeting optimally selected study
participants of disease subtypes, based on biomarker evidence, with drugs targeting
key pathway(s) of the corresponding NDDs subtypes, thus carrying a higher likelihood of
drug response; this paradigm of “testing the right drug, in the right patient, at the right
dose,” using PET imaging for diagnosis/disease staging and treatment monitoring, has
proven its value in several cancer forms, resulting in significant improvements in their
medical management, patients’ quality of life and prognosis. Currently, infrastructures
and costs for PET imaging still remain significant limiting factors for the wider
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utilization of PET imaging, especially for research purposes; however, this trend is
now changing in most parts of the world and the development of fluorinated PET
radioligands, of significantly longer half-lives, has increased the clinical potential for
PET imaging to be more widely accessible and affordable, in clinical settings. Parallel
advances are under way in structural and molecular MRI imaging, with novel probes,
in contrast agents and sequences.
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284. Syka M, Keller J, Klempíř J, Rulseh AM, Roth J, Jech R, et al. Correlation between relaxometry
and diffusion tensor imaging in the globus pallidus of huntington’s disease patients. PLoS One
2015;10(3). Available from: http://www.plosone.org/article/fetchObject.action?uri5 info:doi/
10.1371/journal.pone.0118907&representation5PDF.
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CHAPTER 19

Physical frailty
Yiming Pan and Lina Ma
Xuanwu Hospital Capital Medical University, Beijing, P.R. China

Abbreviations
FP Frailty phenotype
FI Frailty index
IC Intrinsic capacity
SOF Study of osteoporotic fracture
CFI Claims-based frailty index
CAN Care assessment need
MPI Multidimensional prognostic index
EFS Edmonton frailty scale
CGA Comprehensive geriatric assessment
CFS Clinical frailty scale
GFST Gérontopôle frailty screening tool
FRAIL scale Fatigue, resistance, ambulation, illness, and loss of weight scale
FSQ Frailty screening questionnaire
FiND questionnaire Frail nondisabled questionnaire
TFI Tilburg frailty index
GFI Groningen frailty indicator
SPQ Sherbrooke postal questionnaire
IL Interleukin
TNF-α Tumor necrosis factor α
sICAM-1 Soluble intercellular adhesion molecule 1
CRP C-reactive protein
MCP-1 monocyte chemoattractant protein 1
RAGE Receptor for advanced glycation end-products
PCT Procalcitonin
CXCL-10 CXC chemokine ligand 10
TGF-β1 Transforming growth factor-β1
IIS Inflammatory index score
sTNFR1 Soluble tumor necrosis factor-α receptor 1
PF&S Physical frailty and sarcopenia
MPO Myeloperoxidase
PDGF Platelet-derived growth factor
MIP Macrophage inflammatory protein
HPA axis Hypothalamic-pituitary-adrenal axis
DHEA Dehydroepiandrosterone
DHEA-S Dehydroepiandrosterone-sulfate
HPG axis Hypothalamic-pituitary-gonadal axis
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SHBG Sex hormone binding globulin
HPT axis Hypothalamic-pituitary-thyroid axis
FT Free thyroxine
IR Insulin resistance
DM Diabetes mellitus
HOMA-IR High homeostatic model assessment for IR
CR Caloric restrictions
CHAMP Concord health and aging in men project
SNP Single nucleotide polymorphism
IGF-1 Insulin-like growth factor-1
HtrA1 High-temperature serine protease A1
3-MH 3-methylhistidine
Cr Creatinine
eGFR Estimated glomerular filtration rate
d-ROM Derivate of reactive oxygen metabolites
LpPLA2 Lipoprotein phospholipase A2
MDA Malondialdehyde
PrCarb Protein oxidation like protein carbonyl
8-OHdG 8-hydroxy-2’-deoxyguanosine
mtDNA Mitochondrial DNA
TL Telomere length
ApoE Apolipoprotein E
LPC Lysophosphatidylcholine
LPA Lysophosphatidic acid
FI-lab Laboratory-based murine FI tool
NMHSS Neuromuscular health-span scoring system
IL-10tm/tm IL-10 knockout model
Sod1KO Cu/Zn superoxide dismutase knockout model
NF-B Nuclear factor B
RSV Resveratrol
ACEIs Angiotensin-converting enzyme inhibitors
ARBs Angiotensin II receptor blockers
RAAS Renin�angiotensin�aldosterone system
RCT Randomized controlled trial
ROS Reactive oxygen species
BCAA Branched-chain amino acids
BMI Body mass index

The number of older adults is increasing globally. Those aged 60 years or older,
who will require high-quality medical services, are predicted to constitute 22% of the
population by 2050,1 and thus increase the health-care cost in an aging society in.
Frailty among older adults has become a subject of great interest in geriatric research.
It is a common geriatric syndrome that affects 4% to 59% of older people according to
their different socioeconomic conditions2 and this continues to increase. The care and
management of older adults most susceptible to risks is the core of geriatric practice,
and many clinical disciplines have established guidelines to help physicians make
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clinical decisions while treating older adults. We review the biology of frailty in this
chapter.

19.1 The concept of frailty

Frailty refers to a geriatric syndrome that increases an individual’s vulnerability due to
degenerative changes and chronic diseases.3 Frailty is a state characterized by homeo-
static imbalance, increased sensitivity to stress, and being prone to adverse outcomes,4

such as disability,5 or even death.6 The most common definition of frailty is an age-
related biological syndrome characterized by the reduced function of several physio-
logical systems, leading to a decrease in physiological reserves, and an increase in vul-
nerability to endogenous or exogenous shock. So far, there is no universal definition
of frailty and currently there are two major concepts of frailty: the frailty phenotype7

and the cumulative deficits.8

19.1.1 Frailty as a biological syndrome
The most common concept of frailty is the Fried frailty phenotype (FP) or frailty syn-
drome, which is related to but not equivalent to aging and disability.7 Its risk factors
and pathogenesis are variable, and it is accompanied by a decline in the physiological
functions of multiple systems. The FP is defined by the presence of three or more of
the following five components: shrinking, weakness, slowness, fatigue, and low physi-
cal activity.7 Fried et al. proposed that chronic undernutrition, sarcopenia, low resting
metabolic rate, and decreased total energy expenditure all form a vicious circle, that is,
the cycle of frailty, which is the basis of FP. Once the cycle starts, it spirals downward
eventually leading to death.9

19.1.2 Frailty as cumulative deficits
Another widely recognized concept is the Rockwood frailty index (FI).8 The FI
defines frailty as the accumulation of age-related and nonbiologically related deficits,
including cognitive, medical, functional, social, and other factors, and is calculated by
dividing the number of deficits by the total possible number of deficits.8 The FI score
reflects the degree of frailty, which can quantitatively evaluate the health of older
adults.8 The WHO pointed out in the “World Aging and Health Report” in 2017
that frailty was related to the decline of intrinsic capacity (IC), including locomotion,
vitality, cognition, psychology, and sense.10 Improving the IC is a way to prevent
frailty.10 The National Institute on Aging Workshop on Measures of Physiologic
Resilience indicated that the concept of resilience could be applied to “psychological,
behavioral, physiological, clinical, and social outcomes,”11 implying that resilience is
potentially multidimensional in nature. Therefore, both the construct of intrinsic
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capacity and resilience could be multidimensional, not only regarding the biological
frailty phenotype, but they also could be related to the comprehensive approach.

19.2 Frailty assessment

19.2.1 Frailty measurement tools
A large number of frailty assessment tools can predict health outcomes and disease progno-
sis. We categorized the tools into performed frailty tools and self-reported frailty tools.

19.2.1.1 The performed frailty tools
Performed frailty tools include FP,7 FI,8 the study of osteoporotic fracture scale,12

claims-based frailty index,13 care assessment need score,14 the multidimensional prog-
nostic index,15 the Edmonton frailty scale,16 frailty index derived from comprehensive
geriatric assessment (CGA),17 clinical frailty scale,18 and Gérontopôle frailty screening
tool.19

19.2.1.2 The self-reported tools
Self-reported frailty tools include the fatigue, resistance, ambulation, illness, and loss of weight
scale,20 frailty screening questionnaire,21 The frail nondisabled questionnaire,22 Tilburg frailty
index,23 Groningen frailty indicator,24 Sherbrooke postal questionnaire,25 and PRISMA-7
questionnaire.26

19.2.2 A two-step frailty measurement
To help with diagnosis and care planning, or to stratify the risk for worse outcomes, as
well as to understand the underlying biology, frailty measures should be evaluated in
line with the goal of the frailty tool. Each frailty assessment instrument should be
matched to the purpose and context of its use. A two-step pathway is recommended
for the management of frailty. The first step is case-finding in primary care, using
quick frailty screening tools, which can easily be implemented within a short time
without equipment and special training, to detect frailty. The second step (assessment)
is conducted by trained professionals using complex, time-consuming equipment to
perform a frailty assessment or CGA, followed by comprehensive care planning,
including a personalized intervention for frailty to delay the decline in intrinsic capac-
ity and to boost resilience.27

19.3 The biology of frailty

Figure 19.1 shows the different genetic and environmental factors that modulate the
different hallmarks of aging (Fig. 19.1).
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19.3.1 Chronic inflammation
Inflammaging, an aging-associated alteration of intercellular communication,28 refers
to a chronic systemic inflammatory state,29,30 which is considered to be significant in
frail older adults.31,32 Poor physical performance33 and frailty34 are associated with
chronic inflammation.

Interleukin 6 (IL-6) is a key inflammatory cytokine in signaling pathways regulat-
ing aging and frailty.35 Serum IL-6 levels increase with age,36 independent of compli-
cations, and are negatively correlated with muscle strength,37 gait speed,36,38 grip
strength36 and cognitive function.39 In a longitudinal study, IL-6 was found to be
independently associated with both FP and FI,40 indicating the significance of inflam-
matory cytokines in frailty. In addition, IL-6 level was found to be a potential predic-
tor of physical and cognitive performance,41,42 adult lifespan,43 and the risk of
mortality.41,44

Tumor necrosis factor α (TNF-α) is a pro-inflammatory cytokine produced by
activated macrophages.45 TNF-α is involved in muscle growth and metabolism,46 and
it triggers mitochondrial dysfunction47 through the rapamycin-signaling pathway.48

The muscle TNF-α level in frail older adults was found to be higher than that in
healthy controls.49 TNF-α and its soluble receptor were strongly negatively correlated
with muscle mass and strength in older adults50 and resistance exercise effectively
reduces TNF-α levels.49 Several studies have observed that TNF-α levels were associ-
ated with FP and FI.51�53 However, in the cohort of the Toledo study for healthy
aging, there was only a correlation between the TNF-α/IL-10 ratio and frailty, but
no cross-sectional relationship between frailty and serum TNF-α levels.54 Soluble
intercellular adhesion molecule 1 (sICAM-1) can promote the production of pro-
inflammatory cytokines, such as TNF-α, in vitro to activate inflammatory cascades.55

sICAM-1 has been reported to be associated with frailty in community-dwelling older
Taiwanese populations.56

High levels of circulating white blood cells, and neutrophils, as well as high mono-
cyte counts, and low lymphocyte counts were associated with frailty.57,58 In people

Figure 19.1 The biology of frailty.
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older than 65 years with recently acute coronary syndrome, a low lymphocyte per-
centage was associated with a high risk of frailty.59 However, a 10-year longitudinal
study has shown that higher levels of white blood cells, neutrophils, monocytes, and
lymphocytes were associated with higher odds of being frail.57 Therefore, the relation-
ship between lymphocyte count and frailty requires verification. In addition, increased
monocyte and neutrophil counts were observed to be related to frailty only in
women.60 Among community-dwelling Chinese older adults, T follicular helper cell
subsets were correlated with frailty, and this correlation was stronger in females.61 The
potential sex differences in immune cells in the pathogenesis of frailty require more
attention. However, some researchers have questioned whether there is any association
between lymphocyte subsets and frailty, because they only observed a correlation
between inflammatory mediators and frailty.62

Other inflammatory features are also associated with frailty. The C-reactive protein
(CRP) levels were associated with frailty63,64 and can predict frailty,65 cognitive per-
formance,41 and mortality41 in older adults. The level of circulating monocyte che-
moattractant protein 1 (MCP-1) is a potential measure of frailty.32 In wild-type mice,
MCP-1 levels increased with age; in older adults with aortic stenosis, the circulating
MCP-1 levels of frail participants were significantly higher than that of nonfrail partici-
pants.66 The receptor for advanced glycation end-products (RAGE), a transmembrane
glycoprotein of the immunoglobulin superfamily, can activate inflammatory responses.
A prospective study in Europe showed that RAGE was an independent predictor of
mortality in frail individuals and may be used in the prognosis assessment and treat-
ment stratification of frailty.67 Circulating procalcitonin,68 fibrinogen,34 CXC chemo-
kine ligand 10 (CXCL-10),69 and salivary α-amylase70 are also considered to be
associated with frailty.

Frailty involves changes in multiple inflammatory pathways, and the multivariate
measurement of inflammation has become a promising method for reflecting frailty.
Bandeen-Roche et al.71 found that an index based on the composition of seven serum
inflammatory biomediators, including TNF-α, IL-1β, IL-6, IL-18, IL-1 receptor
antagonist, CRP, and transforming growth factor-β1 (TGF-β), could be used to mea-
sure functional loss in older adults. The up-regulation of scores was independently
associated with morbidity function decline and frailty risk, while the down-regulation
of scores was associated with frailty outcomes. Subsequently, Varadhan et al. devel-
oped an inflammatory index score including IL-6 and soluble tumor necrosis factor-α
receptor 1 (sTNFR1) for detecting 15 NF-κB-mediated inflammation markers, which
was a good predictor of 10-year all-cause mortality in older adults,44 and had a stron-
ger correlation with frailty72 compared with age.73 Marzetti et al.74 identified the core
inflammatory profile of older adults with physical frailty and sarcopenia (PF&S): higher
levels of P-selectin, CRP, and interferon γ-induced protein 10, and lower levels of
myeloperoxidase (MPO), IL-8, MCP-1, macrophage inflammatory protein 1-α, and
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platelet-derived growth factor (PDGF) BB. The sex-specific inflammatory signature of
PF&S in older persons included higher levels of CRP, P-selectin, and macrophage
inflammatory protein-1β (MIP-1β), and lower levels of MPO, IL-8, MCP-1, PDGF-
BB, MIP-1α, and eotaxin in females, with higher levels of CRP and lower levels of
interferon-γ, FGF b, IL-17, TNF-α, and MIP-1β in males.74 In summary, an imbal-
ance in the inflammatory state that participates in physical frailty’s pathophysiological
mechanisms is an important feature of frailty.

19.3.2 Hypothalamic-pituitary axis stress response dysfunction
The hormones produced by the hypothalamic-pituitary axis can affect most endocrine
systems in the body, especially the adrenal glands, gonads, and thyroid, which are cru-
cial in the pathogenesis of frailty. The hormones of the hypothalamic-pituitary-adrenal
(HPA) axis include cortisol, epinephrine, norepinephrine, dehydroepiandrosterone
(DHEA), and its sulfated metabolites. Cortisol is a lipophilic steroid hormone that reg-
ulates the effects of environmental, physical, psychological, and social stress on the
body. The frailty phenotype was found to be associated with high salivary cortisol
levels75,76 and a decreased cortisol response (lower cortisol levels in the morning and
higher in the evening).77 The diurnal cortisol ratio could thus be used to measure the
degree of frailty.77 The serum cortisol concentration was positively associated with
frailty burden,57,78 and it increased the dependence on activities of daily living and the
10-year mortality risk in older adults.78 As a steroid hormone, DHEA is a precursor to
testosterone and estrogen. A lower level of its sulfide metabolite, DHEA-sulfate
(DHEA-S), was related to the higher rate of frailty in older adults.57 The evidence
above supports the hypothesis that the dysregulation of the HPA axis is related to
frailty. In the hypothalamic-pituitary-gonadal (HPG) axis, low total testosterone levels
were associated with decreased grip strength in men.79 After adjusting for age, low
free testosterone levels were associated with high frailty risk, weight loss, and decreased
muscle strength in older men.80 A prospective cohort study in Europe found that
higher FI scores in men were associated with lower levels of testosterone and DHEA-
S and higher levels of gonadotropin and sex hormone binding globulin.81 After adjust-
ing for the circulating testosterone levels, the increase in gonadotropin levels was still
related to frailty, indicating that the changes in pituitary-testicular function may reflect
the characteristics of frailty, but not its cause.81 A longitudinal reduction in serum
androgen concentration was significantly related to the progression of frailty in older
men, whereas the baseline estrogen level was a better predictor of frailty than longitu-
dinal changes in estrogen levels in older women.82 In the hypothalamic-pituitary-
thyroid axis, free thyroxine (FT) levels were found to be associated with frailty in
older men and high-normal FT4 levels were an independent predictor of frailty
in older men.83
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19.3.3 Endocrine dysregulation (dysfunctional hormone regulation)
Endocrine dysregulation is associated with physical frailty. At present, most studies
have focused on the effects of insulin resistance (IR) on frailty. Diabetes mellitus (DM)
was found to be associated with a higher risk of physical frailty. This association could
be explained by obesity, poor glucose control, and abnormal lipid distribution, with
IR being the underlying mechanism.84 In a prospective cohort, a high Homeostatic
Model Assessment for IR (HOMA-IR) index was associated with reduced grip
strength, weight loss, fatigue, and high frailty risk.85

Adiponectin is a multifunctional adipokine with the functions of insulin sensitiza-
tion, antiinflammatory responses, and metabolic regulation; although high adiponectin
levels were associated with a low risk of type 2 DM,86 it was always accompanied by a
decrease in muscle strength87 and grip strength.36 In older men, the number of frailty
components increased with adiponectin levels.88 The level of adiponectin was
observed to be associated with both FP36 and FI.89 Adiponectin resistance related to
insulin resistance may be the key mechanism. It is worth noting that adiponectin had
different correlation strengths with frailty in different sexes.88 Serum adiponectin was
also a sex-specific independent negative predictor of lean mass and anxiety in women,
and the Montreal Cognitive Assessment test score in men.90

As an adipocyte-derived hormone, leptin can maintain energy by suppressing hun-
ger and promoting the oxidation of fatty acids in muscle to regulate body weight and
metabolism. Leptin levels were found to be related to FI in a longitudinal study.32

Older adults with higher leptin concentrations have slower gait speed36,91 and greater
frailty risk.92 In addition, the level of leptin was positively correlated with HOMA-IR
and the concentration of CRP, suggesting that IR and chronic inflammation are possi-
ble mechanisms of frailty.92 Moreover, as a serine protease inhibitor derived from vis-
ceral adipose tissue, vaspin has insulin-sensitizing effects associated with IR. Compared
with nonfrail controls, frail older adults had higher vaspin levels, that were not corre-
lated with physical functions.36

19.3.4 Metabolic imbalance
Sirtuins belong to the family of NAD-dependent protein deacetylases, including seven
homologous proteins, SIRT1�SIRT7, which have regulatory effects on aging through
caloric restrictions (CR).93,94 SIRT1 is a biomarker of aging and a regulator of the life
cycle in animal models.94 It prolongs the lifespan and aging process, and improve the
physical activity of mice.95,96 Some researchers have observed that after adjusting for con-
founding factors, the concentration of SIRT1 and SIRT3 in older adults decreased with
age, especially in frail individuals.97,98

However, clinical studies have reported conflicting results. In the concord health
and aging in men project (CHAMP), older men with low SIRT1 levels had a higher

500 Aging



lean mass and were less prone to frailty.99 Their further research drew the same con-
clusion, and they believed that the SIRT1 single nucleotide polymorphism (SNP) and
serum SIRT1 levels were more suitable parameters to reflect the nutritional status and
body composition of older adults, rather than frailty or aging.100 Similarly, data from
older adults in China supported the association of high SIRT1 levels with frailty and
slow gait speed.101 These results were contrary to the expected results based on the
biological function of SIRT1, and the possible explanation may be related to the func-
tions of SIRT1 in calorie restriction. Therefore, future research in this area should
refine the diet structure and nutritional status of the participants.100

An insulin-like growth factor-1 (IGF-1) is a circulating hormone that has an ana-
bolic effect on the muscles. Serum IGF-1 can inhibit muscle cell apoptosis,102 thereby
increasing muscle area and density.103 As a result, high IGF-1 levels can improve knee
extensor strength104 and physical performance,105 and reduce adverse outcomes.106

Frail older adults had lower levels of serum IGF-136,107�109 and higher levels of IGF-1
binding protein-1.107 High-temperature serine protease A1 (HtrA1) is a multi-domain
serine protease that can regulate IGF-1 levels. The increase in plasma HtrA1 levels was
correlated with both FP and FI.110

As sarcopenia overlaps with physical frailty in both clinical symptoms (e.g., slow
gait speed and low physical activity) and pathophysiological mechanisms (e.g., loss of
muscle mass), sarcopenia is regarded as a biological substrate of physical frailty.111

Certain markers of muscle protein renewal can also be used to reflect the frailty state.
For example, 3-methylhistidine (3-MH), a component of actin, is a marker of myofi-
bril proteolysis. 3-MH, 3-MH/creatinine (3-MH/Cr), and 3-MH/estimated glomeru-
lar filtration rate (3-MH/eGFR) were positively correlated with FP, indicating that
the catabolism of muscle protein may increase in frailty.112

Vitamin D is a fat-soluble steroid, which is transformed from 7-dehydrocholesterol
in the skin under ultraviolet radiation, and functions to increase the absorption of cal-
cium, magnesium, and phosphate. A lower vitamin D level was associated with a
higher prevalence and risk of frailty113�115 and a higher risk of death.116 The effects of
vitamin D deficiency on frailty are unclear. However, vitamin D supplementation has
become a pharmacological intervention for frailty.

19.3.5 Oxidative stress and mitochondrial dysfunction
The accumulation of oxidative damage during aging can impair cellular and organ
function.117 Chronic low-grade systemic inflammation and chronic oxidative stress
was found to interact when the body’s homeostasis, related to aging, was out of bal-
ance. The “oxi-inflamm-aging” theory was thus, proposed, in which, oxidative stress
was closely related to an individual’s lifespan.118 However, life-long spontaneous exer-
cise was found to prevent oxidation by reducing the production of free radicals and
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improving the health-span, but not the lifespan of mice.119 Based on this, it was pro-
posed that oxidative stress was related to frailty but not to age.120

Studies have shown that many oxidative stress markers are closely related to frailty.
After adjusting for age, markers to reflect oxidative stress levels, such as the derivate of
reactive oxygen metabolites (d-ROM),64 isoprostane and lipoprotein phospholipase
A2 (LpPLA2),121 markers to measure plasma lipid peroxidation such as malondialde-
hyde,122 markers to measure protein oxidation like protein carbonyl (PrCarb),122,123

and markers to reflect DNA oxidative damage, such as 8-hydroxy-2’-deoxyguanosine
(8-OHdG)124 were all associated with frailty.

Mitochondria are important organelles that regulate energy metabolism and are a sig-
nificant source of molecular patterns related to endogenous damage.125,126 The accumula-
tion of mitochondrial damage results in myocyte loss and muscle wasting,127 leading to
increased susceptibility to diseases and decreased physical function in older adults.128�130 It
was found that improving the mitochondrial function of aged Drosophila melanogaster,
reduced the decline in metabolism, vision, movement, and cognitive abilities.131 As a sur-
rogate marker of mitochondrial function, mitochondrial DNA (mtDNA) can reflect mito-
chondrial exhaustion, energy reserves, and oxidative stress.132 The mtDNA copy number
was significantly negatively correlated with age.129 A low mtDNA copy number has been
associated with frailty, poor cognitive performance, and decreased physical strength.128,129

The mtDNA copy number was also an independent predictor of all-cause mortality.128,129

However, a previous study found that plasma mtDNA levels increased with age and con-
tributed to the maintenance of chronic low-grade inflammation in older adults.133

19.3.6 Genomic factors
SNPs are associated with frailty. As mentioned earlier, CRP levels increase with frailty.64

However, frail individuals with the CRP1846G.A polymorphism failed to respond
effectively and had a higher risk of frailty,134 indicating that SNP rs1205 (CRP
1846G.A) was related to frailty. Genetic association analysis showed that rs1800629
(TNF) and rs1566729 (PTPRJ) were significantly associated with frailty.135 In the Toledo
Study of Healthy Aging, researchers found through a genomics analysis that 15 SNPs
were closely related to frailty, including: rs11812479 (unknown gene), rs10457204
(FIG4), rs737154 (SLC12A7), rs16889283 (AARD), rs3809430 (FSCB), rs7096031
(OTUD1), rs11208257 (PGM1), rs1929860 (CDC42BPA), rs1126673 (ADH4),
rs1126671 (ADH4), rs1387144 (BDNF-AS), rs3773603 (CACNA2D3rs), rs4148883
(AD613H4NF-AS), and rs11006229 (SGMS1).136 However, in the Women Health and
Aging Study, 1354 SNPs were screened, and none of them were associated with frailty
after multiple rounds of correction.137

Telomeres are tandem DNA repeats at the ends of eukaryotic chromosomes that
maintain chromosome integrity. In addition to aging, telomere attrition is regarded as
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a hallmark of aging.138 However, the significance of telomere attrition in frailty
remains unclear. In the Helsinki Birth Cohort Study, short telomere length (TL) in
leukocytes was associated with frailty, but telomere shortening has nothing to do with
it.139 A metaanalysis showed that the association between TL and frailty might only
exist in Hispanics.140 However, some researchers have reported that there was no cor-
relation between TL and frailty.141,142

Apolipoprotein E (ApoE) is associated with lifespan and cognitive function.143

APOE, which encodes ApoE, is involved in various physiological functions, such as
inflammation, oxidative stress, and lipoprotein metabolism. The APOE ε4 allele is
associated with many age-related diseases, such as Alzheimer’s disease.144 Carriers of
APOE ε4 alleles had lower CRP levels145,146 and a higher vulnerability to the cogni-
tive impairment caused by the dysregulation of the HPA axis.147 The Hellenic
Longitudinal Investigation of Aging and Diet study showed that carrying the APOE
ε4 allele increased the risk of frailty.148

In terms of epigenomics, since DNA methylation models are reshaped with
aging,149 the age of DNA methylation can better estimate the biological age of animals
and measure the cumulative effect of epigenetics.150 The acceleration of DNA methyl-
ation age is associated with increasing accumulated deficits.151 Individuals with an old-
er biological age, measured by the DNA methylation clock, were more vulnerable to
frailty.152 The epigenetic clock named DNAm GrimAge, constructed based on seven
protein markers of aging, is closely related to many age-related diseases, and has great
predictive ability for time-to-death.153

19.3.7 Metabolomic markers
Lysophosphatidylcholine (LPC) is a biologically active lipid rich in human plasma.
Research on animals has shown that after knocking out IL-6 in frail IL-10tm/tm mice,
the levels of some mitochondrial-related lipid metabolites, such as LPC a C16:1, 18:1,
and 20:3, were higher than those in frail mice, and had better short-term functional
performance.154 Several longitudinal studies have shown that circulating LPC content
was an independent predictor of cognitive and physical function decline in older
adults155,156 and was related to the impaired oxidative capacity of skeletal muscle
mitochondria.155 LPC is the precursor of lysophosphatidic acid and participates in
the synthesis of cardiolipin, which is a phospholipid specific to mitochondria.157 The
role of LPC in the cardiolipin synthesis pathway may be a potential mechanism under-
lying the correlation between LPC and FP.

Several studies have attempted to rely on targeted or nontargeted metabolomics
platforms to characterize the metabolic profiles of frail older adults from different
populations. For example, in frail breast cancer patients, the levels of hydroxyproline,
3-methylhydropyridine, cystine, and β-aminoisobutyric acid increased, and the levels
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of serine, tryptophan, histidine, glycerol, and sphingosine phospholipids decreased.158

In older adults with frailty and sarcopenia, higher levels of circulating asparagine, aspartic
acid, citrulline, ethanolamine, glutamic acid, sarcosine, and taurine, and lower levels of
α-aminobutyric acid and methionine were found.159 The circulating levels of
3-methylhistidine, alanine, arginine, glutamate, sarcosine, tryptophan, and ethanolamine
were higher in frail older patients with type 2 DM.160 In frail older women, circulating
uridine levels decreased, and C-glycosyltryptophan and N-acetylglycine levels
increased.161 Community-dwelling older black men had higher circulating levels of glu-
conic acid, N-carbamoyl-β-alanine, isocitrate, creatinine, C4-OH carnitine, cystathio-
nine, hydroxyphenylacetic acid, and putrescine levels, and lower levels of tryptophan,
methionine, tyrosine, asparagine, C14:0 sphingomyelin, and 1-methylnicotinamide.162

Frailty metabolic profiles show sex-specific characteristics in some studies, such as
increased glutamine and isovaleryl carnitine and decreased dimethyloxazole in males,
and increased threonine, and decreased dihydroxyphenylacetic acid and mannose in
females.163 In addition, with the help of metabolomics technology, researchers have
explored the possible mechanisms of frailty and discovered three frailty-related meta-
bolic pathways, including nitrogen metabolism, aminoacyl-tRNA biosynthesis, and
the citric acid cycle.162 In frailty-related metabolomics research, a variety of biological
matrices have been detected, such as plasma,161 serum,160 blood,164 and muscle
biopsy.165 However, most of the studies had small sample sizes, different populations,
and inconsistent platforms, resulting in poor comparability, and no consensus has been
reached. Research on metabolomic biomarkers for frailty is still in its infancy.

19.4 Animal models of frailty

Heterogeneity between health state and age can be observed in the aging process of
humans, dogs, rodents, and even nematodes.166�168 Some animal models have been
constructed to simulate the human frailty state and the natural course of frailty.

The most widely used model is the C57BL/6 mice, in which the FP169,170 and
FI171,172 have already been quantified. Liu et al.169 evaluated the FP of C57BL/6 mice
using human standard criteria, including grip strength (inverted-cling grip test), maxi-
mum walking speed (rotarod test), physical activity (voluntary wheel running), and
endurance (rotating rod measurement plus grip strength test). The results showed that
the prevalence of frailty in mice was 9%, which was similar to that in humans.169

Gomez-Cabrera et al.170 evaluated five aspects of male C57BL/6J mice: unintentional
weight loss, running time, running speed, grip strength, and motor coordination. The
results revealed that sedentariness could be a model of frailty in mice.170 Parks et al.171

carried out FI assessments based on accumulating deficits in naturally aging C57BL/6J
mice on four aspects of activity levels, hemodynamic measures, body composition, and
basic metabolic status, with 31 indicators. The results showed that the FI scores of old
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mice were higher than that of young mice, but without differences between the
sexes.171 However, using FI to assess frailty is time-consuming, invasive, and depen-
dent on specialized equipment, which limits its application in longitudinal research.171

Whitehead et al.172 further improved the FI into a clinical FI tool, based on the clini-
cal signs of frail mice. This tool evaluated 31 indicators belonging to the integument,
musculoskeletal system, vestibulocochlear/auditory systems, ocular and nasal systems,
digestive system, urogenital system, body weight, and body surface temperature of
C57BL/6J mice, including the respiratory system, discomfort, or restless state with
simplified, noninvasive methods.172 The relationship between clinical FI and age was
found to be similar between mice and humans.172 Kane et al.173 developed a
laboratory-based murine FI tool (FI-lab) for C57BL/6 mice and included 23 indicators
such as blood pressure, blood chemistry, and echocardiography. The high FI-lab score
was positively correlated with pro-inflammatory factor levels, and sex differences were
present.173 The FI-lab score was higher than the clinical FI score, which may be bene-
ficial for the identification of frailty in the early stages.173 Graber et al.174 developed a
neuromuscular health-span scoring system (NMHSS) based on physiological and func-
tional measurements of male C57BL/6 mice to test the effectiveness of potential inter-
ventions on sarcopenia and frailty in aging animal models, including the performance
in the rotarod, inverted-cling grip test, and in vitro muscle contraction.174 However,
this tool for muscle contractility assessment was invasive, which limited its application
in longitudinal studies.174 However, the models mentioned earlier generally had pro-
blems such as small sample size, lack of sex comparisons, and complex or invasive eva-
luations, thus they need to be further optimized.

Transgenic models of frailty include the IL-10 knockout model (IL-10tm/tm)175 and
Cu/Zn superoxide dismutase knockout model (Sod1KO).176 As an antiinflammatory cyto-
kine, IL-10 can inhibit the expression of inflammatory mediators induced by nuclear factor
B (NF-B).177 The IL-10tm/tm mice did not produce IL-10. As a result, IL-10tm/tm mice had
chronic inflammation, leading to frailty-related phenotypes such as decreased muscle
strength and increased IL-6 serum levels, compared with the C57BL/6 wild-type con-
trols.175 Therefore, it can be regarded as a possible animal model of frailty. However, the
IL-10tm/tm mice did not display certain aspects of FP, such as weight loss, decreased activity
levels, or increased mortality.175 Frailty was not quantified in this model. In addition, the
IL-10tm/tm mice were initially designed as a model of inflammatory bowel disease, which
often leads to early disease or death,178 thereby limiting its application in longitudinal stud-
ies. Sod1KO mice exhibited increased oxidative stress, mitochondrial dysfunction, and cel-
lular senescence, and were accompanied by inflammation and sarcopenia.176 Sod1KO
mice showed an FP similar to humans, such as weight loss, weakness, low physical activity,
and fatigue, and are a promising animal model of frailty,176 however, its frailty was not
quantified. There have also been studies in which male C57BL/6J mice were injected
intraperitoneally with lipopolysaccharide endotoxin179 or NIH/Swiss mice were fed with
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a high-fat diet180 to induce frailty, but the stability of these models requires further
evaluation.

Frailty might be a risk factor for death in dogs similarly to humans,181 the age-
related deficit accumulation measured by FI was strongly related to mortality in dogs,
without evident differences of sex or age.182 Moreover, some invertebrate models for
the studies of aging, such as fruit fly D. melanogaster183 and nematode Caenorhabditis
elegans,184 also displayed an age-related deficit on motor ability. However, the possibil-
ity and standards for frailty of these models still require further exploration.

The most promising application of frailty animal models is the testing of the effects of
various interventions on frailty. Current applications of frailty models include exploring
the functions of drugs (such as resveratrol,185 rapamycin,180 enalapril186 and metformin187),
polypharmacy,188 exercise170,189 and diet180,185,190 on frailty. The application of these
models can help promote the transformation of interventions to the clinic and our under-
standing of the mechanisms underlying frailty.

19.5 Interventions to attenuate frailty

Longitudinal studies have shown that frailty is reversible and preventable.191 To maintain
older adults living independently and healthy in the community, timely and effective
interventions for frailty are essential.

19.5.1 Pharmacological interventions
Metformin is a widely used hypoglycemic agent. As metformin may have beneficial
effects on lifespan and health span, there have been some studies on animal models to
explore the effectiveness, safety, and possible mechanism of action of metformin on
frailty.192�196 Metformin treatment improved mobility,193,194 spatial learning, and
memory193 of mice. Without CR, metformin could also increase insulin sensitivity in
mice, regulate blood lipids,194 and reduce fat content.193 Metformin protects mito-
chondrial function, thereby reducing oxidative damage and chronic inflammation.194

The application of metformin from young or middle-aged mice prolonged the lifespan
of outbred Swiss-derived female SHR mice and delayed tumorigenesis.192 Taking
metformin at any stage of life improves reproductive function.192 However, metfor-
min has also shown harmful effects on the central nervous system196 and sciatic nerve
fibers197 of mice, and may also increase the incidence of porcelain gallbladder.198

Clinically, metformin can significantly increase the gait speed of patients, although it
had no effect on grip strength.199 In addition, metformin reduced the possibility of
frailty-related and aging-related diseases and reduced all-cause mortality, indicating
that metformin may have a protective effect on older adults.200,201

Rapamycin is an immunosuppressant that acts on the mTOR signaling pathway to reg-
ulate protein synthesis and redox sensing. Rapamycin was shown to improve grip strength,
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stride length, mobility, endurance, and resistance to muscle fatigue in C57BL/6Nia mice.202

Rapamycin reduced frailty and improved long-term memory, neuromuscular coordination,
and tissue structure in male nfκb1�/� mice.203 In addition, the effects of rapamycin on
mouse frailty180,204 and survival205 was sex-specific. However, it should be noted that rapa-
mycin has reproductive toxicity in male mice and can also cause cataracts.206 Rapamycin
can improve certain FPs in mouse models and may be beneficial to health, but more
research is needed to explain its mechanism and sex-specific effects.

Resveratrol (RSV) is an antioxidant compound found in plants. RSV was found to
improve the mobility,207 balance,208 motor coordination,208 grip strength,209,210 and
antifatigue ability209,210 in the mice model. It also improved the FI score of mice185

and extended their lifespan.207

Angiotensin-converting enzyme inhibitors (ACEIs) and angiotensin II receptor block-
ers (ARBs) are antihypertensive drugs that act on the renin�angiotensin�aldosterone sys-
tem. Long-term application of the ACEI, enalapril, has been shown to alleviate frailty in
mice without long-term effects on blood pressure.186 The possible mechanism may be the
association with the levels of inflammatory factors such as IL-1α, IL-10, MCP-1, and
MIP-1a.186 The ARB, losartan, was shown to improve the mobility of mice and signifi-
cantly reduce serum IL-6 levels.211 In older women with hypertension but without
congestive heart failure, ACEI can slow down the decline in muscle strength.212 A ran-
domized controlled trial (RCT) also showed that the administration of the ACEI, peri-
ndopril, for 20 weeks, can improve the exercise capacity of older adults with impaired
functions without heart failure.213

While testosterone supplementation in frail older males can increase skeletal muscle
strength and muscle capacity,214 it can also increase the risk of heart, respiratory, and
skin disease events.215 An RCT showed that DHEA or low-dose testosterone replace-
ment did not improve the body composition, physical function, insulin sensitivity, or
quality of life in older adults.216 Currently, there is insufficient evidence to prove that
hormone supplementation is beneficial for the prevention or treatment of frailty, and
there is no recommended hormone replacement therapy.

As mentioned earlier, low vitamin D levels are associated with frailty. However, vitamin
D supplementation as a pharmacological intervention for frailty remains controversial.
Vitamin D combined with calcium reduced the risk of falls in older women217 and mortal-
ity in older adults,218 while vitamin D alone was not effective. Vitamin D supplementation
can effectively prevent hip fractures and nonvertebral fractures in older adults ($800 IU
per day),219 and can be beneficial for strength and balance (800�1000 IU per day).220

However, excessive vitamin D supplementation may increase the risk of falls and fractures,
especially in older adults without vitamin D deficiency.205

Polypharmacy is common in frail older adults. Physical frailty affects
pharmacokinetics221�223 and pharmacodynamics224,225; polypharmacy, in turn,
increases the incidence226 and mortality227 of frailty. Therefore, we must fully evaluate
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the necessity, effectiveness, and safety of medication before administering pharmaco-
logical interventions.

19.5.2 Nonpharmacological interventions
Frailty can be intervened with through nonpharmacological measures such as exercise
and nutrition, which has been a consensus.228

Moderate exercise can activate the NF-κB pathway and increase the expression of
enzymes against reactive oxygen species (ROS), which has antioxidant effects.229

Given the important role of oxidative stress in the pathogenesis of frailty, exercise as
an antioxidant was thought to have antifrailty effects. Animal experiments have shown
that a variety of exercise modes, including aerobic exercise and high-intensity interval
training, can reverse or delay the process of frailty in mice and reduce mortal-
ity.170,189,230,231 Physical exercise can also reduce frailty in older adults and partly
change adverse outcomes.232 Therefore, it is considered to be one of the most signifi-
cant interventions for frailty. Aerobic endurance training can increase peak oxygen
consumption and improve aerobic capacity.233 Progressive resistance strength training
has been shown to improve muscle strength and gait speed in older adults.234,235

Multi-component exercise interventions, including two or more of aerobic, endur-
ance, strength, coordination, balance, and flexibility training, can significantly improve
the physical performance of frail older adults233,236,237 and reduce the prevalence and
level of frailty,236,238 or even reverse frailty.239 Long-term multi-component exercise
interventions generally have better outcomes than other exercise programs.240,241

Exercise is at the forefront of interventions to prevent or delay frailty. However, there
are currently no recommendations for the best exercise program for individualized
interventions for frailty.

Insufficient nutritional intake and selected nutrients were independently associated
with FP in older adults.242 Protein supplements rich in leucine and vitamin D can sig-
nificantly increase muscle mass, especially in the muscles of the lower limbs.243 In sar-
copenic older adults undergoing low-intensity resistance training, additional branched-
chain amino acids (BCAA) and vitamin D supplementation increased grip strength,
calf circumference, and body mass index.244 Supplementation of BCAA might stimu-
late muscle growth in older adults. BCAA supplementation in older adults could also
effectively increase cognitive ability, albumin levels, ATP production and electron
flux, and maintain low oxidative stress with reduced TNF-α levels.245,246 To over-
come frailty, older adults need a comprehensive, adequate, and balanced intake of
nutrients. The supplementation of calories, proteins, and essential amino acids for frail
older adults was also recommended in “the Asia-Pacific Clinical Practice Guidelines
for the Management of Frailty” in 2017.247 However, nutritional supplements should
also be moderate. Animal research has shown that CR delayed the development of
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frailty in male mice185 and rats,190 but not in female mice.185 Longitudinal studies
have found that in the monkey model, CR can improve FP, reduce the incidence of
frailty, and prolong the health-span in nonhuman primates.248 The balance between
nutritional supplementation and CR, remains an unresolved issue in dietary interven-
tions for frailty.

19.6 Conclusion

Because of the importance of accounting for frailty in clinical decision-making, frailty
assessments should be integrated into daily clinical practice. Research investigating the
biology of frailty is still in its early stages, and there is a need for rigorous and well-
designed clinical trials using specific inhibitors or activators to confirm the role of the
markers that have been described and further develop therapeutic targets for the man-
agement of frailty. Diagnostic and therapeutic opportunities should be taken into con-
sideration to maintain functional mobility and independence in aging populations.
However, there are still many unresolved questions in this field. Future studies explor-
ing the mechanism of frailty will identify compounds that interfere with new targets
for frailty and develop a variety of interventions and new technologies to improve the
flexibility of the stress response in people with frailty.
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Abbreviations
CVDs Cardiovascular diseases
WHO World Health Organization
ECM Extracellular matrix
LV Left ventricle
LA Left atrial
CFs Cardiofibroblasts
LOX Lysyl oxidase
AGEs Glycation end products
SPARC Secreted protein acidic and rich in cysteine
TSP Thrombospondin
TGF-β Tumor growth factor-β
MMPs Matrix metalloproteinases
TIMPs Tissue inhibitor of metalloproteinases
GAGs Glycosaminoglycans
FN Fibronectin
MI Myocardial infarction
HF Heart failure
HFrEF Heart failure with reduced ejection fraction
HFpEF Heart failure with preserved ejection fraction

20.1 Introduction

Cardiovascular diseases (CVDs) are very connected to aging.1 For instance, heart fail-
ure is more prevalent in people aged 75 years or older (8.4%) compared to those aged
45�54 (0.7%).2 Thus, aging can be considered an independent risk factor for the
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development of common cardiac pathologies.2 The prevalence of CVDs in the elderly
and the increase of the aged population are indisputable concerns. According to the
WHO, the percentage of the aged population 60 years or older globally will increase
from 11% to 22% between 2000 and 2050, accounting for 2 billion of the world’s
population.3,4

Aging induces several structural and functional alterations in the cardiovascular
system, which can occur at the cellular and non-cellular levels. For several decades,
cardiac dysfunction was almost completely attributed to cardiomyocyte remodeling
and no importance was attributed to dysfunctions of the extracellular matrix (ECM).
However, it is currently accepted that cardiac ECM is not only a meshwork that
supports cells, providing structure and strength to the tissues, but it also has several
important nonstructural properties such as, intercellular communication, signal trans-
duction to the cells and the regulation of several cellular processes such as cell migra-
tion,5 proliferation,6 cell communication7 and differentiation.8 Furthermore, it is a
source of many of the signals that elicit plasticity and rapid adaptation to the envi-
ronment, playing a crucial role as a mechanotransducer and sensor of the extracellu-
lar environment. Consequently, cellular organization, fate and ultimately functional
properties of the tissues are defined by the ongoing cell-matrix and matrix-cell inter-
actions.9 Alterations in the quality, quantity and organization of the ECM proteins,
can induce an altered systolic function even in the absence of cardiac myocyte con-
tractile dysfunction.10

Aging has been shown to induce alterations on the cardiac ECM, however, these
alterations have often been described as unspecific interstitial fibrosis, which corre-
sponds to an increased ECM deposition.11 However, additional levels of complexity
derive from the dynamic interaction between signaling pathways, protein synthesis and
degradation, as well as post-translational modifications, which collectively contribute
to a healthy or dysfunctional cardiac ECM.11 The impact of aging on cardiac ECM
has been reviewed in previous studies from a remodeling point of view12�14; how-
ever, the impact of aging on the composition of cardiac ECM and how these altera-
tions induce modifications in cardiac cell phenotype and activity has not been covered
in previous studies. However, recent progress has been made to unravel the impact of
cardiac ECM on cardiomyocyte activity, which makes this chapter timely.15,16 It is
important to note that this progress was possible due to advances in methodologies to
decellularize the heart tissue, the general use of proteomic analyses to identify altera-
tions in the composition of the ECM, and the use of induced pluripotent stem
cell-derived cardiomyocytes to investigate the impact of aged ECM.

In this chapter, we cover the alterations of the heart ECM during aging. The
expression and properties of collagens, elastin, matricellular proteins, glycosaminogly-
cans and proteoglycans, adhesive proteins and basement membrane components will
be discussed and compared between young and aged hearts. The remodeling of ECM
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in aged individuals, in the context of myocardial infarction and heart failure, will also
be discussed as well as future directions in the research area of ECM and cardiovascular
aging.

20.2 Physiological alterations of the aged heart

20.2.1 Aging induces functional and morphologic cardiac alterations
Aging is a progressive and multifactorial process. The decreased vascular compliance
that occurs in aging, due to an increase in arterial stiffness, has been identified as a pri-
mary trigger to induce age-related changes in the myocardium.15 Several cellular,
morphological, and functional alterations in the myocardium have been described
(Fig. 20.1). At a morphological and functional level, age-related alterations of blood
pressure are consistent with the increase of vascular stiffness in the large artery.16 It has
been observed that systolic blood pressure continuously increases from ages 30 to
84 years old, whereas diastolic blood pressure falls after the sixth decade.16 Increased

Figure 20.1 Aging induces morphological and functional alterations on the cardiovascular system.
Vascular remodeling leads to arterial stiffening with aging, reducing the vascular compliance and
increasing myocardial afterload. In the left ventricle, cardiomyocytes die by apoptosis or necrosis,
leading to hypertrophy of the remaining cardiomyocytes, leading to a decompensated ventricular
hypertrophy, demonstrated by a thicker left ventricular (LV) wall in the aged heart compared to the
young heart. An increased myofibroblast proliferation promotes interstitial fibrosis and together with
LV wall thickening, act as a compensatory mechanism to face the increased heart workload triggered
by cardiomyocyte loss as well as vascular and ventricular stiffness. Extracellular matrix (ECM) altera-
tions occur alongside with ventricular remodeling. In addition, aging also triggers atrial enlargement.
Together, these changes induce impaired ventricular relaxation leading to diastolic dysfunction.
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collagen content and/or degradation of elastin have been identified as crucial altera-
tions occurring in the large arteries during aging, leading to a reduced vascular compli-
ance and increased afterload.17 These alterations increase the effort of the heart to
achieve an efficient blood ejection during systole, inducing ventricular remodeling.
Diastolic dysfunction in the elderly is associated with a reduced left ventricle (LV)
compliance and impaired LV relaxation that are related to myocardial ECM remodel-
ing.18 Older individuals have also shown a substantially decreased LV compliance and
stroke volume (volume of blood pumped out of the LV during each systolic cardiac
contraction) compared with the young control subjects.18

Morphological and functional alterations in the atria have also been associated with
aging. Considering that LV filling is closely linked to atrial function, atrial stiffness can
also disturb diastolic function. For instance, reduced left atrial (LA) strain and increased
LA stiffness have been documented in patients with diastolic heart failure.19 Moreover,
age-increased atrial contractility could result from either the LV relaxation impairment
during diastole or increased atrial stiffness, leading to an impaired passive LA-mediated
ventricular filling in aging.20 Contrarily, atrial enlargement was shown to be age-
independent in humans without cardiovascular disease.21 Yet, in another study, atrial
enlargement was found significantly in the eighth decade of life, perhaps as a result of
long-term adaptation to LV diastolic dysfunction and reduced atrial compliance, as a
consequence of interstitial fibrosis at an advanced age.22

At the cellular level, aging induces a progressive loss of cardiomyocytes, mainly in the
LV, which has been attributed to the combination of apoptosis and necrosis.23,24

Moreover, for the systolic function to be preserved there is increased oxygen consumption
which induces a progressive decay in the cardiac myocyte metabolic capacity, leading to
an energy deficit, oxidative stress and further cell death.25�27 To compensate for this phe-
nomena, progressive cardiomyocyte hypertrophy of the remaining myocytes takes place,
resulting in the development of decompensated ventricular hypertrophy and a thicker LV
wall.15,28,29 Increased cardiac fibroblast proliferation also occurs, leading to interstitial fibro-
sis, increased wall stiffness and diminished myocardial compliance.11 Although the systolic
function remains moderately preserved in the elderly, myocyte hypertrophy, interstitial
fibrosis and impaired ventricular relaxation cause an augmented diastolic ventricular pres-
sure, leading to diastolic dysfunction.30

20.3 Young cardiac extracellular matrix

Cardiac ECM is a dynamic entity that has an essential role in several cellular mechan-
isms,6�8,31,32 besides promoting tensile strength to the myocardium and supporting
the force transmission.13,14 In this section, the constituents and function of the myo-
cardial ECM will be initially described followed by the description of its aging-related
alterations.
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20.3.1 Collagens
Fibrillar collagen is the most abundant protein in the cardiac ECM, comprising 5% of total
protein in the adult LV.33,34 The fibrillar collagen network is composed of different types
of collagens with different α-chain combinations. Collagen types I and III are the major
components of the healthy mammalian myocardial interstitium. These collagen types have
been demonstrated to comprise approximately 80% and 10% of total collagen in the heart,
respectively.35 The heart is surrounded by a collagen network described as epimysium,
which is located in the epicardium and in the endocardium. The myofibrillar bundles are
surrounded by perimysial collagen, which is a wave-like structure that offers tensile
strength.14 The individual myocytes are attached to the endomysial collagen network
through the connection of the myocyte sarcolemma (Z-band) and integrins, which
sustains the myocyte alignment and prevents ventricular dilatation (Fig. 20.2).14

Figure 20.2 Schematic representation of age-associated alterations on the cardiac extracellular
matrix (ECM). Both myocytes and non-myocytes are embedded in the meshwork composed by
proteins and molecules which make up the ECM. Aging induces accumulation and cross-linking of
the most abundant ECM protein, collagen, inducing interstitial and perivascular fibrosis, one of the
consequences of the cardiomyocytes’ death. Collagen surrounds myofibrillar bundles in a perimy-
sial collagen network, and interconnects individual myocytes through the endomysial network.
Fibronectin, another key ECM protein, also increases with aging in contrast with elastin, which is
degraded during aging. ECM proteins also have important nonstructural properties by binding to
integrins receptors to trigger signaling pathways involved in several cellular mechanisms. At the
cellular level, aging induces cardiomyocyte loss and subsequent hypertrophy of remaining
myocytes, and an increase in myofibroblasts and inflammatory cells.
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Fibrillar collagen is synthesized as a triple-helical procollagen molecule by cardiac
fibroblasts (CFs) and secreted into the extracellular space.36,37 This collagen precursor
has an amino (N�) and carboxy (C�) terminal propeptide, which undergoes several
post-translational modifications. These include the removal of the propeptide regions
by specific enzymes, the coupling with matricellular proteins and the self-assembly of
collagen molecules to produce mature and insoluble collagen fibrils that are incorpo-
rated within the ECM.14 In more detail, members of a protease family, a disintegrin
and metalloproteinase with thrombospondin motifs, remove the N-terminal propep-
tide, whereas bone morphogenic protein-1 cleaves the C-terminal propeptide.38,39

Subsequently, collagen fibrils are stabilized by another post-translational modification
that incorporates cross-links between collagen fibrils. This cross-linking process can
occur by at least two known mechanisms: (1) through the action of enzyme lysyl oxi-
dase (LOX), which induces covalent links between either lysine or hydroxylysine resi-
dues of the adjacent collagen fibrils, and (2) by cross-linking between amino groups by
reducing sugars, which induces advanced glycation end product formation. An acceler-
ated collagen maturation and stiffening in myocardial diseases have been associated
with the upregulation of LOX.40,41 Collagen cross-linking has been associated with
both aging42 and pathological remodeling.43

The collagen matrix is responsible for many of the ECM properties in the heart
because it: (1) provides structural support to the myocytes and their adhesion to the
basement membrane; (2) offers myocardial strength, preventing tissue rupture; (3)
facilitates force transmission from contracting myocytes to promote ejection of blood
during systole, and (4) is responsible for the stiffness and resistance to stretching during
diastole.13 Cardiomyocyte adhesion to the myocardial basement membrane is mainly
induced by non-fibrillar collagen, collagen type IV, and a fibrillar collagen, collagen
type V, which are present in the pericellular space in small amounts.36 Since slight
alterations on the cardiac collagen network composition affect mechanical properties
and functionality of myocardium in both a healthy and disease state, collagen synthesis,
maturation and degradation are tightly controlled processes.44

20.3.2 Elastin
Elastin is the main component of elastic fibers, which is synthetized as tropoelastin and
subsequently processed extracellularly to elastin. It consists of alternating hydrophobic and
LOX cross-linked lysine-rich domains.45 Functionally, elastin has important roles, provid-
ing stretch, recoil and resilience to dynamic tissues. By stretching more than twofold, it
enables arteries to extend and retract in response to arterial pulse waves pushing blood for-
ward in diastole. In addition, smooth muscle cell proliferation in the vessel wall can also
be inhibited by elastin and polymeric collagen.46 Elastic fibers are composed of a sheath of
microfibrils formed by various components, including fibrillin 1, which surrounds an
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elastin-rich core. Interestingly, Marfan syndrome shows that the dilation and dissection of
large arteries is caused by fibrillin 1 mutations.47 Similarly, fibulin 5 knockout mice exhibit
tortuous and elongated aortas, indicating that fibulins and elastin microfibril components
are essential for the proper formation of the elastic fibers in the vessel wall.48 In general,
studies investigating the impact of elastin expression provide limited information about
myocardial elastin, because the effects on arteries dominates the phenotype.

Elastic fibers fibrillogenesis occurs largely at the early stages of development and
fibers are designed to maintain elastic function for a lifetime.49 However, loss of elas-
ticity due to degradative modifications is the main contributing feature in the aging of
numerous tissues, such as large arteries.49,50 It has central implications for age-related
myocardial remodeling, as the resulting loss of arterial compliance (arteriosclerosis) can
trigger an increase in blood pressure and augment the risk of heart failure.

20.3.3 Matricellular proteins: secreted protein, acidic and rich in
cysteine and thrombospondin
Matricellular proteins are nonstructural ECM components that have an essential role
in the collagen maturation process, regulating collagen assembly and controlling the
collagen fiber diameter. Here, the focus will be on those that are implicated in colla-
gen remodeling in aging. These glycoproteins are minimally expressed in a healthy
state, whereas they are extensively expressed throughout development and pathologi-
cal conditions. An important matricellular protein, SPARC, facilitates collagen assem-
bly and maturation as well as deposition of mature collagen in the myocardium.51 In
the myocardium, it has been demonstrated that genetic ablation of SPARC induced a
decrease of the interstitial collagen amount and cross-linking leading to a diminished
fibrotic response to pressure overload.52

TSP family is another group of matricellular proteins, which has several essential roles
in collagen synthesis and assembly in the heart. TSP1 has an essential role in the regulation
of angiogenesis and thrombosis, and it is a potent activator of tumor growth factor-β
(TGF-β), contributing to cardiac remodeling.53 In the heart, cardiac matrix integrity is also
regulated by TSP1 and TSP2 that can interact with matrix metalloproteinases (MMPs), a
vast group of proteinases responsible for ECM protein degradation.54 TSP2 was identified
as an essential nonstructural ECM component to maintain the myocardial ECM integrity,
attenuating the age-related cardiomyopathies.55 MMPs are tightly regulated at the tran-
scriptional, post-transcriptional and inhibitory level. Tissue inhibitor of metalloproteinases
(TIMPs) is an endogenous group of MMP inhibitors and alterations in its expression have
also been implicated in functional cardiac changes.56 Therefore, preservation of the cardiac
ECM hemostasis is not only dependent on the balance between ECM deposition and
degradation, but also on the balance between the activity of MMPs and TIMPs. The age-
related modification on MMP and TIMP activities will be discussed in the following
section.
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20.3.4 Glycosaminoglycans and proteoglycans
Glycosaminoglycans (GAGs) and proteoglycans act as a hydrogel able to embed myo-
cytes, non-myocytes and matrix proteins. GAGs are unbranched polysaccharides with
molecular activity, found as single molecules or coupled to a core protein forming a
proteoglycan. Due to their negative charge, GAGs attract water, producing a gelati-
nous medium that acts as a lubricant for the contractile apparatus and as a signaling
medium of the ECM, allowing a quicker diffusion of the signaling molecules.13 The
main GAGs expressed in most mammalian cells include heparan/heparan sulfate,
dermatan sulfate, chondroitin sulfate, keratin sulfate and hyaluronan. Heparan/heparan
sulfate and hyaluronan are the most expressed GAGs in the heart.51 Hyaluronan is pre-
dominant in the cardiac ECM and it has been involved in proinflammatory signal-
ing.57,58 It has also been implicated in fibroblast-myofibroblast differentiation and
consequently, it is associated with disease-related cardiac remodeling.59�61

Proteoglycans are strongly glycosylated proteins, which comprise the main nonstruc-
tural components of ECM and present as a core protein ornamented with at least one
GAG side chain. Proteoglycans can be grouped into 4 families based on their locations:
(1) intracellular (serglycin), (2) cell surface (syndecans and glypicans), (3) pericellular
(at basement membrane levels, e.g., perlecan and collagens XV and XVIII) and (4) extra-
cellular proteoglycans (hyalectan lectican (e.g., versican) and small leucine-rich proteogly-
cans [biglycan, decorin, lumican and osteoglycin)].51,62 Proteoglycans have been
demonstrated to be crucial modulators in cardiac remodeling. They were shown to con-
trol several mechanisms such as, collagen deposition and assembly, fibroblasts infiltration
and transdifferentiation, activation of hypertrophic genes, and immune cell recruitment
and proinflammatory cytokines and chemokines induction, which ultimately cause cardiac
fibrosis, cardiomyocyte hypertrophy and inflammation, respectively.63

20.3.5 Adhesive proteins: fibronectin and laminin
Adhesive proteins are responsible for the adhesion of myocytes to their basement mem-
brane and circulating ECM, and also have an essential role in cell-ECM and/or cell-cell
communication, which is ultimately essential for tissue formation, structure and integrity.
One of these adhesion proteins is fibronectin (FN), a glycoprotein that is found as both an
insoluble matrix adhering form, synthesized by fibroblasts and other differentiated cells,
and as a soluble form produced by hepatocytes and is present in the plasma.7 Besides its
structural role, FN also has a crucial function in cell behavior via ECM-cell communica-
tion. The FN connection to its integrin receptor (α5β1 integrin) can regulate several cel-
lular mechanisms such as cell migration, cell growth, survival and proliferation.64 It is
widely expressed in regions of active morphogenesis, cell migration and inflammation.64

In the healthy myocardium, FN is only found at low levels, mainly located at myocyte
basement membranes.65
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Laminin is another glycoprotein composed of three polypeptide chains, α, β, and γ
chains, and it is also present in the cardiomyocyte basement membrane.66 These mole-
cules interplay with collagen type IV, integrins and dystroglycans but also with other
basal membrane matrix components, contributing to the overall structure and to sev-
eral mechanisms.64 Thus, laminins are also involved in both structural and biological
functions, such as cell adhesion, differentiation, migration, and resistance to apopto-
sis.64 Both fibronectin and laminin have been associated with myocardial remodeling
and disease.67�69

20.3.6 Basement membrane
The sarcolemma is surrounded by a basement membrane which promotes the attach-
ment of each myocyte to the ECM. It is a network composed of collagen IV, adhesive
proteins (fibronectin and laminin), proteoglycans (perlecan and the sulfated), linking gly-
coprotein and nidogen.51,70 Collagen IV is one of the most abundant proteins of the
basement membrane and its mRNA was detected in both myocyte and non-myocyte
cells, demonstrating that myocytes are also able to produce their own basement mem-
brane.36 The significance of the basement membrane structure for myocardial function-
ality has been highlighted by various studies, demonstrating that changes on basement
membrane composition and distribution have been associated with myocyte electrical
properties, morphology alterations, and ventricular dysfunction.71,72 Particularly, collagen
IV has been shown to increase with remodeling and disease.73,74

20.4 Aged cardiac extracellular matrix

20.4.1 Collagen matrix—synthesis, deposition and modification with
age
As the most abundant protein of the cardiac ECM, fibrillar collagen has been the most
widely studied ECM protein in aging. Besides changes in abundance, collagen distri-
bution, organization and integrity have all being implicated in cardiac ECM aging.
Collagen triggers relevant functional and morphologic adaptations in the aged heart
underlying age-related cardiac dysfunction.

20.4.1.1 Age-related alterations in myocardial collagen content
An increase in the amount of collagen with aging is well established and reported in
the heart.75,76 There are many studies in human and animal models which show ven-
tricular accumulation of collagen with aging (see Table 20.1). For example, there is a
correlation between an increase in insoluble collagen in the endocardium and papillary
muscle and the age of the individuals.77 Accumulation of collagen fiber content and
an increase of collagen fibril diameter was also shown in LV samples acquired at
autopsy from individuals aged 67�87 years compared to young adult humans aged
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Table 20.1 Summary of age-related alterations on extracellular matrix components in the left ventricle.

Extracellular matrix
component

Specie Parameter studied Aging-associated
alteration

Ages studied References

Collagen

Human Soluble and insoluble collagen
(Hydroxyproline content)

m men (25) and women (15):
from 21 to 88 y

[77]

Human Collagen fibril content and
diameter

m 67�87 y versus 20�25 y [78]

Collagen types: type I
Mouse Total collagen content m 20 m versus 2 m [79]
Mouse Collagen area (%) m 18�24 m versus 3 m [80]

Soluble and insoluble collagen m insoluble
Mouse Collagen content m 32 m versus 8 m [81]
Mouse Soluble and insoluble collagen m Sol./Insol.

ratio
23 m versus. 3 m [76]

Mouse Type IV and VI collagens m 18�20 m versus 4�5 m [75]
Rat Total collagen content and

structure
m 1 m to 26 m [33]

Rat Percentage of fibrosis m 4 m to 29 m [82]
Rat Collagen content (SR) m 2 m to 19 m [83]

Procollagen type I and III mRNA k
Rat Collagen area (%) m 18 m versus 3 m [84]

Procollagen type III mRNA
Rat Collagen type I/type III ratio m 24 m versus 4 m versus 4w [85]
Rat Collagen cross-linking level m 20 m versus 10w [86]
Rat Collagen cross-linking level m 20 m versus 12 m versus

10w
[87]

Procollagen type I and III mRNA k
Rabbit Collagen area (%) (SR) m 5�6 y versus 2�3 m [88]
Sheep Collagen area (%) m . 8 y versus 18�24 m [89]

Procollagen type I mRNA �-



Matricellular proteins

Mouse SPARC m 18�24 m versus 3 m [80]
Mouse Thrombospondin 1 m 50�60w versus 8�12w [55]

Glycosaminoglycans (GAGs) and Proteoglycans

GAGs Rat Total GAGs content �- 7d to 10 m [90]
Rat Total GAGs content k 25 m versus 10 m [91]
Rat Total GAGs content m 4 m to 24 m [92]

Heparin Sulfate m
Capacity to bind VEGF m

Proteoglycans Mouse Versican k 18�29 m versus 3�5 m [93]

Adhesive Proteins

Fibronectin Rat mRNA and protein levels k 40 w versus 10 w [94]
Mouse Protein level m 20 m versus 2 m [79]

m, Increased; k, decreased; �, (no changed); d, days; w, weeks; m, months; y, years; SR, Sirius Red.



20�25 years.78 Similarly, the total collagen was also increased in the LV of old mice
and rats compared to young animals.37,79,80,82 Senescent mice aged around 32 months
also exhibited double interstitial fibrosis compared to adult mice (B8 months).81

The collagen accumulation in the heart results in increased interstitial fibrosis in the LV
myocardium, which functionally induces a decreased percentage of systolic wall thickening
and ejection fraction, as well as a decrease in stroke volume.82 In contrast, the effect on
the stroke volume has also been shown to be maintained despite the LV structural and
functional alterations.81 These changes were also accompanied by a decreased number of
myocytes and an increased myocyte cross-section (hypertrophy).81 Both interstitial fibrosis
and cardiomyocyte hypertrophy have been considered to induce myocardial stiffness.
However, it has been demonstrated that the myocardial stiffness is triggered by progressive
collagen accumulation, collagen phenotype shift and higher collagen cross-linking, but not
by increased LV hypertrophy.95 Conversely, an increment of myocyte compliance with
aging was observed,96 which is maybe related to the changes in titin properties.97 As a
conclusion, the deregulation in the collagen content is critical in LV function and stiffness
in aged individuals.

20.4.1.2 Age-related alterations in myocardial collagen types
Deregulation in the ratio of collagen types has also been observed in aging. Collagen
type I and type III have different physical properties, and alterations in their ratio
have been associated with several myocardial dysfunctions.98�100 A decrease in colla-
gen type III and an increase in collagen type I have been observed in rat LV during
aging.85 In addition, an increase in the number of thicker collagen fibers (collagen
fibers with more collagen type I) compared to thinner fibers (fibers with more colla-
gen type III) was also observed in the endomysium and perimysium of the aged
human ventricular wall.78 Myocardial collagen type I has been demonstrated to pre-
dominate in aged samples.101

Interestingly, studies that have quantified the mRNA of procollagens type I and type
III in aged animals, observed a decrease in the abundance of these transcripts83 or a non-
significant alteration in procollagen I mRNA.89 The discrepancy between protein and
mRNA levels suggests age-related alterations of collagen mRNA stability and/or deregula-
tion of collagen protein synthesis. Alternatively, the collagen accumulation in aged myo-
cardium might derive from impaired protein degradation, thus affecting collagen turnover.
Although the MMPs are the main responsible enzymes for cardiac matrix degradation,
they are endogenously inhibited by the TIMPs. Therefore, activities of both must be eval-
uated to assess the proteolytic capacity of the aged heart. Despite both human and animal
models of aging suggesting that an imbalance of the MMP-TIMP ratio and activity occurs
with age, the mechanisms by which altered MMP and TIMP activity lead to cardiac
remodeling with age, are still unclear. MMP-2 mRNA and protein activity of MMP-2
and proMMP-1 was shown to be downregulated in a 24-month-old rat heart, suggesting

534 Aging



that the reduction of ECM degradation pathway by MMP allowed the accumulation of
collagen and promotion of age-associated fibrosis.102 Protein and organelle quality control
pathways, including autophagy/lysosomal and the ubiquitin-proteasome systems, decline
in the heart with aging contributing to myocardial dysfunction.103�105 The enzymatic
activities of the proteasome are drastically reduced in the aged heart. As a result of com-
promised protein quality control, the aged heart accumulates misfolded protein aggregates
(proteotoxicity), cell death proteins, and damaged mitochondria. This proteo-toxic profile
is associated with augmented fibrosis, collagen deposition and cardiac hypertrophy.106

Non-fibrillar collagen type IV was also found in increased age-associated levels in
LV tissue of old mice, suggesting that there is an increase of the basal membrane thick-
ness with age.75 An increase of collagen type VI content was also reported in the LV
of the aged mouse.75

20.4.1.3 Age-related alterations in myocardial collagen cross-linking
Although changes in myocardial collagen seriously affect LV structure and stiffness, and
consequently alter the systolic and diastolic heart functions, increased collagen does not
always correspond to augmented myocardial stiffness.107,108 This suggests that post-
translational processes are involved in ECM left ventricular modifications. Regulation of
the collagen maturation process and cross-linking have also been implicated in myocardial
remodeling, stiffening and dysfunction in disease.109,110 Indeed, increased levels of collagen
cross-linking have been observed in the LV of aged rats.86 Collagen cross-linking levels
can be evaluated by the formation of the AGEs. AGE accumulation was associated with
LV diastolic dysfunction in aging.111 In addition, studies have shown that myocardial func-
tion in aged hearts has been improved by blocking the formation of AGEs. LV chamber
compliance increment, due to reversal of LV stiffness, and consequently an improved car-
diac function were also observed in aged dogs treated with an AGE cross-link breaker
compared to untreated age-matched animals.112 In another study, induction of diabetes in
aged dogs induced LV systolic dysfunction, increased aortic stiffness, and augmented colla-
gen types I and III content, which were reverted by AGE cross-link breaker treatment.113

Moreover, LV collagen solubility significantly increased after treatment, suggesting that the
implicated mechanism is a decrease of collagen cross-linking.113 Interestingly, it was sug-
gested that exercise training may reduce collagen cross-linking associated with age and can
affect collagen type I and III mRNA synthesis.86,87

Matricellular proteins such as SPARC, which facilitate post-translational processes and
deposition of mature collagen in the myocardium, play an important role in the levels of
collagen in the aged heart.51 Studies in mice have demonstrated that the SPARC absence
reduced age-associated increases in ECM fibrillar collagen and diastolic stiffness.75,80

Additionally, SPARC ablation decreased the relative amount of insoluble collagen and
myocardial stiffness in aged mice.80,93 Consequently, SPARC is likely an important medi-
ator of collagen deposition and myocardial stiffness in aging. Another matricellular protein
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that is important in myocardial collagen cross-linking is TSP-2. In this case, and in contrast
to other matricellular proteins, the upregulation of TSP-2 has been found to be protective
against age-related cardiomyopathy and thus cardiac aging.55

20.4.2 Alterations on glycosaminoglycans and proteoglycans in the
aged heart
Glycosaminoglycans and proteoglycans are abundant in the myocardium and are responsible
for several nonstructural properties of the cardiac ECM. These molecules and proteins have
received little attention in aging compared to other structural proteins like collagen.
However, glycosylation is one of the most frequent and complex post-translational modifi-
cations, which induces diversity in both structural and functional proteins.114 Therefore,
age-associated alterations on the glycosylation profile, quantity and/or distribution of these
molecules strongly affects several essential mechanisms such as cell signaling and communica-
tion, and also structural properties, and consequently, cardiac function. Studies on GAGs
(acid mucopolysaccharides) composition in aging of the LV are relatively scarce and not all
studies are in agreement. Some studies reported that GAGs remained unchanged with age,
whereas a minor increase in the most abundant GAG, hyaluronic acid, was observed along
with a decrease in chondroitin sulfate.90 Other studies showed an increase of sulfated GAGs
(particularly, heparan sulfate) in the LV myocardium of old rats (24 months) compared to
young rats (4 months).92 Importantly, age-associated alterations in the sulfation pattern of
heparan sulfate induced alterations in the affinity for different growth factors with impacts
on several cellular mechanisms.92 Moreover, other studies showed a decrease in total
GAGs91 and versican93 content in myocardial tissue of old compared to young animals.

20.4.3 Alterations on matrix adhesive proteins with aging
Changes on the ECM adhesive proteins also have an impact on the structural, mechanical
and functional properties of ECM, mainly in cell-to-cell communication. For example,
FN expression was shown to decrease with age in normotensive rats and to remain
unchanged in old hypertensive rats compared to young.94 In contrast, a more recent study
has shown that FN expression in the myocardium was higher in old (20 months) than
younger mice.79 Moreover, old mouse hearts compared to young showed higher levels of
α1 and α5 integrins, which are the ligands for collagen and FN, respectively.79

20.5 How does the aged heart respond to disease?

Aging is considered an independent risk factor for the development of myocardial
infarction (MI)115 and heart failure (HF).116 The following sections will shed light on
ECM remodeling as a game-changer for acute myocardial infarction and heart failure
survival rates and clinical outcomes.
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20.5.1 Age-associated extracellular matrix remodeling in MI
Myocardial infarction is the main cause of death worldwide and its prevalence
increases with aging.117 Three different overlapping phases are involved in MI repair,
namely inflammatory, proliferative, and maturation phases. In all of these phases, the
ECM composition dynamically changes, taking part in the regulation of the cellular
responses underlying cardiac repair.118 During the inflammation stage, degradation of
matrix proteins produces signals that trigger inflammatory and reparative signaling
pathways, which precede the proliferative phase. At this next stage, myofibroblasts are
abundant and deposit large amounts of structural ECM proteins, subsequently leading
to the formation of a stable collagen-based scar during the maturation phase.118

Several studies have shown that there is an exacerbated response to the ischemic injury
in the aged heart.119�122 Strikingly, increased in-hospital and post-discharge mortality rates
have been associated with patient aging regardless of the infarction area.115 Likewise, it has
been demonstrated that old mice have an increased mortality rate during occlusion and
reperfusion and worse LV remodeling outcomes irrespective of the size of the infarct
area.119 For example, LV free-wall rupture, one of the most fatal complications of acute MI,
has a significantly higher incidence in old mice post-MI.122 Following ischemia-reperfusion
injury, old mice show a suppressed post-infarction inflammatory response, impaired phago-
cytosis of dead cardiomyocytes as well as fewer myofibroblasts and reduced collagenous scar
formation.119 Age-dependent outcomes after MI have been associated with altered profibro-
tic and proinflammatory profiles, including increased TGF-β,120 iNOS120 and proinflamma-
tory cytokines such as IL-1b,119,122 IL-6,119,120,122 and TNFα119,120,122 and decreased
nNOS,120 eNOS,120 anti-inflammatory IL-10120 and MCP-1 chemokine.119 Additionally,
MI-driven ECM remodeling in aged individuals is altered, contributing to deleterious effects.
Collagen types I and III122 as well as MMP-9/TIMP-3120 and MMP-2/TIMP-1120 ratios
were noticeably increased after MI in old animals. An increase in collagen content accounts
for increased myocardial stiffness while the imbalance in MMP/TIMP ratios promotes exac-
erbated ECM degradation eventually underscoring cardiac dilation. Moreover, levels of
healing-specific matricellular proteins, including a secretory leukocyte protease inhibitor,
SPARC, and osteopontin were also found at significantly increased levels after myocardial
injury in aged LV.120 Interestingly, MMP-9 deletion following MI in aged animals led to
an improved post-MI repair profile with increased survival rates and reduction of LV dys-
function (LV dilation),123 further highlighting the role of ECM in the age-altered repair pro-
cess post-MI.

20.5.2 Age-associated cardiac extracellular matrix remodeling in heart
failure
Heart failure (HF) is a complex clinical syndrome, entailing high morbidity and mortality,
which dramatically increases with aging. In young patients, HF usually develops from
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ischemic heart disease or other cardiomyopathies into ventricle dilation and remodeling
with reduced ejection fraction.124 However, in the elderly, HF usually presents in the
form of a hypertrophied ventricle with preserved ejection fraction (HFpEF)124,125 together
with a high prevalence of other comorbidities (hypertension, diabetes, peripheral vascular
disease, coronary artery disease, valvular disease, kidney failure, among others) and multiple
medications.126,127 Furthermore, the incidence of age-related comorbidities, including but
not limited to dementia,128 cognitive decline129 and frailty,130,131 renders the elderly less
receptive to therapy and more susceptible to medication errors as well as more likely to
experience side effects.

HF in the aged heart is mainly triggered by prolonged pressure overload stimulus that
is usually sustained by factors such as hypertension, arterial stiffness and aortic stenosis,
whose incidence and prevalence increase as a function of age. Cardiomyocyte growth and
ECM expansion initially attempt to keep up with the higher functional demands, how-
ever, over time concentric LV hypertrophy becomes deleterious and compromises LV dia-
stolic performance. It has been shown that HFpEF patients usually present an expanded
interstitial ECM network including increased fibrillar collagen accumulation and increased
fibroblast/ myofibroblast proliferation within the ECM.14 Mechanical stress has been asso-
ciated with integrin-dependent activation of TGF-β,132 which mediates the conversion of
activated fibroblasts into myofibroblasts that synthesize large amounts of ECM proteins.133

Continued or accelerated collagen accumulation together with changes in other ECM
proteins increase myocardial stiffness and reduce compliance, thereby hindering LV filling
during diastole.14,33,83 Besides the total collagen amount, the degree of collagen cross-
linking in HF patients may also contribute to fibrosis in aged hearts by protecting the col-
lagen network from protease-mediated degradation. Collagen cross-linking has been asso-
ciated with increased filling pressure and higher incidence of hospitalizations.134,135

Chronic myocardial expression of MMP-1 in mice led to a loss of interstitial collagen and
showed that the balance between ECM synthesis and degradation can play a critical role
in the cardiac remodeling process and heart failure pathophysiology.136 ECM deposition
or other age-induced matrix network alterations further impact the myocardial excitation-
contraction coupling,10 reduce cardiomyocyte perfusion137 and activate proinflammatory
pathways.

20.6 Conclusions and perspectives

The cardiac ECM is a meshwork that plays important structural and nonstructural roles
to support cardiac function. Aging induces alterations in the cardiac ECM composition
and structure that have been shown to contribute to cardiac disease onset and progres-
sion in the elderly. For a long time, reductionist research focused on characterizing
age-driven ECM component alterations that underlie the development of cardiac dis-
ease, individualizing the effects of specific ECM components in the aging process
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mainly through alteration of the ECM strength and structure. However, emerging
evidence has been pointing towards a dynamic state of the ECM composition that
mediates intercellular communication and responses to the cellular microenvironment.

Recent studies have highlighted the importance of ECM in cardiac aging. For
example, the recellularization of aged decellularized hearts with young iPSC-derived
cardiomyocytes induced an accelerated aging phenotype, impaired cardiac function
and compromised stress defense machinery.138 Further studies are necessary to investi-
gate the dynamics of the cardiac ECM network throughout aging and its impact on
cardiac cell aging. Furthermore, it would be worthwhile to revisit the ECM impact
on mechanosensing and transduction by the cells during the aging process and how
this process might alter the presentation or recognition of certain components of the
ECM by the cells to induce a response. Ultimately, understanding the ECM dynamics
and how to manipulate the cardiac ECM during aging is expected to open avenues
for cardiac disease therapies.
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21.1 Introduction

Cancer is considered a disease of aging as the incidence of most cancers increases dramat-
ically with age. In fact, more than half of cancers occur in individuals older than 70.
The US National Cancer Institute’s surveillance epidemiology and end results database
refer that 43% of men and 38% of women will develop invasive cancer throughout life,
and about 50% of these (in both sexes) will die from cancer.1 In addition, according to
the WHO, life expectancy is now over 80 years in most developed countries. As the
population ages, cancer becomes an increasingly important health problem worldwide.2

The mechanisms of cancer and aging involve a time-dependent accumulation of
cellular damage, and several studies demonstrate that many of the hallmarks of cancer
are common with aging characteristics.2 These include genomic instability, epigenetic
changes, telomere attrition, altered intracellular communication, changes in proteosta-
sis, mitochondrial dysfunction/redox alterations, deregulation of nutrient sensing,
immune dysfunction, and cellular senescence.3,4 Besides the changes inside cells, aging
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and cancer are also associated with alterations in the cellular microenvironment, partic-
ularly in fibroblasts, immune cells, and stem cell pools. Further, the immune system
and the native microbiota could, directly and indirectly, contribute to cancer through
aberrant changes in various immune responses, chronic inflammation, damage to
DNA, and changes in the effectiveness of anti-cancer therapies.3,4

The most accepted explanation for the association between aging and cancer is that
the accumulation of oncogenic mutations with age should facilitate cancer evolution (pre-
dominant model). In addition, an adaptive oncogenesis hypothesis has been proposed.5

This review will focus on the underlying cellular and molecular mechanisms
between cancer and aging that could improve the early detection and treatment of
aging-associated cancer.

21.2 Aging and the risk of cancer

Age is considered the most significant risk factor for many chronic diseases, including
the majority of common cancers.4 In people aged 65 and over, more than 60% of all
cancers occur. The most common explanation is the multi-hit Knudson hypothesis.
This hypothesis proposes that it takes time for cells to accumulate enough genetic
mutations to reach the mutagenic threshold for carcinogenesis. Nordling suggested
that probably about seven successive mutations in dividing cells would be necessary for
cancer development.6 However, this hypothesis does not explain the effect of caloric
restriction in the decrease of cancer.7 The reduction in metabolic homeostasis and
gene regulation that normally occurs during aging could justify this occurrence and is
consistent with the strong association between cancer prevalence and type 2 diabetes
and obesity, as well as with the beneficial effect of the modulation of energy utilization
by resveratrol and metformin.8

However, besides the numerous biological changes associated with age, the accu-
mulation of mutations is one of the major aging mechanisms related to the higher
incidence of cancer development and progression in older people. Additionally, life-
style, environmental and psychosocial factors could also affect physiological reserve
and vulnerability of aging. The environmental factors that we are exposed to as we
get older, such as exposure to ultraviolet (UV) radiation, alcohol, smoke, pollution,4

chemical substances (food additives, air/water pollutants, etc.)9 and other genotoxic
chemicals, and endogenous factors including reactive oxygen species (ROS),10 further
contribute to the chronic accumulation of DNA damage and other events associated
with cell aging,4,10 which we will address later. However, aging is associated with a
reduction in gene repair, leading to an increased number of mutations and genetic
instability.9 Other pathophysiological changes related to aging affect the function of
the intestinal barrier, being accompanied by an alteration in the microbiome’s compo-
sition, which could modulate several age-related disorders such as cancer.10
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Additionally, the cellular and molecular changes in non-cancerous cells during
aging suggest that aging of the microenvironment may have dramatic effects on tumor
progression. This permissive microenvironment tumor includes changes in extracellular
matrix biophysics, secreted factors, and the immune system.3 Furthermore, different
stromal tissue environments may be reprogrammed differently during aging, which
consequently, affects the growth and progression of the tumor in relation to the tissue
of origin.3

With increasing age, the body tends to accumulate damage and the functions of
different organs begin to decline. There are two prominent theories of aging that
function in synergy, one related to oxidative damage and the other with the hyper-
function of several survival pathways (addressed later), that could also explain cancer
development during aging.11

While age is an important risk factor for cancer, cancer development is a multi-
stage and multifactorial process that can occur over many years. The knowledge of
each cancer risk factor represents opportunities to prevent cancer and for the success of
a healthy aging process.12,13

21.3 Cellular senescence and carcinogenesis

Aging is a risk factor for cancer development, since more than half of cancers occur in
individuals older than 70,1 which is also related to an increase of senescent cells in
body tissues.14 The state of senescence seems to have a role in the protection of cancer
development and, more recently, an association with aging due to the accumulation
of senescent cells in tissues and the loss of stem cell function.15 Thus, aging and cancer
share several hallmarks, being interconnected in both time and mechanisms.2

The association of cancer and age can be explained by: (1) older individuals are
more prone to the multistep and progressive carcinogenesis process, since this process
usually requires several years for the neoplastic transformation of normal tissues by a
process of natural selection; (2) accumulation of age-related alterations that lead to a
favorable environment for tumor initiation and progression, such as increased senes-
cence; and (3) the cancer-prone phenotype of older humans, namely the increasing of
mutational rates, epigenetic alterations, telomere dysfunction, and stromal milieu
alterations.16 Cellular senescence connected directly or indirectly to a wide range of
aging pathologies, including cancer,17 is a state of irreversible growth arrest discovered
by Leonard Hayflick when observed that human diploid fibroblasts cells in culture
achieve a finite number of cell divisions. The progressive accumulation of senescent
cells with age could be a hypothesis that explains the increase of cancer incidence with
aging.14 There are several kinds of this senescence, namely replicative senescence,
oncogene-induced senescence, and therapy-induced senescence.18 The senescent cells
stay viable but did not respond to growth and death stimuli, being molecular features
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of these cells, the upregulation of cell cycle inhibitors like p21 and/or p16, the positive
staining of β-galactosidase, the formation of senescence-associated heterochromatin
foci, and the induction of senescence-associated DNA damage.19�21 Cellular events
like telomere shortening,22 oncogene activation,23 and/or chemo/radiotherapy24 can
induce cell senescence probably through the activation of p53 or pRb.18 Furthermore,
senescence can also be induced by extracellular or intracellular stresses even in cancer
cells that harbor mutant p53 and/or pRb, highlighting the involvement of other
mechanisms independent of p53 and pRb.25 Some triggers like cytokines, ROS,
DNA damage, and nucleotide depletion could induce senescence.26 Considering its
antiproliferative effects, the senescence phenomenon seems to have antitumor func-
tions that are explored in cancer therapy.27 However, it can also promote cancer
development through cellular microenvironment changes by a senescence-associated
secretory phenotype that seems to facilitate invasion, metastasis, and resistance to thera-
pies.18 It is important to stress that senescence is often induced by tumor therapies to
block apoptosis-resistant cancer cells, but at the same time could induce senescence in
other cells and promote cancer recurrence.14

21.4 Oxidative stress and carcinogenesis in aging

The study of free radical mechanisms offered a basis for the free radical theory of aging
that hypothesizes that functional losses associated with aging are due to the accumula-
tion of oxidative damage to macromolecules (lipids, DNA, and proteins) induced by
ROS.28,29 Free radicals are usually produced as a result of external factors, such as pol-
lutants, radiation, and cigarette smoke, or internal factors, like products of cellular
mechanisms.30,31 However, to maintain cellular equilibrium, cells scavenge ROS
through a complex antioxidant defense system that eliminates ROS and controls their
production through changes in metabolic and signaling pathways.31,32 Since humans
are exposed to ROS right from birth, if the antioxidant defenses do not eliminate
ROS, they increase the susceptibility to age-related pathologies, including cancer.33,34

During carcinogenesis and aging, the redox imbalance occurs mainly through mito-
chondrial dysfunction and elevated NADPH oxidase activity, a family of enzymes that
specifically generates ROS.30,35 In fact, over time the cumulative macromolecular
damage can contribute to many physiologic mechanisms of aging and cancer.29 For
example, the oxidative DNA damage occurring in genomic and mitochondrial DNA
leads to a transcriptional arrest, induction/replication errors, genomic instability, activa-
tion of growth factor-mediated signaling, modified metabolism, a compromised
immune system, and an altering microbiome.28,33,36 These mechanisms are all associ-
ated with aging and/or tumorigenesis.28 During aging, ROS mediates several signaling
pathways, such as NRF2, AMPK, NF-κB, and cellular mechanisms as uncoupling
proteins, proteostasis, and mitochondrial dysfunction.29 In fact, abnormalities in these
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signaling pathways and mechanisms are commonly detected in elderly people and can-
cer patients.29,37 When NRF2 decreases, cells are more sensitive to oxidative stress,
endoplasmic reticulum stress, and protein aggregation, promoting the aging pheno-
type34. This transcription factor plays a crucial role in maintaining proper mitochon-
drial function and protecting cells by directly neutralizing ROS, preventing oxidative
damage, and increasing metabolism of pro-tumorigenic xenobiotics.34,37 As a conse-
quence of mitochondrial metabolism, ROS are formed in the mitochondria respiratory
chain, coupled to ATP production through oxidative phosphorylation, especially
under pathological conditions.37 With aging, inevitably mitochondrial dysfunction
and/or a decrease in antioxidant defenses occur, which lead to the increase of oxida-
tive stress/damage in elderly people and contribute to the risk of cancer develop-
ment.36,38 On the other hand, cancer cells have higher basal levels of ROS39 that
increase proliferation and survival, modify the metabolism, allow cell adaptation to
nutritional and hypoxic stresses, and prevent cell death through the regulation of sev-
eral transcription factors and signaling pathways, including MAPK, PI3K/AKT/
mTOR, NF-kB, STAT3, HIF-1α, and ferroptosis.29,33 The damaging and cell signal-
ing roles of ROS contribute to aging features and are strongly connected to carcino-
genesis, metastasis, and to bystander effects in the tumor microenvironment.29 In this
sense, a common oxidative stress component is observed in the mechanisms involved
in aging and cancer, but if ROS is a cause or a consequence of aging and cancer
remains unclear.

21.5 The hallmarks of aging and neoplasia

Aging is associated with several events at cellular and molecular levels that influence
carcinogenesis and cancer development and progression. These include altered intra-
cellular signaling pathways, telomere/telomerase deregulation, genomic instability, epi-
genetic changes, mitochondrial dysfunction/redox alterations, changes in proteostasis,
deregulation of metabolism, immune dysfunction, and cellular senescence (Fig. 21.1).

21.5.1 Cell signaling
Aging and cancer are highly affected by different cellular processes that are orches-
trated by a complex network of signaling pathways. Pathways involved in growth pro-
motion, cell-extracellular matrix interactions, and stress responses are among the most
important for both conditions, aging and cancer.40 One of the signaling pathways that
plays a crucial role in both aging and cancer is the insulin/IGF-1 signaling pathway,
one of the most conserved aging-controlling pathways in evolution. Genetic abnor-
malities in this signaling have been linked to increased longevity and to the beneficial
effects of caloric restriction. On the other hand, this pathway inhibits apoptosis and
promotes cell proliferation and division, leading to the extended life span of
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Figure 21.1 Cellular and molecular interplay between aging and cancer. Aging is associated with
cellular and molecular events that influence carcinogenesis. Epigenetic alterations are common to both
aging and cancer. However, global hypomethylation is frequently observed in aging, whereas hyper-
methylation of tumor suppressor genes associated with oncogenes’ hypomethylation is a characteristic of
cancer. Cell signaling and nutrient-sensing pathways are differently dysregulated in aging and cancer.
Nonetheless, inhibition of insulin and mTOR signaling increases life span and provides a new antineoplas-
tic approach. Energy supplies are predominantly obtained through glycolysis and glutaminolysis in cancer
cells. Aging cells present a reduced oxidative phosphorylation activity. Persistent viral infection is associ-
ated with "immunosenescence" in the aging process and is responsible for establishing several virus-
associated tumors. The proteostasis network plays opposite roles, showing decreased activity in aging
while in cancer an upregulation is frequent. Aging cells are commonly characterized by a process called
“inflammaging” that contributes significantly to the pathogenesis of age-related diseases like cancer.
Tumor cells also have the ability to evade immune surveillance. In cancer, stem cells are highly capable
of self-renewal and provide a potential niche for tumorigenesis. Further, while in aging, the main driver
of malignancy is the drop in stem cells numbers and, above all, in function. Accumulation of genomic
errors contributes to both aging and cancer, but they oppositely respond to genomic instability.
Shortened telomeres are a consequence of aging that, combined with telomerase activation, contributes
to tumor development. AKT, protein kinase B; AMPK, AMP-activated protein kinase; CMA, chaperone-
mediated autophagy; EBV, Epstein�Barr virus; HBV, hepatitis B virus; HCV, hepatitis C virus; HIF, hypoxia-
inducible factor; HIV, human immunodeficiency virus; HPV, human papillomavirus; HTLV-1, human T-cell
leukemia virus type 1; IGF, insulin-like growth factor; KSHV, Kaposi sarcoma-associated herpesvirus;
mTOR, mammalian target of rapamycin; NF-κB, nuclear factor-κB; PI3K, phosphoinositide 3-kinase;
ROS, reactive oxygen species; UPS, ubiquitin-proteasome system.  (green arrows): aging-associated
alterations;  (orange arrows): cancer-associated alterations.



genetically altered cells favoring carcinogenesis.2 Similarly, the mammalian target of
rapamycin (mTOR), an evolutionarily conserved nutrient-sensing protein kinase,
member of the PI3K/AKT/mTOR pathway, and a target of IGF-1, is also related to
both aging and cancer. This kinase is part of two protein complexes termed mTOR
complex 1 (mTORC1) and 2 (mTORC2), which have a fundamental role in coordi-
nating anabolic and catabolic processes. mTORC1 is highly regulated and responds to
different stimuli from growth factors, nutrients, energy, and oxygen status controlling
several cellular processes necessary for cell growth and proliferation.

mTOR activity is a major driver of aging through the deregulation of mechano-
sensing and altered intracellular communication. Its genetic deregulation or inhibition
has been found to extend life span in different organisms from yeast to humans.41

Hyperactivation of mTOR signaling is also a common event in neoplasia, primarily
related to alterations in its upstream regulators, including PI3K-AKT and RAS-driven
MAPK pathways, which are highly contributed to aging and cancer.41 Other signaling
pathways, such as AMP-activated protein kinase (AMPK), a sensor of energy defi-
ciency, and hypoxia-inducible factor (HIF), a responder to low oxygen levels, also
have fundamental roles in longevity and cancer.42 The major regulators are several
transcription factors, for example, FOXO, NF-kB, NRF2, P53 and HIF, and protein
kinases, like the above mentioned mTOR and AMPK, which are able to extend life
span and also favor tumor cell survival according to specific contexts.42 More recently,
the Hippo pathway, a conserved signal transduction pathway essential for develop-
ment, cell proliferation, cell shape, and growth, was associated with aging due to its
link with the anti-aging pathways, AMPK, and Silent information regulator 1 (sir-
tuin1), autophagy, and redox status.43 The role of Hippo in cancer has been known
for almost a decade; once it controls cellular functions essential to drive tumorigenesis,
it induces hyperproliferation, cellular invasion, and metastasis. The abnormalities
observed in this pathway are primarily due to molecular events rather than somatic
mutations, which are rare in its components.44

Understanding the signaling mechanisms involved in both aging and cancer and
their interconnections might provide new strategies that enhance not only life span
but also prevent cancer.

21.5.2 Telomeres and telomerase
Telomeres are evolutionary conserved DNA�protein structures related to cellular
aging and cancer processes since they preserve genomic integrity in normal cells, and
their shortening during successive cell divisions leads to chromosomal instability and
the loss of viability.45 Telomeres are nucleoprotein structures located at both ends of a
chromosome and composed of a non-coding, repetitive DNA sequence in association
with proteins that form the shelterin complex.46 They play a primary role not only in
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the protection of chromosomal ends, avoiding unwanted recombination and degrada-
tion, but also in the prevention of coding DNA loss during DNA replication.46 Due
to telomere shortening, somatic cells can experience only a limited number of divi-
sions before undergoing senescence or apoptosis.15 Therefore, telomere shortening
limits the life span of cells and protects against tumor development.47 Telomere func-
tion is hampered in both aging and cancer. Short telomere length has been related to
age-related diseases like poor immune function48, diabetes49, cardiovascular disease50,
osteoarthritis51, atrial fibrillation52, and Alzheimer’s disease.53 In several tumors, telo-
meres are maintained by telomerase, a reverse transcriptase enzyme essential to recon-
stitute telomere function, restore proliferative capacity, and ultimately to cancer cells’
survival.54 Most human tumor samples (85%�90%) show telomerase activity, being
that telomerase expression is absent in the majority of the normal adjacent tissues.55

Besides telomere length maintenance, telomerase has also been related to the onco-
genic process since it seems to be involved in gene expression regulation, cell prolifer-
ation, apoptosis, WNT/β-catenin, and NF-kB signaling, MYC-driven oncogenesis,
DNA damage response, cell adhesion and migration, and epithelial-mesenchymal tran-
sition.56�59 Thus, telomerase appears to be able to regulate different hallmarks of can-
cer directly.60 In the last years, several pathways and genes that regulate telomere
length have been identified,54 and the inhibition of telomerase being a promising tar-
get for cancer therapy.61 Additionally, about 10%�15% of human cancers lack
detectable telomerase activity, the telomere length and integrity is maintained through
a mechanism called the alternative telomere lengthening (ALT), a homologous recom-
bination (HR)-based process, that includes copying of telomeric DNA templates.62

Both telomere maintenance mechanisms, telomerase activity and the ALT mechanism,
play a role in tumorigenesis by providing unlimited proliferative capacity to cancer
cells.60,62 However, the association of ALT with the promotion of carcinogenesis and
with the patient’s outcomes still needs to be fully elucidated. Understanding the role
of telomeres and telomerase has improved, guiding the development of novel diagnos-
tic tools and the design of therapeutic strategies.54 Nevertheless, nowadays, opposed to
telomerase, no ALT targeting therapies have been developed, due to the scarcely avail-
able information of specific molecular players involved in the ALT maintenance of
telomere length and integrity.62 More research is warranted to decipher the genetic
and epigenetic mechanisms behind telomere length regulation in aging and cancer.

21.5.3 Genomic instability
Mutations are a crucial piece in the evolution process. However, most mutations occur
randomly and are deleterious, having expected adverse effects in cellular phenotypes
by changing both protein-coding sequences and gene regulatory profiles.63,64 Since
DNA is chemically unstable under physiological conditions and multiple endogenous
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and exogenous molecules can chemically modify the DNA, the maintenance of geno-
mic stability is a continuous process.65,66 The genomic integrity is constantly threat-
ened by these stressors, and it has been estimated that 104 to 105 genomic alterations
occur per cell per day in our genome.67,68 Fortunately, cells have over 150 proteins
directly responsible for safeguarding genome integrity and repairing virtually all DNA
alterations.66,68 These proteins compose several DNA repair pathways that cope with
DNA lesions and are collectively recognized as DNA damage repair (DDR).66 DNA
damage activates DDR that facilitates repair and induces cell cycle arrest until the
repair is complete. If DNA damage is extensive or not reparable, DDR effectors trig-
ger cell apoptosis or cell senescence.68 However, genome instability is the natural ten-
dency of genomes and is known to arise from several pathways, including telomere
damage, epigenetic alterations, centrosome amplification, aneuploidy, DNA damage,
and unrepair or misrepair DNA.64,69 The fact that DNA damage increases with age is
well known and one possible explanation is that, with age, DNA repair capacity
declines, leading to the accumulation of unresolved or misrepaired DNA damage.65,67

The accumulation of genomic errors over time contributes to both aging and can-
cer, and the cell fate is, at least in part, determined by the type of DNA damage they
accumulate.70,71 The accumulation of deleterious mutations may lead to senescence,
apoptosis, depletion of stem cells, or neoplastic transformation.2 Bulky DNA lesions
can block transcription and replication, inducing cell cycle arrest and consequently cell
senescence or apoptosis. These mechanisms prevent carcinogenesis but ultimately con-
tribute to aging. On the other hand, unrepaired and misrepaired damage will persist as
nucleotide substitutions, contributing to the accumulation of permanent mutations
and chromosomal abnormalities that increase cancer risk.70 Although cancer and aging
may seem like opposite processes, they are in a way rivaling processes sharing common
origins, such as time-dependent accumulation of DNA damage and genomic instabil-
ity.2,64 Cancer results from beneficial mutations confer advantageous features to tumor
cells allowing for their establishment. If the surveillance systems that normally monitor
genomic integrity and force genetically-damaged cells into either senescence or apo-
ptosis are compromised, these initiated cancer cells will progress and metastasize.2,72

Genomic instability plays a causal role in aging by triggering senescence and apoptosis
when homeostasis cannot be maintained.68,71 In this sense, aging can act as an antitu-
moral mechanism. Therefore, aging and cancer are opposite responses to the same
molecular features.71 However, the accumulation of DNA damage during aging con-
tributes to carcinogenesis by increasing the probability of oncogenic mutations occur-
ring.73 Another evidence of the link between genomic instability, cancer, and aging,
comes from premature aging diseases and genome instability disorders. Progeroid syn-
dromes (as Werner and Bloom and Xeroderma Pigmentosum) have defects in DDR
genes (namely in RecQ helicases and in nucleotide excision repair system, respec-
tively) and display hypersensitivity to genotoxins, while genome instability disorders
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show accelerated aging of multiple organs and may have higher cancer predisposi-
tion.2,37,68 Additionally, some cancer survivors age more rapidly. Further, several
cancer treatments exert their cytotoxic effects through the induction of DNA
damage, and patients treated with these genotoxic agents also age faster.68 In this sense,
aging and cancer are opposite responses to genomic instability.71 In fact, while cancer
cells often benefit from mutations, other cells decline and age.

21.5.4 Epigenetic aging and neoplasia
During cell aging, the DNA methylation and histone landscapes change. These epige-
netic alterations (regulatory mechanisms that change gene expression without altering
the DNA sequence74) gradually perturb the epigenetic state of cells, increasing cellular
entropy, which in turn impairs cell homeostasis. Because several changes observed in
aging cells, such as demethylation of retrotransposons and repetitive sequences, are also
observed in cancer, the link between epigenetic aging and neoplasia is not surprising.
Also, the fact that cancer incidence is directly related to advanced chronological age,
and that genome-wide epigenetic changes occur early in tumorigenesis and accumu-
late throughout its progression, magnifies this assumption.75

The DNA methylation age-related changes result from the effects caused by a
number of extrinsic factors (e.g., microbiome, lifestyle, and environmental factors) or
through the epigenetic drift associated with the accumulation of errors in maintaining
DNA methylation patterns from parental strands onto newly synthesized ones during
replication as well as from the defective DNA damage repair system.76 Likewise, a loss
of histone biosynthesis increasing global transcription levels is observed in aged cells.75

These changes lead to a selective loss and reorganization of heterochromatin and an
upregulation of transcripts from repeat elements, in particular retrotransposable ele-
ments associated with the formation of DNA double-strand breaks.77 Also, age-
associated hypermethylation occurs at cytosine-phosphate-guanine (CpG) islands of
Polycomb target genes and promoters of tumor suppressor genes.77 The sum of these
events induces the accumulation of aberrant epigenetic changes in normal cells that
can, by chance, modify the gene expression of cancer driver genes, in parallel with
random mutations, supporting cancer initiation and progression.

Interestingly, a number of studies have shown that genome-wide methylation data
can estimate the individual’s biological age more accurately than the conventional
chronological age, giving rise to the concept of “epigenetic clocks,”78�81 which may
also be applied to track cancer risk. Indeed, the epiToc (Epigenetic timer of cancer)
clock focused on a set of CpGs located in Polycomb group target genes’ promoters,
showed an increase of the DNA methylation levels of fetal tissues with the advance of
their chronological age being accelerated in cancer, including in pre-malignant
lesions.82 Complementing the concept of “epigenetic clocks,” the study of epigenetic
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drift can track the biological tissue aging, potentially predicting the number of overall
cell divisions or turnover rate in a tissue, and tracing the age of tissue abnormalities.76

As an example, a study of the epigenetic drift in colorectal tissues showed that the
age-related drift is a genome-wide phenomenon, progressing 3�4 times faster in neo-
plasia (consistent with the increased cell proliferation).83 Evidence of this study suggests
that cancer precursors may sojourn for decades before turning into cancer,83 indicating
that the study of epigenetic drift in different cancer types might help to adjust the
optimal age for cancer prevention.

Understanding the processes behind the differential epigenetic aging processes
between individuals and associated molecular alterations holds the key to improve the
understanding of age-related risk for cancer. Likewise, considering that likely only a
small portion of the epigenetic drift genes are of functional significance, uncovering
the key age-related epigenetic changes that may cause cancer initiation and progression
is of utmost importance.

21.5.5 Proteostasis
The maintenance of the proteome is an essential process to ensure cell homeostasis
and survival, and it is called proteostasis.84 In an integrative way, the proteostasis net-
work includes the proteotoxic stress-related cellular response, as chaperones and
unfolded protein response (UPR), proteolytic systems as the ubiquitin-proteasome sys-
tem (UPS), autophagy-lysosome (ALP) pathways,84 and the transcription factors, P53,
HSF1, FoxO, NRF2, as sensors.

Molecular chaperones, also known as heat shock proteins (HSP), protect cells from
proteotoxicity and protein aggregation. In response to stress, the heat shock transcription
factor 1 (HSF1) regulates the expression levels of HSPs to restore protein homeostasis85.
However, during aging, the expression of HSF1 and multiple chaperones is declined,
compromising protein quality control.86 The accumulation of damaged proteins and pro-
tein aggregates made the cellular environment prone to age-related diseases, such as can-
cer.85 During the tumorigenic process, the chaperones network is remodeled, giving an
advantage to malignant cells. Neoplasia is associated with a chronic, stressful environment
that leads to constitutive activation of HSF1 and upregulation of HSPs, which is associated
with poor prognosis. One example is HSP90, overexpressed in cancer, which contributes
to tumorigenesis by stabilizing aberrant proteins as BCR-ABL1 and mutated P53 and in
the assembly of active telomerase, essential to senescence escape.86,87

The UPR system is activated in response to unfolded or misfolded protein in the endo-
plasmic reticulum (ER) lumen, promoting proteostasis. UPR acts by reducing de novo
protein synthesis or activating chaperones for correct folding, but apoptosis is induced
when the repair is impossible. While in aging, the UPR system is declined due to failure of
chaperones and UPR components,88 in cancer, this system is exacerbated to overcome
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excessive protein synthesis necessary for malignant transformation. Transient UPR activa-
tion at early stages of carcinogenesis often hinders tumor progression but chronic activation
observed in later stages confers resistance to ER-stress induced apoptosis.89

UPS is the major proteolytic system that controls protein degradation and regulates
the stress response. This system is constituted by E1, E2, and E3 enzymes that modify
protein substrates using ubiquitin and proteasome responsible for proteolysis. This last
component is a multi-catalytic and multimeric protease formed by a catalytic core
(20S) and a regulatory unit (19S).90 UPS deficiency is at the same time, the cause and
a consequence of aging.91 This dysfunction can be due to lower expression or altera-
tions in subunits, disassembly, or inactivation by protein aggregates of proteasomes.91

With an increased need for protein degradation and maintenance of cell metabolism,
in cancer, UPS’s expression and activity increase. Mutations and overexpression of
ubiquitin-enzymes or proteasome subunits are described in neoplasia and associated
with poor prognosis.90 Another degradation system in the cell is ALP, responsible for
removing misfolded proteins and damaged organelles through lysosomes.92 ALP
includes three mechanisms: chaperone-mediated autophagy (CMA), microautophagy,
and macroautophagy (MA). In the aging process, LAMP2A expression (essential in
CMA) is decreased and lysosome activity is impaired. Additionally, problems in autop-
hagosome fusion, a critical step in MA, and mTORC1 enhanced activity have been
described as associated with aging.92 In cancer, ALP may have a dual role, promoting
or suppressing carcinogenesis, depending in part on the cancer phase evolution. Once
the disease is installed, ALP is activated to increase the recycling of nutrients and sus-
tain tumor viability.93

21.5.6 Metabolism deregulation
All biological functions of living organisms require energy consumption. Considering
the regulation of longevity and neoplasia, and despite aging and cancer being charac-
terized by different hallmarks,72,84,94 the biological processes enrolled in aging and
cancer are connected and can be related to metabolism alterations.3 Although the two
conditions share the same metabolism alterations, the metabolic rate does not always
decline with age, and there are existing controversies about it.95

The relationship between metabolism and cancer was first described by Otto
Warburg in the 1950s.96 However, this theory attracted little attention in relation to the
oncogenic theory that emerged in the meantime and gained ground. Only in the last
decade, the Warburg’s metabolic shift gained a new impetus.97 According to this theory,
cancer cells show an adaptive metabolic shift to maintain high proliferation and growth
rates. In this context, cancer cells use two main metabolic pathways to obtain energy,
glycolysis, even in aerobiosis, and the catabolism of glutamine. One explanation for the
vital role of glutaminolysis in cancer, is to provide important fuel for the TCA cycle
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when the supply of glucose to tumor cells becomes scarce.98 Furthermore, nicotinamide
adenine dinucleotide (NAD1 ) has emerged as an important aging metabolite that may
be a common link between age-related genome instability, metabolic decline, and asso-
ciated comorbidities such as neurodegeneration and cancer.99 However, not all cancer
cells types are dependent on the Warburg effect.

In the cell, mitochondria regulate different metabolic and signaling pathways.
During aging, it has been considered that a mitochondrial function decline occurs
including morphological alterations. The molecular mechanisms underlying this physi-
ological decline are not well understood. The mitochondrial free radical theory of
aging is one of the most studied theories related to aging metabolism, advocating that
ROS, products of aerobic metabolism, are considered toxic due to their high chemical
reactivity, inducing oxidative damage to different cellular macromolecules.100

According to Hanahan and Weinberg, ROS production and the tumor-promoting
inflammation hallmarks have an essential role in cancer, considering that ROS is actively
mutagenic, it can accelerate the genetic evolution towards a state of malignancy.72 Not
only that, but cancer cells can be affected by direct signals from mitochondria through
ROS or other intermediates that can affect cellular physiology via genetic and epigenetic
mechanisms and consequently contribute to the carcinogenesis process. Considering
aging as a chronic process, the alteration of cell energy supply from the TCA cycle to
glycolysis is a time-dependent process that occurs with aging and, at the same time, is a
hallmark of cancer. Gradually, the cell tries to compensate through substrate-level phos-
phorylation considering that over, time there are damages accumulated. These damages
are translated as mtDNA mutations that affect ATP production and alter the way
through which cells obtain energy, according to the Warburg effect.96,97 When cells
undergo the Warburg effect transition, they predominantly will obtain energy from gly-
colysis and glutaminolysis, increasing the production of different substrates such as lac-
tate, succinate, alanine, and aspartate. These substrates can regulate gene expression
through epigenetic alterations contributing to cancer development.96,97

21.5.7 Immune system dysfunction
The function of the adaptive immune system is to protect the host from pathogens by
generating a broad repertoire of pathogen-specific lymphocytes that clonally expand
after specific recognition and activation. After this clonal expansion, most effector cells
generated are eliminated. However, a small percentage of activated cells develop into
long-lived memory cells that efficiently eliminate the same pathogen after future
encounters. Lymphocyte populations are preserved by complex regulatory processes
necessary not only to maintain the repertoire of newly generated naïve lymphocytes
to respond to new antigens but also to proliferate, differentiate into different functional
lineages, and sustain immune memory.
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Self-renewal of naive and memory lymphocytes is essential to maintain an adequate
balance of immune cell numbers and to keep their capacity to develop an efficient
immune response against pathogens throughout life (for review see Zhang et al.,
2021101). Endogenous age-associated disturbances and repeated exogenous infections
substantially affect this highly regulated process resulting in changes of the components
of the immune system in older individuals.

Immunosenescence refers to the altered immune response associated with aging, and it
affects immune cells involved both in innate and adaptive immunity. It results in a
decreased response to new viruses and vaccine effectiveness observed in older individuals.
The clinical consequences of immunosenescence in the aging population include higher
morbidity and mortality due to infections, in particular influenza and pneumococcal dis-
ease. The recent evidence from the COVID-19 pandemic by SARS-CoV-2 infection has
clearly shown the high case fatality rate after the age of 50 years that further increased in
elderly compared to middle-age adults.102 Responses to vaccines, such as the flu vaccina-
tion, are also reduced with age, although vaccination against SARS-CoV-2 confers ade-
quate protection rates.103 The major alteration observed in immunosenescence is the
decreased percentage of naive T (Tn) cells. It is clearly established that the percentage and
absolute numbers of CD41 and CD81 Tn cells, defined by the combined expression of
several markers including CD45RA, CCR7, CD28, and CD27, decreases markedly with
age. Naive T cells are generated in the thymus, but thymus involution, which initiates by
the time of puberty, results in a reduction in the output of new Tn cells. The number of
naive T cells is maintained for decades, likely by the process of cytokine-induced homeo-
static proliferation. T-cell decline is particularly relevant in naive CD81 T cells rather than
in naive CD41 cells, representing one of the hallmarks of T-cell aging.104 Associated with
the decreased number of naive T cells, a limited shrinkage of the T-cell repertoire is found
although, at least in healthy older individuals, the diversity of T-cell receptors is enough to
respond to the universe of foreign peptides. The decreased proportion of naive T cells
with aging is associated with increased percentages of effector-memory T cells. In addition
to aging, infection by latent viruses such as cytomegalovirus (CMV), significantly affects
the distribution of T-cell subsets, promoting the expansion of effector-memory T cells.105

21.5.8 Persistent viral infection
In addition to alterations in the naive T-cell compartment, age-associated alterations in the
immune memory have also been extensively demonstrated.104,106 After antigen stimulation
in secondary lymphoid organs, naive T cells differentiate to effector-memory T cells, charac-
terized by the lack of expression of CCR7. These effector-memory T cells are heteroge-
neous, and the differential expression of CD45RA, CD28, or CD27 defines several effector-
memory T-cell subsets. In particular, CD45RA expression on CCR7null T cells defines a
specific subset of effector cells termed TemRA cells.
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Examples of the clinical consequences of a decline in the functional capacity of
memory T cells are shingles, a reactivation of varicella zoster virus that is strongly associ-
ated with aging or the increased incidence of pneumococcus or respiratory syncytial
virus infections that are common childhood infections. On the other hand, other viruses
such as latent EBV and CMV induce expansion of memory T lymphocytes that are
likely protective of symptomatic infections.107 These virus-specific expansions of CMV
and EBV-specific memory T cells also represent a hallmark of immunosenescence.

It has been challenging to separate the differential effects of CMV infection and
aging on T-cell subsets because CMV seropositivity increases with age in all human
populations studied, independently of other health, ethnic or socioeconomic consid-
erations.108 Recent advances support this, whereas the effect of aging on the decrease
of naive T cells is independent of CMV serostatus, it has been shown that accumula-
tion of effector-memory T cells is associated with CMV seropositivity but it is not
age-dependent. Reports from several research groups support that increased percen-
tages of effector-memory and TemRA CD81 and CD4 T cells found in older donors
are mainly observed in CMV seropositive individuals but not in CMV seronegative
donors. CD81 TemRA cells exhibit several signs of senescence such as telomere short-
ening, low proliferation capacity, high resistance to apoptosis, or high levels of cyto-
kine production and cytotoxicity. Thus, it has been hypothesized that the
accumulation of CD81 TemRA cells in older individuals may be detrimental, contrib-
uting to the increased morbidity and mortality of inflammatory diseases in the
elderly.109 To analyze the differential effects of age and CMV seropositivity on
immune cell phenotype and function, it is required to better understand the process of
immunosenescence and design novel interventions to reduce the morbidity and mor-
tality of infectious diseases in older populations.

21.5.9 Stem cells
Among the heterogeneous cell populations that compose tumors, cancer stem cells
(CSC) are capable of self-renewal and multi-lineage differentiation.110 Stemness under-
lies drug-and radiation resistance, invasion, and metastasization; the latter being sup-
ported by the plasticity of transition between epithelial and mesenchymal states.111,112

CSCs are identified through the formation of spherical colonies in vitro, the ability to
expel DNA dyes (side-population), the formation of tumor xenografts, and through spe-
cific surface markers.113 The transformation of tissue stem cells and the dedifferentiation
of tissue cells are hypotheses for the origin of CSC.112 In fact, key stemness factors as
OCT3/4, SOX2, KLF4, and NANOG are active in certain tumors.112

While aging is the main driver of malignancy, stem cell number and function drops
with age.112 However, the number of cancer stem-like cells increased with aging in
rat colonic crypts and in the macroscopically normal mucosa of patients with
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adenomatous polyps.114 Corroborating evidence that aging predisposes the colonic
mucosa to processes of carcinogenesis was pointed out by Nautiyal et al.115 The linear
increase in adenomatous polyps and CSC in macroscopically normal mucosa with
advancing age was supported by the higher expression of several CSC markers, such as
CD44, CD166, and ESA, activation of EGFR, and its downstream signaling
events.115,116 SIRT1, one of the most conserved longevity genes, increases the number
of ALDH11 CSC, elicits partial MET, and promotes lung metastasis by upregulating
KLF4 in human and mouse breast cancer cells, pointing to this gene as central in the
regulation of age-related CSC.112 Further evidence of the links between aging and
cancer is telomere shortening and increased chromosome instability, which is frequent
in precancerous lesions and creates a permissive microenvironment for the emergence
of CSC.117,118 In fact, certain epithelial cells become privileged in senescent microen-
vironments, which are more likely to occur with aging, forming tumors, and engaging
in stemness.117 Menendez et al. designated this status at the intersection of aging and
cancer, where depletion of adult stem cell function and reduced health meets the
acquisition of tumor-initiating and metastatic abilities in CSCs as metabostemness.119

With age, all cells accumulate genetic and epigenetic alterations, which affect the
cellular, molecular and physiological functionality of tissues. These effects may lead to
a higher risk of tumorigenesis when concomitant with deregulated cell signaling and
changes in the microenvironment.120

At this time, further research is needed to enlighten age-associated alterations
involved in CSC generation and performance. Advances in this area will certainly
point to developments in cancer diagnosis and treatment.

21.6 Neoplasias and aging

21.6.1 Aging-related neoplasias
Aging is a fundamental risk factor for cancer development since the majority of cancers
are diagnosed after 65 years.3 In fact, the incidence of common malignancies, includ-
ing breast, lung, prostate, colorectal, gastric, thyroid, pancreatic, and ovarian carcino-
mas, as well as some types of leukemia, increased exponentially with age.4

As a person grows older, the accumulated risk for specific cancers is combined with
the tendency for progressive organ loss of function, declined tissue renewal capacity,
and reduced immune function. Simultaneously, mutations accumulate in tissues
throughout life, and cellular repair mechanisms become less effective.10,121

Estimates of the worldwide cancer incidence are available online in the
GLOBOCAN 2020 database, compiled and disseminated by the International Agency
for Research on Cancer. For both sexes combined incidence, the most commonly
diagnosed cancer types are breast cancer (11.7% of the total cases), followed by lung
cancer (11.4%), colorectal cancer (10.0%), and prostate cancer (7.3%)122 (Fig. 21.2).
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A careful analysis of the GLOBOCAN 2020 estimates for two age groups,122

“2 65Y” (less than 64 years) and “1 65Y” (more than 65 years), makes it clear that
there are a group of cancer types whose incidence is most affected by age, namely
lung, prostate and colorectal. Comparing the worldwide estimated number of new
cases in 2020, for both sexes, between 265Y and 165Y groups, there is an increase
of lung (from 9% in 265Y group to 13.8% in 165Y), prostate (from ,4.8% to
10.0%) and colorectal (from 8.3% to 11.6%) cancers. The same comparative analysis,
but now just considering males, reveals the same profile with an increase of the inci-
dence of lung (from 12.7% to 15.4%), prostate (from 9.4% to 17.6%), and colorectal
(from 10.1% to 10.9%) cancers. The same increasing tendency of the number of new
cases, when compared 265Y and 165Y groups, is observed for females in lung (from
5.6% to 11.5%) and colorectal (from 6.7% to 12.5%) cancers.

Lung cancer is clearly an aging-related disease with less than 2% of all lung cancer
cases occurring in young patients (under 45 years).123 In parallel, elderly report high
rates of respiratory symptoms, which are frequently associated with chronic obstructive
pulmonary disease, idiopathic pulmonary fibrosis, and lung cancer. Although DNA
damages due to smoking are the leading cause of malignant transformation of lung
cells, natural biological processes also contribute and are positively associated with age.
Recent results from the genome-wide association studies showed that there are risk
genes that overlap between the aging lung diseases referred to previously, which
include FAM13A, DSP, and TERT.124 Another link of lung cancer with aging is the
altered miRNA expression and biogenesis. Many age-related processes are described as
playing an important role in miRNAs regulation in lung cancer. These processes
include epigenetic modifications through prolonged exposure to environmental toxi-
cants, the aberrant activity of transcription factors triggered by other aging-related

Figure 21.2 Age-related neoplasia’s incidence. Estimation of the worldwide cancer incidence for
both sexes in the different age segment, according GLOBOCAN 2020 database.122
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pathologies, as inflammation, and genetic alterations due to age-related mutations or
deletions. miRNA changes can then influence lung cancer initiation, progression, and
resistance to treatment, which in contrast also emphasizes their potential as biomarkers
and therapeutic tools.123

The environmental and endogenous stress to which the prostate is exposed to
explains the increased incidence of prostate cancer with age. There are several epige-
netic molecular mechanisms, such as DNA methylation, genomic printing, and histone
modifications, which are known to undergo changes with aging and which justify the
increased susceptibility of the prostate to cancer development.125 Another existing link
between aging and prostate cancer is oxidative stress. Directly or indirectly, aging
increases intracellular oxidative stress through the decrease of vitamin D, decrease of
the efficiency of the p53 stress response, mainly due to its absence or mutation in the
majority of prostate cancers, decrease in antioxidant gene expression levels, and by an
increase in ROS levels mediated by androgen levels and upregulation of the androgen
receptor (AR). The resulting oxidative damage can mediate the neoplastic transforma-
tion of prostate cells.126

Colorectal cancer is another age-related disease, with a marked and progressive
incidence increase with aging. Several studies have demonstrated that specific epige-
netic modifications, like miRNA expression and DNA methylation, are common in
the biological aging process and might be associated with the risk of developing colo-
rectal cancer and also with survival from colorectal cancer. Beyond epigenetic varia-
tions, some risk behaviors known to be biological aging accelerators, such as smoking,
unhealthy diet, and physical inactivity, might also modulate the risk of colorectal can-
cer development.127 Moreover, its carcinogenic process is influenced by an interplay
of an aging-related deficient microbiota and the immune system through chronic
inflammation, aberrant changes in the immune response, and DNA damage.128

However, in colorectal cancer, tumor aggressiveness does not correlate with age.
Although the incidence remains higher in older patients, younger patients diagnosed
with colorectal cancer usually have a worse prognosis. This might be due to the lack
of screening and the rising rates of obesity in younger patients.3

In summary, the incidence of cancer in older people may vary according the world
region and sex, lung, prostate, colorectal, liver, and stomach cancers are the five can-
cers that represent over two-thirds of the total burden of cancer among people aged
65 years in all regions.129

21.6.2 Cancer therapeutics and aging
Cancer is a disease of aging, and for most malignancies, the mortality rate is higher in
the older age portion, requiring adjustments to treatment protocols.130 There are
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complexities inherent in cancer treatment among older populations and possible
undertreatment of the elderly can occur. The lack of evidence on the benefits and
risks of treatment among older patients is partly due to their common exclusion from
clinical trials.129

In elderly patients, the primary outcome of treatment may change from the poten-
tial for improved survival to be the most well tolerated, in terms of toxicity. However,
in clinical trials, patients over 65 years are underrepresented, as already mentioned,
comprising the information in terms of risks associated with treatment toxicity. In
elderly patients, it is necessary to take into consideration multiple aspects when a treat-
ment selection is made. The treatment approach should consider the patients’ func-
tional age, which reflects the cumulative effects of the aging process, rather than
chronological age (based on time alone).131 Additionally, the presence of comorbid-
ities, drug interactions, and organ function reserve are some of the characteristics
essential to determine eligibility for a specific cancer treatment approach. One of the
tools available to facilitate treatment selection is the comprehensive geriatric assessment
(CGA) that examines different age-related domains, including comorbidity, function,
physical performance, cognition, nutrition, emotional status, polypharmacy, social sup-
port, and living environment.132 This type of assessment is extremely important to
identify frail patients. With CGA, it is possible to stratify patients into three distinct
groups: fit, vulnerable, and frail patients. For a fit patient, the treatment approach is
similar to younger patients, while the best offer for the frail group is supportive care.
The vulnerable category becomes more challenging to management treatment, neces-
sitating individualized approaches. Since CGA determination could be very time-
consuming and hard to use on a daily basis in the clinical context, many other assess-
ment tools are used for geriatric assessment, as Eastern Cooperative Oncology Group
Performance Status (ECOG-PS) and Vulnerable Elders Survey (VES-13).133

Although advanced age does not represent a prohibitive factor to chemo- and
radiotherapy, the physiological alterations due to aging may affect these approaches’
safety and efficacy. Changes in body composition and reduction in organ function,
like the kidney and liver, potentially alter the pharmacokinetic and pharmacodynamic
properties of drugs.134 One example is the decrease in total body water content with
age and, consequently, an impairment in the distribution of water-soluble drugs
occurs. These characteristics modify the peak drug concentrations and/or prolong
some compounds’ half-life, with possible consequences in therapeutic efficacy and tox-
icity profile. For instance, the vulnerability of normal tissues to chemotherapy effects
increases, particularly in the bone marrow, mucous membranes, nervous system, and
cardiac tissue.135 Based on this, the chemotherapy protocol can be modified by admin-
istering suboptimal doses, omitting drugs, or prescribing monotherapies (more com-
mon in palliative care) (Table 21.1).
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Using diffuse large B-cell lymphoma (DLBCL) as an example, the gold standard
of DLBCL treatment is combination chemotherapy (cyclophosphamide, doxorubi-
cin, vincristine, and prednisone) with the monoclonal antibody anti CD20 rituxi-
mab (R-CHOP). The R-CHOP protocol is used for fit patients, but for unfit
patients a modified version is used, the R-mini-CHOP. With this approach,
respectable response rates were observed and associated with manageable toxic-
ity.137 Even in cancers treated with targeted therapies, dose adjustments may be
needed to avoid toxicity effects. Tyrosine kinase inhibitors are associated with car-
diotoxicity, and this effect is more pronounced in elderly patients due to cardiac
function impairment. Due to a higher incidence of toxic effects of cancer treat-
ment, older patients may not be able to complete the full extension of prescribed
treatment compromising results, particularly relevant in radiotherapy. To overcome
this issue, one of the strategies used in this segment of patients is the hypofractio-
nated treatment schedules. In this approach, the total dose administrated is the
same but condensed in a small number of sessions.140

Especially for older cancer patients, it is crucial to determine if the expected ben-
efits and outcomes of treatment are superior to the associated risks. To improve
treatment selection, there are available tools that can be used to predict cancer treat-
ment toxicity combining clinical and geriatric information, such as the cancer and
aging research group (CARG) and chemotherapy risk assessment scale for high-age

Table 21.1 Examples of treatment modifications to elderly patients.

Neoplasia Treatment protocol Modifications to elderly patients Refs.

CRC FU
OxFU
FLOFOX

Starting doses with 80% of the standard
doses

Discretionary escalation to full dose after
6 weeks

136

DLBCL R-mini-CHOP Rituximab plus dose reduction on
CHOP

For 5 days every 3 weeks

137

NSCLC Doublets
Singlets

Carboplatin combinations for fit patients
Single agents (vinorelbine, gemcitabine

or docetaxel) for unfit patients

138

Prostate
Cancer

Docetaxel
Cabazitaxel

Reduction to two weeks of treatment
Dose reduction to 20 mg/m2

139

CHOP, cyclophosphamide, doxorubicin, vincristine, and prednisone; CRC, colorectal cancer; DLBCL, diffuse large B-
cell lymphomas; FOLFOX, Fluorouracil plus Leucovorin plus Oxaliplatin; FU, fluorouracil; NSCLC, non-small-cell
lung cancer; OxFU, oxaliplatin plus fluorouracil; Ref. reference.
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patients (CRASH) models.141,142 With the ability to predict the risk of grade 3 to 5
treatment toxicities, the CARG model includes geriatric assessment variables, labora-
tory test values, as well as patient, tumor, and treatment characteristics.141 The
CRASH model takes into consideration specific chemotherapy regimen use, blood
pressure, LDH levels, ECOG performance status, nutritional and mental status. This
model can predict the risk of grade 4 hematological or grade 3 to 4 non-
hematological toxicities.142 On the other hand, cancer treatments contribute to
accelerated aging in cancer survivors by provoking aging hallmarks such as stem cell
exhaustion, cellular senescence, telomere attrition, DNA damage, and epigenetic
alterations.143

The knowledge of the underlying mechanism in both cancer and aging could also
lead to the development of new selective and targeted therapeutic strategies in the
elderly. The recent advances in the role of an aged tumor microenvironment in ther-
apy response, namely in chemotherapeutic resistance, will allow a more efficient and
less intensive targeting of the different types of cancer in elderly individuals, improving
the quality of life of cancer survivors.

21.7 Conclusion

The underlying mechanism in both cancer and aging is the result of an accumulation
of cellular damage over time. Cancer and aging may seem like opposite processes, but
these conditions share many common characteristics, as represented in Table 21.2.

Cellular aging results from altered intercellular communication, genomic instability,
stem cell exhaustion, cellular senescence, mitochondrial dysfunction, deregulated
nutrient sensing, loss of proteostasis, epigenetic alterations, and telomere attrition.84

On the other hand, cancer is a complex disease caused by a combination of genome
instability and mutation, enabling replicative immortality, deregulating cellular ener-
getics, tumor-promoting inflammation, evading growth suppressors, activating inva-
sions, and metastasis, avoiding immune system destruction, sustaining proliferative
signaling and resisting cell death.72,94 Despite aging and cancer being characterized by
different hallmarks, they have an undeniable and remarkable interaction.

The expected increase in cancer incidence at older ages will have substantial eco-
nomic and social impacts worldwide, representing a considerable and unique challenge
for health systems in all world regions. The knowledge of the underlying mechanism
in both cancer and aging could contribute to the development of cancer prevention
strategies and new selective and targeted therapeutic approaches in the elderly,
improving clinical care and quality of life during aging.
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Table 21.2 Common and divergent hallmarks in aging and cancer.

Hallmark Aging Cancer

Cellular senescence

Increased Prevalent in pre-malignant tumors but evaded in fully
malignant tumors

Apoptosis evasion

Oxidative stress

Increased
Mitochondrial dysfunction

Increased
Tumor-promoting inflammation

Genomic instability

Increased Increased

Telomere attrition

Shortened telomeres Shortened telomeres but telomerase activation
Limitless replicative potential

Epigenetic alteration

DNA methylation Global hypomethylation Hyper- of tumor suppressors and hypo- of oncogenes
Histone modification Complex Complex
Non-coding DNA miRNA deregulation (e.g., miR17�92

downregulation)
miRNA deregulation (e.g., miR17�92 upregulation)

Proteostasis

Chaperoning Impaired Augmented
Proteasome activity Impaired Augmented
Autophagy-lysosome

activity
Impaired Augmented



Main metabolic pathways to obtain energy

Oxidative phosphorylation Glycolysis and glutaminolysis

Nutrient sensing

Dysregulated nutrient sensing
Inhibition of insulin and mTOR signaling

increase life span

Dysregulated cellular energy
Inhibition of insulin and mTOR signaling is antineoplastic

Immune system dysfunction

“Inflammaging” Avoiding immune destruction

Cell signaling and communication

Altered intercellular communication Tissue invasion and metastasis
Self-sufficiency in growth signals
Insensitivity to antigrowth signals

Stem cells

Exhausted Potential niche for tumorigenesis
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CHAPTER 22

Multidimensional frailty as an
outcome of biological aging:
immunosenescence and inflammaging in
the life course perspective
M. Cristina Polidori1,2, Luigi Ferrucci3 and Claudio Franceschi4
1Ageing Clinical Research, Department II of Internal Medicine and Center for Molecular Medicine Cologne, University
Hospital of Cologne, Cologne, Germany
2Cologne Excellence Cluster on Cellular Stress-Responses in Aging-Associated Diseases (CECAD), University of Cologne,
Cologne, Germany
3National Institute on Aging, Baltimore, MD, United States
4Institute of Information Technologies, Mathematics and Mechanics and Photonics Center, Department of Fundamental and
Applied Research, National Research Lobachevsky State University of Nizhni Novgorod, Nizhny Novgorod, Russia

22.1 Introduction

One of the indirect effects of the ongoing severe acute respiratory syndrome-corona
virus 2 (SARS-CoV-2) pandemic, as a global emergency that has claimed 3.7 million
cases as of June 6th, 2021,1 is that it unmasked vulnerabilities at the micro-, meso-,
and macro-levels. From the patient interaction level, to the healthcare organization
and community level, to the policy level, the current pandemic has dramatically
unveiled that medical systems were not designed to cope with the emergence of a
pandemic and its acute as well as chronic consequences. Due to their unpreparedness,
systems reacted, often too late, with tools borrowed from previous global emergencies,
largely neglecting the substantial change in the protagonist of the 21st century, the
aging of the world’s population. In other words, during COVID-19, the healthcare
systems did not consider the profound epidemiological changes that had occurred,
the new emphasis on multimorbidity the expanding gap between life span and health
span and the multidimensionality of frailty.2

Even more so, the pandemic uncovered the complex nature of the vulnerability of
a person. This spans from the level of biomolecular profiles to that of physical, psycho-
social, and functional aspects and is profoundly influenced by personality, life events,
lifestyle and geographical and cultural identifiers. After groundbreaking descriptions,
paving the way to critical discoveries to maintain and restore robustness,3 frailty is
accepted as the very core of geriatric medicine, going far beyond multimorbidity and
chronological age.4 Frailty is based on and incorporates fundamental aging processes
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essential to its development and reversibility, but, within this complex figure, there is
still a lack of understanding of single processes and age-related changes so that their
modulation can lead to a sustainable, proactive management of functional loss.

Decades of research on aging and age-related diseases have shown the clear benefit
of the comprehensive approach at the person-centered level to improve understanding
and the management of frailty and functional loss.4,5 Among the several age-related
physiological changes described so far, two dynamically interwoven phenomena pro-
foundly impact life trajectories and frailty outcomes: immunosenescence and inflam-
maging. A wealth of recent literature developed by experts has addressed these
conditions in great details; here we shift the spotlight on the evidence that immunose-
nescence and inflammaging play an important role in the pathogenesis of frailty, per-
haps stronger than often believed.

22.2 Relevance of mechanisms of aging for medicine in the 21st century

Life-course evidence indicates that there is a clinical condition of frailty as an outcome
of biological aging. Physiological systems that maintain homeostasis, robustness, and resil-
ience show altered integrated effectiveness over the life course. While these are mutually
regulating, their dysregulation during aging predicts emergence of frailty.6,7 Within this
conceptual framework, energy dysregulation as the key promotor of age-related changes
in the continuum from system integrity to disease, is at the same time, the causal factor
prompting weakness, slow gait speed, low physical activity, exhaustion, and uninten-
tional weight loss. These are the biologically interconnected symptoms and signs that are
diagnostic elements of the frailty phenotype.3 The greatest challenge associated with the
triad of aging- physiological dysregulation-frailty (Fig. 22.1) is not only that energy bal-
ance and stress responses are highly dysregulated, but that this dysregulation is character-
ized by a wide intra- and interindividual heterogeneity. Such heterogeneity currently
hinders the identification of unerring pathophysiological and “one size-fits all” diagnostic
algorithms which are traditional pillars of medicine.

Figure 22.1 The triad, aging-physiological age-related dysregulation-frailty and the central role of
energy imbalance.
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The latter is strongly based on evidence highly focused on a singular sign or symp-
tom, its diagnosis and management. This disease-centered approach often does not
capture the multifactorial nature and the diversity of the person with that particular
symptom or sign. However, with increasing age, a large number of factors beyond
organ illness profoundly influence disease trajectories. The Comprehensive Geriatric
Assessment (CGA)8 is the accepted tool to disentangle complexity in aging medicine,
but current systems still pose many barriers to its systematic use.9 The CGA, coupled
with a feasible multidimensional biomolecular assessment of the main known hall-
marks of aging,10 might solve the issue of clinical usefulness of the frailty concept and
overcome the challenge of confinement to immediacy.

22.3 Two facets of immunosenescence and inflammaging

The recognition of the immune system as an important player in human health is
quite a recent step in the history of medicine, well mirroring the discipline of aging
medicine and geriatrics. The knowledge that inflammatory components of the
immune system are often chronically elevated in older persons and associated with an
increased incidence of degenerative diseases including cancer, cardiovascular, and
neurodegenerative diseases is even newer. This has enabled important research path-
ways on inflammation as a fundamental trigger of physiological aging regulation.
Interestingly, the so far known hallmarks of aging, genomic instability, shortening
telomere length, epigenetic modifications, loss of proteostasis, deregulated nutrient
sensing, mitochondrial dysfunction, cellular senescence, stem cell exhaustion and
altered intracellular communication,10 have all been shown to be associated to differ-
ent extents with the so-called sustained systemic inflammation. While the acute
response is typically triggered by infection, chronic and systemic inflammation have
been postulated to have a physical, chemical or a metabolic stimulus as the initiating
factor. For this reason, the latter are called “sterile agents” and the inflammation associ-
ated with is is called “sterile inflammation”.11�13

A common misbelief in medicine is that immunosenescence and inflammaging are
signs of waste, detrimental for life and thus should be counteracted, treated and
deleted. However, as for every other accepted age-related condition from biolomole-
cular to clinical changes, a universally accepted understanding and definition of inflam-
maging and immunosenescence is still lacking. “Immunosenescence” is still often
understood as a “declining function of the immune system leading to a higher inci-
dence of infection, cancer, and autoimmune disease related mortalities in the elderly
population,” and it is often considered independent of the differences between youn-
ger and older individuals. In general, immunosenescence is a concept related to the
changes sometimes shown, sometimes assumed, in the output of immune cells from
the bone marrow, the distribution of immune cells in the periphery and their
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functionality. As opposed to the prevailing current opinion that the most marked
changes that occur with aging in the adaptive immune system determine the state of
immunosenescence, since the 1980s, it has been recognized that the innate system is
influenced by aging but perhaps not always in the same negative direction.11

Furthermore, with the turn of the century, the new concept that aging is associated
with a chronic, sterile, low-grade inflammation called inflammaging13 has arisen. The
recent scientific advances leading to the knowledge that both immunosenescence and
inflammaging are not always signs of ongoing pathology and end-of-life indicators has
prompted a large body of research aimed at differentiating age-related changes based
upon their effective association to degeneration, energy failure, and frailty.

Parallel to the mounting knowledge about the molecular mechanisms of immuno-
senescence and inflammaging, a number of important questions have emerged on
what are the characteristic aging-associated changes in the various compartments of
the immune system and which of them are robust indicators of senescence and adapta-
tion (Table 22.1). In other words, immunosenescence and inflammaging are exposed,
as other age-related conditions like oxidative stress, to the dangerous interpretation
that, if they are associated to aging, their neutralization by any means including the
pharmaceutical “solutions” will reverse the aging process. Similar to the case of recent

Table 22.1 Summary of some immune changes associated with aging in innate and adaptive
immune systems.

Features Change

Innate immunity

Phagocytosis 2
Free radical production mk
Chemotaxis k
Cytokine production m
Myeloid cell number m

Adaptive immunity

Naïve cell number k
Memory cell number O
T regulatory cell number O
T regulatory cell function k
Proliferation k
IL-2 production k
B regulatory cell number/function k
B cell immunoglobulin production k
B cell autoantibody production m

Source: Adapted from (Front Immunol. 2017; 8: 1960).
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discoveries in the field of oxidative eu/distress, pharmacologically intervening on phys-
iological immunosenescence overall and sterile inflammaging might be rather detri-
mental. Indicators of immunosenescence, in fact, may indicate beneficial effects under
particular circumstances, consistent with the notion of antagonistic pleiotropy.

22.4 Pathophysiological relevance of immunosenescence and
inflammaging in the context of frailty: relevance for COVID-19

The pathophysiological and clinical relevance of immunosenescence and inflammaging in
the context of frailty has been conceptualized in the recently described multilayer model
of frailty,14 which was just revisited to explain the challenges linked to the diagnosis and
management of COVID-1915 (Fig. 22.2). The complexity of frailty goes beyond organ
medicine, multimorbidity, and chronological age and is based upon three interwoven
layers, each of them strongly affected by advanced biological aging. The inner layer
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Figure 22.2 Unique and precise positioning of immunosenescence and inflammaging in the multi-
layer model of frailty. The inner layer includes biomolecular mechanisms and immunosenescence.
The intermediate layer includes inflammaging. The outer layer is the multidimensional presentation
of frailty. Modified from Ferrucci, L., Fabbri, E., Walston, J.D. Frailty. In Hazzard’s geriatrics, McGraw-
Hill; 2017, pp. 691�70814 and from Polidori M.C., Sies H., Ferrucci L., Benzing T. COVID-19 mortality as
a fingerprint of biological age. Ageing Res Rev. 2021;67:101308.15
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includes biomolecular mechanisms hypothesized to be the primary causes of frailty, seeing
immunosenescence as one of the protagonists, and largely the predisposition to the
SARS-CoV-2-related pathophysiological cascade. The intermediate layer includes, per-
haps the most pervasive homeostatic dysregulation feature of aging, the acquisition of a
proinflammatory state with chronically elevated cytokine levels. This is associated with a
blunted immune response to vaccination and/or infection, in turn leading to predisposi-
tion to infection. The outer layer (Fig. 22.2) represents the dimensions of the aged per-
son, often presenting with a symptom potentially related to a (pre)frailty condition, but
considered in its DRG-based form in clinical routine. Fried et al., however, previously
showed that a simple symptom could explain geriatric problems in only roughly 50% of
the patients.16 This observation has been repeatedly confirmed in recent years and is the
basis of complexity in aging medicine. As displayed in the outer layer of Fig. 22.2,
indeed, it is the several dimensions of the person that form his/her overall frailty and
determine not only the course of the specific symptomc but, most importantly, the
health trajectory altogether. This multifactorial nature and multidimensionality of frailty
constitutes the basis of its complexity. It is therefore not surprising that monodimen-
sional prognostic tools of organ illness including COVID-19, often lack good prediction
ability for stratification purposes in older patients.17,18

Within this context, one of the main drivers of COVID-19 lethality is senescence.
Research in animal models and some initial data in humans suggests the hypothesis
that the typical proinflammatory state of aging is primarily sustained by the accumula-
tion of senescent cells and the spilling in the blood of senescence-associated secretory
phenotype molecules that include cytokines and chemokines. This has been suggested
to be the reason why chronic inflammation has been associated with many age-related
chronic conditions such as insulin resistance, CVD, osteoarthritis, chronic obstructive
pulmonary disease and neurodegenerative processes, all characterized by the accumula-
tion of senescent cells.19�23 Systemic, sustained chronic inflammation due to persistent
tissue damage, environmental stressors, unhealthy lifestyle, and social and psychological
stress is associated with the risk of developing many chronic diseases. Dysfunction in
many of the so-called hallmarks of aging often converge into a proinflammatory
response and exogenous compounds such as bacteria, viral fragments, or endogenous
chemicals have been shown to interact with pattern recognition receptors (PPRs)
expressed on the cell surface and in the cytoplasm. PPRs like Toll-like receptors,
NOD-like receptors and aryl hydrocarbon receptors, trigger inflammatory responses
thereby inducing inflammaging.24 Patients with different age-related chronic condi-
tions do display high circulating levels of several inflammatory biomarkers, including
CRP, IL-6, IL-18, and TNF,25 while IL-6 serum levels have been also shown to pre-
dict disability and frailty.26 Furthermore, high blood IL-6 values have been found to
be associated with slower walking speed,27 and the risk of developing disability over
time was observed to increase linearly for IL-6 levels higher than 2.5 pg/mL.28
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Importantly, immunobiography, the individual’s history of exposure to certain
microorganisms (e.g., HIV and CMV) or antigens, may condition not only the degree
and characteristic of the inflammatory response to various stimuli, but also inflamma-
ging and frailty. Immunobiography may be the mechanism by which obesity and the
metabolic syndrome are characterized by chronic inflammation, abnormal production
of cytokines (TNF, IL-1, and IL-6), and altered immune T cell response, which
appear to increase the risk of infection as well as its severity and consequences, particu-
larly regarding COVID-19-related outcomes.29,30

For this reason, the observation that prognostic factors for mortality from COVID-19
are similar to those that have been associated with a high risk of chronic inflammation,
like older age, male sex, obesity, smoking, and cardiovascular diseases, has prompted the
suggestion that COVID-19 might induce accelerated aging and frailty across a wide range
of severity (Betkas et al., 2020).15

22.5 Concluding remarks and research outlook

There is strong evidence that the biology and mechanisms of aging contribute to the
onset of age-related diseases and conditions.31 Similarly, longitudinal studies have
found a thread between immunosenescence and inflammaging display with the devel-
opment of frailty, although unfortunately, this knowledge has failed to be implemen-
ted in clinical research and practice. Advances in this field are slowed down by the
idea that every age-related change is detrimental and should be counteracted a priori.
Despite the highly relevant recent advances on the association between deep-learning
immunosenescence-related profiles and multimorbidity patterns,32 further research is
needed to better disclose which immunosenescence- and inflammaging-related
changes are indicators of stress, adaptation, and response. Moreover, as profiles of
immunosenescence- and inflammaging-related changes occur across the continuum of
multidimensional frailty, longitudinal research on robust older persons is likely to
uncover immunological factors associated with the gradual onset of frailty. Finally,
more research is needed to identify profiles of immunosenescence- and inflammaging-
related changes in the context of other known hallmarks of aging.
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CHAPTER 23

Geroscience: a unifying view on aging
as a risk factor
Cristina Mas-Bargues, Aurora Román-Domínguez, Consuelo Borrás
and José Viña
Freshage Research Group, Department of Physiology, Faculty of Medicine, University of Valencia, CIBERFES-ISCIII,
INCLIVA, Valencia, Spain

23.1 Centenarians: a growing population

We live in a world where “100 is the new 80.” Centenarians are becoming more and
more common, and the list of countries with people over 100 years is rising. While a
population growth of 1% is the norm, the number of centenarians is increasing at an
exceptionally rapid rate of about 8% per year.1 This means that centenarians are the
fastest growing age group and research estimates that by 2050, there will be 3.5 million
centenarians across the world (Fig. 23.1).

According to the Population Division of the United Nations (UNDP), the top
locations to age to a century are Japan, the Caribbean (Puerto Rico, Cuba, Jamaica,
and Dominican Republic), Europe (Italy, France, and Spain) and South America
(Uruguay and Chile) among others.2

Although trends differ between countries, populations of nearly all such countries
are aging as a result of low fertility, low immigration, and long lives. Life expectancy
improvements over the past 165 years were not propelled by constant reductions in
mortality at all ages.3 In fact, improvements in infant and childhood survival contrib-
uted most to the increase in record life expectancies until the 1920s. After successfully
overcoming infectious diseases at young ages, gains in record life expectancy were trig-
gered by progress at older ages. This reduction in old-age mortality was unprece-
dented and unexpected.4,5 Since the 1950s, and especially since the 1970s, mortality
over 90 has continued to fall, in some countries even at an accelerating pace.6,7

23.2 Morbidity compression in centenarians

Life expectancy should no longer be the primary goal of medicine, but the extension
of healthspan.8 Morbidity compression hypothesis states that, in order to achieve
extreme aging, centenarians delay or even escape the predicted diseases and comorbid-
ities associated with aging.4 This hypothesis also sustains the possibility that chronic
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morbidity would begin later in life, and that the delay of the onset of morbidity would
exceed the increase in life expectancy. Accordingly, there are three models of pre-
dicted morbidity that we propose on the basis of extended longevity (Fig. 23.2). In
the first model of life extension, the age at initiation of morbidity remains constant
and life years gained are accompanied by increased morbidity. In a second model,
both the initiation of morbidity and the accumulated life years are shifted to the
right, with no gain or loss of morbidity. In the third model, initiation of morbidity
is delayed and accompanied by the added years accrued, resulting in the compression
of morbidity. For these longer-lived individuals, the duration of chronic diseases and
associated disability is lowered, resulting in a reduction in cumulative morbidity.9

Figure 23.2 Aging models.

Figure 23.1 Prospect of world population over 100 years old.2
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Moreover, centenarians have also been classified into three categories: survivors,
delayers, and escapers, according to the different routes taken to achieve exceptional
longevity.10 In a similar fashion, another point of view states an “aging deceleration”
in older individuals, where healthy and unhealthy aging coexist, enabling the establish-
ment of three different age-trajectories: accelerated, normal, and decelerated aging
depending on the age they display age-related diseases.11 In fact, this “aging decelera-
tion” has been reported to be accompanied by improvements in mobility, based on
indicators that are geared towards the highest level of physical functioning such as
walking or climbing stairs.3 Large improvements have been documented for Spain,12

USA,13 The Netherlands,14 Finland,15 and Japan,16 where daily-living activity disabil-
ities have been falling from 0.4% to 2.7% per year.17

Despite the well documented sex differences regarding functional status,18 common
facts in centenarians have also been revealed: resilience, intrinsic capacity, and functional
integrity maintenance.19 Resilience, in essence, refers to the capacity to respond or
recover from stressors. Aging is characterized by damage accumulation and a reduced
capacity to cope with it. Consequently, in a physiological context, resilience can be
defined as the organism’s ability to recover from homeostatic alterations.20 Thus, resil-
ience may differentiate individuals’ ongoing, exceptional, and normal aging. Furthermore,
the intrinsic capacity or biological reserve of the organism allows for a faster recovery,21

therefore, a higher intrinsic capacity would result in a more resilient individual.19 Taken
together, we suggest that survival at these high ages mainly depends on maintaining func-
tional integrity rather than on preventing diseases,22 such as in supercentenarians, where,
as first reported by Pearls and his colleagues, health span approximates lifespan.23

23.3 Limits of human longevity

How long can we live? The current record, set by Jeanne Calmet, stands at 122 years
and has held for over 20 years now. It is likely that this record will be broken soon or
have we reached the upper limit of human lifespan? Studying human lifespan is a
tricky task, not only due to the fact that the process of aging is a multifactorial process,
but because it takes several decades to study longevity in long-lived species like us and
its study relies on observational data. This is the reason why there has been much
debate regarding the length of human lifespan. Even now, there is still no consensus
on the matter among experts.

Several authors claim that there is evidence of a longevity plateau around 115�120
years that could be explained by a natural limit human lifespan.24,25 Dong et al.
analyzed maximal reported age at death (MRAD) and found that the probability of
exceeding 125 years is less than 1 in 10,000, suggesting that the duration of human
life is limited.26 However, this work has been criticized.27�30 Similar results were
shown by Modig et al. who claimed that maximum lifespan is unlikely to increase,
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analyzing data from cohorts of Swedish and Danish centenarians born from 1870 to
1901.31 Thus, the chances of breaking Calment’s longevity record are far-off.32

The fact that we reached a plateau of lifespan in this precise moment of human his-
tory does not guarantee that this stage will remain as it is in the future. Furthermore,
similar phases of no increase have been recorded, followed by an increase in lifespan.33

Some authors are still confident that a limit to human lifespan does exist but it is not
yet in sight.34,35 In fact, there is evidence that the MRAD will increase in the long-
term.36 Other authors reject the previous hypothesis and remain unsure about the
existence of an “unbreakable ceiling” of human maximal lifespan.33,37 An analysis of
different interventions performed in multiple species to increase lifespan performed by
Ben-Haim et al. showed that once the main cause of death has been defeated, an
increase in both median and maximum lifespan is observed.38

23.4 Exceptional aging “must-haves”

Centenarians exist throughout the world and they differ in education level, socioeco-
nomic status, religion, ethnicity, and diet, that is none of these traits have been signifi-
cantly correlated with the ability to survive to an extreme old age. However, centenarians
still share several keys to success (see Fig. 23.3).

23.4.1 Low-grade inflammation
The immune system deals with chronic exposure to antigens, leading to an overstimu-
lation over time. This process is called “inflammaging.”39 Indeed, the phenotypic
characteristics of old and very old people support the concept that aging is a remodel-
ing process whereby the immune system progressively adapts to decades of exposure
to internal and external damaging agents. Within this perspective, healthy aging and
longevity are likely the result not only of a lower propensity to initiate inflammatory

Figure 23.3 Keys to centenariety. 1. Low grade inflammation,39�45 2. Genetic signature,46�49

3. Fine-tuned apoptosis,50�53 4. Stem cell pluripotency,54�57 5. Healthy lifestyle.58�65 The numbers
refer to the publications supporting these statements.
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responses, but also of efficient anti-inflammatory networks, which in normal aging, fail
to fully neutralize the inflammatory processes, as a consequence of the lifelong anti-
genic burden and exposure to damaging agents.40

In centenarians, the number of circulating CD341 cells in peripheral blood are
about half that found in young individuals. Interestingly, when CD341 cells from cen-
tenarians were put in culture and exposed to optimal concentrations of hemopoietic
cytokines and growth factors, their response was indistinguishable (number and size
of colonies) from that of young subjects, demonstrating that hemopoietic potential is
preserved, but the hemopoietic cytokine network (milieu) undergoes a complex
remodeling with age.41 In centenarians, this chronic pro-inflammatory state of aging
is counteracted by an increased expression of anti-inflammatory cytokines such as
high levels of interleukin-6 (IL-6), fibrinogen, and coagulation factors.42,43,66 While
both inflammation and anti-inflammation are important for survival, centenarians have
achieved a peculiar balance between the two. Centenarians are unique in that, despite
high levels of pro-inflammatory markers, they also exhibit anti-inflammatory markers
that may delay disease onset.67 In fact, they are remarkably free of most age-related
diseases that have an inflammatory component.44 Thus, it is important for successful
aging and longevity to decrease chronic inflammation without compromising an acute
response when exposed to pathogens.45

23.4.2 Genetic signature
There is a substantial distinction to be made between the genetics of aging and the
genetics of exceptional longevity. Lifespan experiments in lower organisms as well as
in mammals, together with molecular genetic studies of centenarian sibships, suggest
that genetic factors play an important role in exceptional longevity.46

Candidate gene variations can be determined in centenarians and controls using a
hypothesis-driven approach. Since small non-coding RNAs (including microRNAs)
are implicated in the regulation of gene expression, we previously hypothesized that
longevity of centenarians may reflect alterations in small non-coding RNA expres-
sion.47 Our previous analysis of miRNA microarray data revealed that miRNA
expression pattern of centenarians overlapped young people’s pattern but was signifi-
cantly different from the septuagenarians’ pattern. Results from this laboratory showed
that centenarians overexpressed seven characteristic small noncoding RNAs, of which
four (scaRNA-7, miR-130a, miR-21 and miR-494) are known to be involved in a
wide range of lifespan-enhancing gene modulation. Among them are telomerase over-
expression in Cajal bodies, neuroprotection in ischemia, cardio protection, and inhibi-
tion of mitochondrial damage and apoptosis.68�71

A few years later, we performed transcriptomic analysis of centenarians, septuagen-
arians, and young people’s blood, and found 1721 mRNA differently expressed in
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centenarians vs. the other two groups.48 Further classification of these mRNAs into
biological processes gave us an idea of the major processes that may be involved in
exceptional aging. Some of these processes are immune response, cell signaling, dam-
age repair, stress resistance, and chromosome structure and function. Experiments
performed in yeasts, nematode worms (Caenorhabditis elegans), fruit flies (Drosophila mel-
anogaster) and mice suggest that genes modulating the aforementioned processes can
exert a powerful influence on life expectancy.49

23.4.3 Fine-tuned apoptosis
The following sub-network analysis let us converge on six genes: interferon (IFN)-γ
(IFNG); T-cell receptor; tumor necrosis factor (TNF); SP1 transcription factor (SP1);
transforming growth factor (TGF)-β1 (TGFβ1); and the cytokine IL-32. All of them
are related to three apoptosis-related genes: Bcl-xL, Fas and Fas ligand (FasL).48 The
former group inhibits the intrinsic pathway to apoptosis, whereas the latter ones are
mainly involved in the control of the extrinsic pathway.

The intrinsic apoptosis pathway, which involves conserved signaling proteins, is
physically associated with mitochondria, and is sensitive to mitochondrial oxidative
stress. The pathway is tightly regulated by the Bcl-2 family of proteins which act as
pro- or anti-apoptotic regulatory proteins. Bcl-xL is an anti-apoptotic protein that
downregulates apoptosis and promotes cell survival by migrating to the mitochondrial
outer membrane, counteracting mitochondrial permeabilization and the subsequent
cytochrome c release. Furthermore, Bcl-xL also plays an important role in mitochon-
drial bioenergetics by modulating mitochondrial fusion and fission, increasing total
mitochondrial biomass, and enhancing the efficiency of ATP synthesis by decreasing
a proton leak within the F1FO ATPase. This results in an improvement of cellular
metabolism and prevention of oxidative stress.50 Supporting these facts, it has been
demonstrated that peripheral blood mononuclear cells (PBMCs) obtained from cente-
narians are resistant to apoptosis induced by 2-deoxy-D-ribose, an agent that interferes
with cell redox status and mitochondrial membrane potential, thanks to Bcl-xL
regulation.51

The extrinsic (receptor mediated) apoptotic pathway is induced by death receptors
activated by their ligands. The binding of Fas ligand to Fas receptor results in the
binding of the adapter protein FADD which then associates with procaspase-8 via
dimerization of the death effector domain. At this point, a death-inducing signaling
complex is formed, resulting in the auto-catalytic activation of procaspase-8. In the
immune system, extrinsic apoptosis is required for lymphocyte development and
homeostasis. The main forms of Fas are the membrane (mFas) and the soluble (sFas)
forms, generated by alternative splicing of the primary transcript. A series of experi-
ments revealed that lymphocytes from centenarians are able to balance the production
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of proapoptotic (mFas and FasL) and antiapoptotic (sFas) molecules, whose proportions
are likely to be crucial for the well-preserved immune functionality at the extreme
limits of human life.52,53

The general picture that emerges is that centenarians have a very fined tuned con-
trol of apoptosis, upregulating extrinsic apoptosis in order to eliminate damaged cells
by environmental insults and, downregulating intrinsic apoptosis thus sparing cells that
have not been exposed to genotoxic substances or other challenges.48

23.4.4 Stem cell pluripotency
Stem cell exhaustion is one of the hallmarks of aging, which is when stem cells are no
longer able to replenish tissues, and to sustain tissue function due to a progressive
decline in their regenerative potential.72 Yamanaka and coworkers demonstrated that
the introduction of OCT3/4, SOX2, KLF4, and c-MYC (OSKM) could convert
adult cells into induced pluripotent stem cells (iPSCs).73,74 These cells have the capac-
ity to self-renew and to give rise to every cell type of the adult body.

Centenarians show an outstanding ability to maintain homeostasis along with a fast
recovery. Interestingly, Bcl-xL, which is overexpressed in centenarians, has also been
reported to be able to enhance the efficiency of OSKM-mediated iPSCs generation
from adult donor PBMCs.75 In fact, we verified that PBMCs obtained from centenar-
ians’ samples displayed higher pluripotency-related gene expression when compared
with young individuals and septuagenarians.54

Accordingly, fresh fibroblasts obtained from centenarian donors who were extremely
healthy until an advanced aged were successfully converted into iPSCs and then differ-
entiated into neuronal cells. These results suggest that centenarians represent a valid
super-control for use in studies of late-onset diseases, as well as in longevity research.55

In a similar fashion, iPSCs generated from both senescent and centenarians’ cells have
been shown to reset telomere size, gene expression profiles, oxidative stress, and mito-
chondrial metabolism.56

One step further, these centenarian derived-iPSCs are able to re-differentiate into
fully rejuvenated cells.56 Recently, the same achievement has been reproduced with
supercentenarian derived-iPSCs.57 Taken together, the ability of centenarian cells to
maintain pluripotency might explain disease resistance and could be a valuable tool to
uncover the underlying mechanisms of extreme longevity.

23.4.5 Healthy lifestyle
A healthy lifestyle including increased exercise and reduction in food intake and obe-
sity, can help to maintain health span. Genetic considerations are, no doubt impor-
tant,54 but a healthy life style is also of utmost importance. In fact, countries, or areas,
who have a high proportion of centenarians are the ones with healthier lifestyles, that
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is Okinawa, Sardinia, etc. Factors such as diet, education and physical activity through-
out postnatal life have a cumulative effect on mortality,59 and conditions during early
life and parental health also have a large influence.76

Heritability estimates of longevity suggest that about one-third of the phenotypic
variation associated with the trait is attributable to genetic factors, and the rest is influ-
enced by epigenetic and environmental factors. As such, twin studies have revealed
that lifespan genetics is around 25% heritable,77 suggesting that 75% is from modifiable
environmental factors. These factors include smoking, physical inactivity, and high
alcohol intake, which, according to large multi-cohort studies in high-income coun-
tries, imply 4.8, 2.4 and 0.5 years lost respectively.78 Sedentary behavior is especially
common among older people, who spend, on average, almost 10 waking hours in an
immobile posture.60 In fact, lower levels of physical capability in the fifties and inabil-
ity to perform capability tests are associated with higher rates of mortality. Even at this
relatively young age, these measures identify groups of people who are less likely than
others to achieve a long and healthy life.59

Calorie restriction (CR), a nutritional intervention of reduced energy intake but
with adequate nutrition, has been shown to increase health span and lifespan in
rodent models. The studies performed in rhesus monkeys only revealed increased
health span together with major improvements in health in food-restricted animals,
with reduced incidence of plasma triglycerides, diabetes, cardiovascular disease, sar-
copenia, and brain atrophy, which are the most relevant health parameters in aging
humans.61,62 Regarding humans, accumulated data from observational and random-
ized clinical trials, indicates that CR in humans results in some of the same metabolic
and molecular adaptations that have been shown to improve health, and stunt the
accumulation of molecular damage in animal models. In particular, moderate CR in
humans ameliorates multiple metabolic and hormonal factors that are implicated
in the pathogenesis of type 2 diabetes, cardiovascular diseases, and cancer, the leading
causes of morbidity, disability and mortality.63 Similarly, intermittent fasting in humans
improves health and counteracts disease processes through activation of adaptive cellular
stress-response signaling pathways that enhance mitochondrial health, DNA repair, and
autophagy.64

Finally, lifestyle, personality and mental status also play important roles in successful
longevity. 285 centenarians from the Georgia Centenarian Study who had volun-
teered, traveled, given public talks, and balanced their checkbooks, were more likely
to show relatively high mental status scores (i.e., MMSE. 17). Participants with high
levels of emotional stability, extraversion, openness, and conscientiousness, and with
high levels of an engaged lifestyle, were more likely to show relatively high mental
status scores, whereas participants with low levels of emotional stability, extraversion,
openness, agreeableness, conscientiousness, and with low levels of an engaged lifestyle,
were more likely to show relatively low mental status scores (i.e., MMSE,18).65
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Taken together, regular physical activity, a well-balanced diet, an engaged lifestyle,
and personality traits seem to be the lessons we should learn from our centenarians.

23.5 Exceptional homeostasis in exceptional aging

Homeostasis is defined as a self-regulating process by which a living organism can main-
tain internal stability while adjusting to changing external conditions. Homeostasis is not
static and unvarying; it is a dynamic process that can change internal conditions as
required to survive external challenges. Homeostatic exceptional regulation produces
both a finer level of control and a greater flexibility that enables the organism to adapt to
changing environmental conditions. The health and vitality of the organism can be said
to be the end result of homeostatic regulation of the internal environment. Conversely,
it follows that disruption of homeostatic mechanisms is what leads to disease.79

Aging and longevity are controlled by a multiplicity of molecular and cellular
signaling events that interface with environmental factors to maintain cellular homeo-
stasis. Modulation of these pathways to extend lifespan, identified the cellular machin-
eries and networks of protein homeostasis (proteostasis), and stress resistance pathways
as critical players in the aging process. Because practically all cellular functions are
performed by proteins, the proper balance and integrity of the proteome is of primary
importance. To maintain protein homeostasis, cells must ensure that all protein species
fold and assemble efficiently during synthesis, and preserve their functionality in a
wide range of environmental and metabolic conditions. Proteostasis is maintained by
a complex network of factors including molecular chaperones, and their regulators, as
well as the machineries of proteolytic degradation (the ubiquitin�proteasome system
and autophagy). A decline of proteostasis capacity during aging leads to dysfunction of
specific cell types and tissues, rendering the organism susceptible to a range of chronic
diseases,80 therefore, proteostasis maintenance might ensure healthy aging.

Stress resistance pathways refers to adaptive homeostasis, that is “the transient
expansion or contraction of the homeostatic range for any given physiological parame-
ter in response to exposure to sub-toxic, non-damaging, signaling molecules or events,
or the removal or cessation of such molecules or events.”81 Adaptive homeostasis
enables biological systems to make continuous short-term adjustments for optimal
functioning despite ever-changing internal and external environments. Initiation of
adaptation in response to an appropriate signal allows organisms to successfully cope
with much greater, normally toxic, stresses (term usually called hormesis). These short-
term responses can be initiated by oxidative stress, exercise-induced adaptation, caloric
restriction, osmotic stress, mechanical stress, immune response and even emotional
stress. A dysregulation in adaptive homeostasis unfortunately appears to manifest with
aging, especially in the last third of the lifespan,82 while successful maintenance of
adaptive homeostasis results in extended longevity.83
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23.6 Centenarians beyond 120?

The aim of prolonging lifespan for as much as possible, provided it is with an accept-
able health span, has been a desire of humankind for centuries. The most remarkable
increase in lifespan in recorded history occurred in the 20th century. At the beginning
of that century, the life expectancy of western countries was around 40 years but at
the end of the century it rose to 83 years for men and 85 for women. When one deals
with the maximum lifespan, there seems to be a limit that can be placed between 115
and 120.26 All scientific evidence at the time of writing these words, indicates that this
seems to be the maximum lifespan we can achieve. The same can be said of, for
instance, laboratory animals like mice that have not been shown to live over three
years. Invertebrates like D. melanogaster have a maximum lifespan of around 60�70
days. So far, no molecular or lifestyle intervention has been shown to increase the life
of a mouse to, say, ten years or that of a Drosophila to one year, and the same can be
said of humans.

Sir Karl Popper, in The Logic of Scientific Discovery, showed that from the purely
logical viewpoint it is impossible to foresee when a scientific revolution will take place.
A clear example is what happened in physics towards the end of the 19th century.
Lord Kelvin famously stated that physics was almost finished and that the majority of
the understanding of nature from the physical viewpoint was almost known. Then, in
only five years, the work of two geniuses changed the panorama completely. The first
was the Quantum Theory proposed by Max Planck in 1900 and then the Relativity
Theory formulated by Albert Einstein in 1905 and the whole picture of physics
changed.

The ideas of generating long-living individuals have burgeoned (see for instance
the front page of Time Magazine in February 22, 2015 stating literally “This baby
could live to be 142 years old”). This is not likely to occur. However, if a scientific
revolution in the sense similar to the one that happened in physics 120 years ago takes
place and it must be emphasized, we cannot foresee when that will happen, then our
life expectancy might be extended to hitherto unforeseen limits. But for the moment,
we must accept that the limit of maximum lifespan is around 120 and just devise life-
styles and attitudes towards life to make it a long and especially a happy one.
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CHAPTER 24

Aging support with socially assistive
robots
Jorge Dias1,2 and João Sequeira3
1Institute of Systems and Robotics, University of Coimbra, Coimbra, Portugal
2Center for Autonomous Robotic Systems, Khalifa University, Abu Dhabi, UAE
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24.1 Introduction

The aging society is growing in numbers and the majority in the comfort of their
own homes. However, this does not mean they can withstand aging symptoms and
the gradual degradation of functional abilities. To overcome these challenges, innova-
tive technological solutions are emerging to sustain elderly into remaining in their
homes for longer period of time, with independence, autonomy, and quality of life,
while enabling better and personalized care. Within this scope, we present a Bayesian
User Model to infer user attributes from data available in a community of distributed
social robotic systems to support elderly people. In recent decades, there have been
very significant demographic changes in developed countries, reflecting a worrying
trend of the aging populations.1,2 This phenomenon has a direct impact on age com-
position.1 As populations age, the triangular population pyramid of 2002 will be
replaced with a more cylinder-like structure in 2025 (see Fig. 24.1.). The conse-
quences are clear, an increasing older population means an increasing demand for care,
but a diminishing ratio of an active population as well.

Against this backdrop, there is an urgent need to create solutions that help mitigate the
side effects of aging and to innovate care. Policies have been created to promote the concept
of Active Aging.2 Newer generations of elderly people in developed countries are embodying
this concept, craving to maintain their own autonomy for longer, a positive factor towards

1 Aging Composition is, the proportionate numbers of children, young adults, middle- aged adults and
older adults in any given country � which is an important element for policy-makers to take into
account. Population aging refers to a decline in the proportion of children and young people and an
increase in the proportion of people age 60 and over.

2 Active Aging applies to both individuals and population groups. It allows people to realize their poten-
tial for physical, social, and mental well being throughout the life course and to participate in society
according to their needs, desires and capacities, while providing them with adequate protection, security
and care when they require assistance
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the sustainability of care, as it promotes a reduction in care consumption. Nonetheless,
enabling people to grow old in the comfort of their homes,3 comes with a challenge too.

Loneliness is a recurring condition. Despite the fact we are living in an age where
connectivity is thriving, a recent study4 shows that we are lonelier than ever before.
No other age group feels this problem more than the elderly.3 Beyond the mental
effects of the insufficiency in personal relationships, loneliness reflects also in one’s
health. In fact, the same study4 shows the existence of a greater risk of cognitive and
physical decline (Fig. 24.2.), which is often manifested in alterations of functional attri-
butes, specifically noticeable in elderly’s abilities to perform activities of daily living.
This means that loneliness has the potential to be a catalyst of elderly decline and, con-
sequently, increase the need for assistance from a family caregiver or other source of
long-term care. Solutions supporting the concept of active aging should aim to sup-
port elderly autonomy, independence and quality of life, whereas the path to innova-
tion should find a way to bridge the gap between these traits and the decline of
functional attributes.

Figure 24.1 Global population pyramid in 2002 and 2025 (data from WHO, 2002)2: The population
in thousands divided per age ranges in two different epochs. As the proportion of children and
young people declines and the proportion of people age 60 and over increases, the triangular pop-
ulation pyramid of 2002 will be replaced with a more cylinder-like structure in 2025.

3 Even when a senior is being taken care of by family caregivers, T. Byram Karasu, MD, from the depart-
ment of psychiatry and behavioral sciences at the Albert Einstein College of Medicine, says that there is
often little attention paid to deep, engaging communication between a senior and the rest of the family.
The changes listed above are factors, but caregivers are usually so worn out from juggling their day-to-
day responsibilities that they have little time or energy left for truly meeting a senior’s emotional and
social needs.
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24.1.1 Social robotics tools for demanding societies
Robots have shown to challenge the dichotomy between living beings/artificial
objects (at least from an epistemic point of view): people tend to recognize the robots
as intentional agents even if they are not living beings. Therefore, one of the effects of
robots on human beings is triggering humans’ natural tendency to attribute intentional
states to artificial objects.5,6

Human biology and related psychological aspects are thus being acknowledged to
have an active role in the acceptance of these new artificial beings. Moreover, novel
usages for these novel tools are also dependent on how well humans know themselves.

24.1.2 Where are we in social robotics?
The field of social robotics is currently experiencing exponential growth and develop-
ment worldwide, where significant progress is being made; there are numerous pro-
jects in this field and various applications in different social domains. Some of the
robots proposed in the literature have a dual purpose, targeting different audiences
(elderly and children). Most, if not all, share common goals, namely, wellbeing, mov-
ing robots outside labs, multimodal HRI, long-term HRI, understanding social envir-
onments, etc.

Figure 24.2 Maintaining functional capacity over the life course (from WHO, 2002)1: The graph
shows the typical functional decline with age (yellow) and the expected functional decline if an
elderly person is properly rehabilitated (blue).
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A short list of European projects involving social robots includes: (1) MOnarCH,
edutainment for inpatient children in an oncological hospital, (2) GrowMeUp, personal
assistant robots using cloud computing and machine learning techniques, aiming at
establishing positive long-term relationships (see Figure 4), (3) Aliz-E, artificial intelli-
gence for small social robots that interact with children, (4) GIRAFFPlus, a telepresence
robot for remote monitoring, (5) CHRIS, safe human-robot interaction within selected
application domains, (6) LIREC, building long-term relationships with artificial compa-
nions, (7) Cogniron, development of cognitive companion robots, (8) HUMAVIPA,
endowing humanoid robots with audiovisual abilities such that they exhibit adequate
behavior when dealing with humans, (9) HRIAA, robots with social abilities, personality
and emotions, using verbal, non-verbal, and para-verbal communication, (10)
STRANDS, long-term deployment of intelligent mobile robots in dynamic human
environments, (11) DREAM, for autistic children, (12) CompanionAble, personal assis-
tant for remote monitoring and aid memory services, (13) Alias, personal assistance in
domestic and care homes, (14) Accompany, HOBBIT, ROBOT-ERA, RAMCIP, and
SocialRobot, personal assistant robots, some with anthropomorphic features, including
domestic use applications. In this short list, a bias towards the elderly population can be
identified, which may be due to most elders liking robots,7 and that elderly patients take
more liking to a robot that is smaller and with less humanoid features.8

Zoomorphic robots have mostly been used to interact with elderly patients and
results have shown to be similar to those obtained with domestic animals.9 Results
show an increase in social activity, and less behaviors of aggression, agitation, as well as
of depressive symptoms.10,11 Nutritional intake was also improved and the overall
need for medication and medical follow-ups were reduced. At this moment, studies
have not yet shown clear effects on patients’ cognitive function.

In 2009, the US Food and Drug Administration approved the PARO (see12,13)
robot as a class 2 medical device, for use with the elderly. This robot is currently being
used in multiple countries such as Germany, Denmark, and Japan. Among several
other studies, PARO was also used for eleven days at a pediatric hospital in children
aged two to fifteen, having shown improvements in the field of communication.14

Friedman et al. conducted a study with Sony’s AIBO, the first consumer robot of
its kind to be offered to the public.15 They looked into understanding people’s rela-
tionships with AIBO, by analyzing the spontaneous postings in online AIBO discus-
sion forums. The results showed that AIBO psychologically engaged this group of
participants, particularly by drawing conceptions of technological essences, life-like
essences, mental states, and social rapport.16

Current social robots include several commercial prototypes, some of which were
already deployed in real environments. The Chelsea and Westminster hospital has
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been using a NAO robot “to assess whether these robots could help combat the social
isolation experienced by many inpatients in hospital wards.” (see17).

The case of SoftBank Robotics’ Pepper, using as auxiliary staff/receptionist at
Ostende Hospital (see18) is an interesting example of technology that is still under
development but, nonetheless, is profiting from its public deployment. Pepper has also
been “employed” at a maternity ward at a Belgium hospital, as an attempt to improve
healthcare and putting a smile on patients’ faces.19 Other applications of this robot
include very simple receptionist tasks in commercial environments.

Long term experiments in non-lab environments have been recognized to yield
distinctive conclusions on human-robot integration. Quoting19, p. 9, “. . . laboratories
are not real environments, especially for service robots . . .”. Experiments in the
MOnarCH project support this idea,20 and often generate data that opens novel per-
spectives on the role of social robots. Fig. 24.3 illustrates a fully casual interaction that
shows the potential of robots to affect the social behaviors of humans.

Behaviors such as those in Fig. 24.3 have been justified as due to the human bio-
logical mechanism that regulate empathy towards inanimate objects (see21,22). Even if
these are simply a side effect due to novelty, it is the kind of human response that
shows the potential of social robots for well being.

Figure 24.3 Casual interaction or humanization? (from MOnarCH project,17)
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24.2 Where is social robotics heading?

Human-robot interaction, a key area contributing to Social Robotics, is evolving fast,
namely in terms of human-similar sensing and processing techniques. Even though the
progress in sensing, how this information is used is still improving, namely in what
concerns the estimation of more complex concepts from social sciences, that is heading
towards a better understanding of the human condition and social dynamics is a key
step to create socially-skilled robots.

Human profiling, personality traits estimation, and emotion recognition, are topics
long studied in social sciences and are undergoing a rediscovery by the engineering
sciences. At the core of this rediscovery is a conjecture that artificial entities with social
skills similar to humans are easier to integrate (i.e., having humans and social robots
forming collaborative intelligence collectives) in normal human societies.

In the personality field, multiple theories are available from social sciences.23�25

Among the most suitable for computational implementations (following26), the “big-five”
model,27, identifies five personality traits that are often considered to accommodate the
fundamental features of personality.28

Artificial neural networks are being used extensively to identify personality traits.
LSTMs and CNNs are used29 to estimate “big-five” traits from text. Empirically designed
CNNs are used30 for personality detection (“big-five” model) from text data. Similarly,31

estimates of “big-five” traits from text using several CNN-based architectures32 reported
95%�99% accuracy for the “big-five” traits, from online text data. It is used as a cascade
of ANNs to estimate “big-five” traits from static facial images.33

This variety extends to emotions, with extensive research (and commercial, off-
the-shelf, packages available, see for instance the Noldus products), namely since the
six basis emotions paradigm, from facial expressions, was presented.34 Using static facial
expressions under favorable lighting conditions,35 recognition rates were reported up
to 96%. Extended emotion sets have been used,36 with 26 emotions and a CNN-
based architecture. Motion cues, such as arms, head, and torso movements, can pro-
vide relevant info on emotions.37 Similarly, sound cues may also contribute signifi-
cantly. Accuracy was reported over 80% when fusing facial and prosody data.38

Personality has been referred to as patterns of thought, emotion, and behavior,39

and a combination of behavioral features and emotions.40 Recognizing emotions and
their contribution to behavioral patterns thus enables the assignment of synthetic per-
sonality to robots, making them closer to humans and simplifying the establishment of
collaborative intelligence.

Furthermore, connections between personality and people profiling, commonly
known as persona,41 can be established. These are used for decision-making purposes in
multiple areas, for example, consumer trends analysis, and may also be used to adjust
robot behaviors. Knowing humans and how they react to robots is thus a current trend
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in social robotics. Long-term experiments provide valuable lessons.42,43 Complex inter-
actions can be obtained even if a robot has only basic, scripted, decision-making skills,
for example, as provided by finite state machines carefully tuned to induce the adequate
perceptions in people, for example, the perception of liveness.43

The method and model presented in this article is modular and allows for refining
of the existing attribute models by integrating new knowledge based on their informa-
tion value. Unitary attributes are clustered into a unified user representation, revealing
a generalization of different group profiles. The system modular and computational
properties allow for the implementation of multiple architectures, such as a team of
robots connected to each other, or connecting robots with an external sensor network.
In this article we show how to design a set of realistic use-case scenarios with the pur-
pose of demonstrating the network of social robots to support elderly people: (1) per-
form online learning; (2) analyze and cluster groups of users; and (3) be resilient to
faults in system operation. Experiments are run using experimental datasets, obtained
from synthetic data and with users operating in real scenarios. Results show conver-
gence to a reference model, while fusing new data asynchronously and independently.
Estimation errors tend to zero over time, exhibiting high accuracy when estimating
user attributes. The technique shows that is feasible to design social robots with user-
adaptive interfaces and distributed inference.

24.2.1 Social robots for aging societies
The research community has been actively pursuing innovative technological solutions
that can sustain the elderly to remain longer in their homes (see Fig. 24.4). Within an
uprising solution pool,44�46 robots have a particular appeal. They are mobile, they
have artificial intelligence capabilities,44�47 they often embody a sense of pre-
sence,45�48 and they are able to engage in human-like interactions.49,50 It won’t be
long before robots are a solution as popular and innovative as washing machines were
early in the 20th century. Behaviors such as the one displayed in Fig. 24.3 are good
indicators that people are willing to accept robots and are eager to interact with them.

At present, networked (Cloud) Robotics, the Internet of Things, and Big Data are
highly popular keywords. Nonetheless they represent active research areas, and robots
are certainly part of them. Robots can connect to clouds in order to deploy and
retrieve information.52,53 Robots can connect to different types of sensors, for exam-
ple, to capture data from the environment,54 domotics, a person,55 wearable, and even
connect to other robots.56 Robots have the ability to sustain a 24/7 operation in
elderly homes, presenting an invaluable opportunity because of all the information
they can gather and how it can be explored.

The information value is not confined to the robot’s boundaries. Imagine a robotic
inclusive society where a network of robots operating in elderly homes, harvests
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information that could be used by policymakers or care providers to obtain a real-time
diagnosis of a given elderly population, identifying preventive care caveats, trending
societal challenges and so forth. However, from the robot’s perspective, the informa-
tion could be used to personalize their service provision to an elderly person,57 to sup-
port the diagnosis of functional decline of an older person58 or use this knowledge to
perform tasks that compensate for a given impairment.59 It is possible that a robot may
become to know an elderly better than the elderly knows himself, and therefore be
able to actively contribute to his/her autonomy, independence and quality of life.

The information emerges mainly from the elderly and its interaction with a robot
and/or the environment in its daily life. However, “a life course perspective on aging
recognizes that older people are not one homogeneous group, and that individual
diversity tends to increase with age”.2 This research presents an instantiation of the

Figure 24.4 The concept of Networked Robots for the Aging Society (from GrowMeUp, 201851):
Robots will coexist with people in their homes, be able to know their users and support them in
their daily lives, as well as exchanging information with them.
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underlying human uncertainty and diversity. The purpose of the proposed framework
is to enable robots to create internal user representations from heterogeneous, distrib-
uted and asynchronous data streams. This representation, commonly dubbed user-
model, also enables profiling large groups of persons considering their particular attri-
butes. To achieve this goal, we propose to use Bayesian Inference4.60,61

As robots move from factories into homes, the study and optimization of Human-
Robot Interaction (HRI) becomes an increasingly important factor. Indeed, while fac-
tory technicians are willing to adapt to the characteristics of the robotic equipment
they must use, domestic users must accept and adopt these technologies of their own
volition. The main issue in ensuring success in domestic settings becomes, ensuring
that the users are interested and satisfied by the devices they own.

The issue of technological acceptance has been thoroughly studied in the context
of Human-Computer Interaction (HCI). HCI studies the issues that arise from the
interaction between a computerized system, such as a computer or smart device, and a
human, using their limited interaction modalities: keyboards, touchscreens, occasional
voice in-put, etc. In this context, it has long been established that user-adaptive inter-
faces lead to significantly improved acceptance when compared to non-adaptive
ones.17 Robots, on the other hand, can use any natural communication channel
employed by their users, resulting in much higher potential for user-adapted behavior.
Thus, it becomes interesting to study the phenomenon of user-adaptivity in the con-
text of HRI.

User-adaptive systems have been shown to be easier to accept by end-users than
non-adaptive ones. Thus, in the context of a growing domestic robot industry, it
becomes of key importance to study the scientific and technological impact of the
employment of these techniques on robotic systems. This article uses user-adaptive
techniques on robotic systems with uncertainty, based on data analysis of human-robot
interactions. {{{Fig. 24.5}}}

24.2.2 User behaviors under uncertainty—the bayesian user model
Mobile robots can be seen as a platform with a sensor suite. Consider a network of
distributed robots, composed of an arbitrary number of sensors, producing different
types of data emAE. Let a user be represented by cnAC, which stands for any quantifi-
able or qualifiable user attribute ranging from simple user preferences,63 for example,
input language, to mobility patterns64 or psychological attributes65 for example, per-
sonality traits.

4 It belongs to the category of generative algorithms, having unique abilities to deal with the complexity
of multimodal state conditionals. They also permit the exploration of the Independent and Identically
Distributed (IID) property towards an easy integration of observation variables of different types and an
embedded learning scheme - updating models from the recursive computation of new estimates.
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The goal is to infer over the user attributes cn from the asynchronous observation of
distributed data streams em. Given the uncertain nature of this perception problem, the
proposed model explores variable dependencies using conditional probabilities under
Bayesian propositions. Therefore, the posterior distribution P Cje1?em; Idð Þ declares the
variable dependency inferring the attribute cn given the observed data streams em and the
user identity Id. Applying the chain rule to the posterior, considering emAE as indepen-
dent and identically distributed (IID) variables, we obtain the following decomposition.

P CjE; Idð Þ~P Cð Þ L
EiAE

P Ei; IdjCð Þ

Using a specific variable Id to identify each user, enables the encoding of attributes
of an entire population of users in a convenient format. In fact, projecting all distribu-
tions along Id axis, allows a generalized overview of each attribute with respect to
each evidence variable.

Figure 24.5 (A) General architecture of user-adaptive system. An illustration of the general archi-
tecture of an adaptive system that does not rely on pre-defined knowledge of the user. The user’s
feedback is directly employed in changing the behavior of the system.62 (B) Model for User-
Adaptiveness. The figure gives an illustration of the general architecture of an adaptive system that
relies on a model for user-adaptiveness.62
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Because all attributes are (IID), and thus computed independently, the system
architecture is modular, composed of an attribute module, classifying each cn. During
an interaction with a single user, as in Fig. 24.6, the system is able to infer multiple
attributes. By concatenating attributes in a vector, we obtain a unified representation,
defined as in the following equation.

Ul5k5 ĉ1; ĉ2;?; ĉ n½ �; where ĉ i5 argmaxcnAC P cnje1?emð Þ

Each vector represents a sample in the so-called unified attribute space. An ensemble
of vectors Ul5k represents the probability density of the user’s attribute vectors that the
system can infer at one point. To estimate group profiles (inter-user attribute patterns),
we apply an Expectation-Maximization algorithm67 to fit a Gaussian Mixture to the
attributes’ space representation, resulting in an unsupervised step in the technique.

The definition of the attribute space has two purposes by design. On one end, it
has the potential to be used as information enabling a robotic system to adapt its
decision-making.68 On the other end, if one or more attribute modules fail, absent
attributes can be derived from the probability density distribution given a known user
profile. At any point a user, of which n attributes are known, can be matched to the
existing profiles by minimizing a distance metric defined such as:

di C;Σð Þ5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΣCjAUinc Cj2Σj

� �2q

24.2.3 Online knowledge integration using learning
The elderly population shows dynamics2 that raise the challenge of updating the attri-
bute representation over time. Classification learning in Bayesian approaches relies on

Figure 24.6 A more detailed view of the user profiling and human-robot interface. The transition
and reward functions can be re-calculated each time new information is obtained by the system,
resulting in a new policy, which is better suited to the user.66
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supervision learning,69 that is the training samples are required to be labeled. In our
framework, we propose a mechanism using Soft Labels,70 however it is also possible to
integrate online supervised learning, that is learning by actively asking users to provide
labels during the interaction, called active learning.71

The estimation process described in the previous subsection runs asynchronously
every time the system receives new evidence. The estimation step gives a new attri-
bute estimate for the posterior distribution PðCnjE; IdÞ. The proposed learning mecha-
nism relies on three key elements:
1. A soft label Li5 argmaxx PðCijE; IdÞ;
2. The posterior entropy hi5H P Cið Þð ÞBH P CnjE; Idð Þð Þ where H is the entropy

function, as defined in72 having the purpose to weight against uncertainty.
3. The evidence vector E that was used to generate Li.

These three elements generate the tuple Ti 5 ðLi;E; hiÞ. By continuously integrat-
ing and fusing local estimates, the system is able to reach a precise attribute model of
the population. Each device in the system becomes a weak estimator in an ensemble,
feeding local knowledge encoded into weak labels, feeds into a fusion mechanism.
User attribute models are encoded as a likelihood of the form P E; IdjCð Þ. These distri-
butions are iteratively updated as a Gaussian kernel by performing:

P E; IdjCi5Lið Þk115
1
Ψ

P E; IdjCi5Lið Þk 1D
� �

where and Ψ is a normalization factor; D is a learning factor function of Ti, such that
D5PðE; IdjCc5LiÞobserved5N ðM;ΣÞ, where M is defined accordingly to the evi-
dence received and Σ is a covariance matrix where each diagonal element is defined
by entropy Σi;j 5F hið Þ. Thus, at each update of the likelihood function, the integra-
tion of new knowledge into the system allows it to continuously learn as described in
Fig. 24.7.

24.3 Results with a team of robots

Consider a network of robots, deployed in different locations. Each location is charac-
terized by having a population of users sharing similar attributes. Let each robot
include a number of sensors, generating different types of data to be analyzed. Robots
can also connect to external sensors generating other types of different data. The goal
is that the robot gets to know the different users that interact with it by creating an
internal representation of them. Also, it should be able to associate and autonomously
create profiles characterizing groups of persons that share similar attributes, known as
population profiles. In order to achieve the proposed use-case, from a cognitive per-
spective, the robots need to:
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• Generate a precise internal representation of the user’s attributes from distributed,
asynchronous data.

• Collectively cluster, and subsequently identify users from distinguishable profiles.
Given the unfeasible long-term, large-scale study to demonstrate the full range of

the proposed research, our main experimental setup is done using a simulator to mimic
the use case conditions. For the current use-case, assume that we have a network of
100 robots. Robots include a set of 3 sensors that generate different types of data.
Robots connect to two additional types of external sensors, originating a sensor com-
pound per robot of, Em5 5 sensors. Sensor data is simulated through the generation
of random numbers eEN confined to the interval [0;3] (for computational simplicity).
Consider the existence of Cðn53Þ recognizable attributes, with each attribute varying
between 10 mutually exclusive states Cnwith n5 0; 1; 2; . . . ; 9f gð Þ.

Figure 24.7 Knowledge integration workflow: (A) A block diagram with a single iteration of the
knowledge integration workflow. (B) Evidence is captured by sensors and feeds into the estimation
step. The estimation generates soft labels and provides the input for computing the unified attri-
bute vector, using a maximum a posteriori. The generated tuple is brought to the data fusion
mechanism, which updates the attribute likelihoods and feeds them back to the distributed
systems.
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24.4 User’s attributes from distributed, asynchronous data

For each experimental trial, we continuously feed random observations to the net-
work. Results that follow correspond to the average results from running 100 trials.
Figures only show a maximum of 3000 samples for readability and because after 3000,
samples results did not present significant differences.

The total error over time (Fig. 24.8) is obtained as 5 Û i 2Ui, where Û i, and Uk

are the expected attribute vector and the actually classified attribute vector. Results in
Fig. 24.8A show that the error tends to decay to zero after roughly 103, iterations,
meaning the precision tends to 100% of correctly classified samples. The irregular
behavior observed in Fig. 24.8B occurred because attribute models were forced to
output uniform probability distributions (maximum entropy) randomly for short peri-
ods of time. However, the general error-decaying trend still stands, which shows that
the system is resilient to the failure of attribute classifier modules.

In Fig. 24.9A the quadratic error over time is an indicator of when the attribute
model (likelihood) converges into a stable distribution over time. We found that after
roughly k5 100 iterations, the distribution differences over time start to decay to zero,
demonstrating attribute model convergence. The same behavior is observed for the
fault operation conditions in Fig. 24.9 (b) as attribute model failure generates maxi-
mum entropy, and thus the error is not integrated in the existing likelihood distribu-
tion. Contextualizing both Fig. 24.8 and Fig. 24.9, it is clearly visible that, after
the attribute model converges at k5 100, this fact is coincident with the decay of the
attribute classification error. We conclude that the system converges into a precise
attribute model.

Figure 24.8 Attribute classification error over time: The total error ε evolution over time. (A)
Results with all attribute modules working properly. (B) Results when errors injected in attribute
module operation, meaning that they were randomly failing for short periods of time. The dark
blue line shows the mean error over 100 trials. The light blue represents the corresponding stan-
dard deviation.
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This fact becomes clearer, when looking at the precision results presented in
Fig. 24.10. The models show an improvement in classification precision of five times,
when comparing results with and without the fusion mechanism activated. When the
fusion mechanism is not active, the same attribute models are used throughout the
trial. Precision results show that the system is able to continuously learn based on data
annotated from its own belief states, while using entropy as a measure against
uncertainty.

Figure 24.9 Quadratic error of attribute model over time: The quadratic error Q evolution over
time. (A) Results with all attribute modules working properly. (B) Results when errors injected in
attribute module operation, meaning that they were randomly failing for short periods of time. The
dark green line shows the mean error over 100 trials. The light green represents the corresponding
standard deviation.

Figure 24.10 Precision results for attribute classification: Results for precision for all considered
attributes and the global precision, with and without the fusion mechanism activated. These results
are for the case where all attribute modules are working.
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24.5 Collectively cluster users into distinguishable profiles

At each iteration, the system produces a unified attribute vector Uk, one per different
user, generating a coordinate in attribute space. Because results from a previous subsec-
tion shows the model exhibits the target performance under 3000 iterations, for these
tests the system is running over the same time span, showing the evolution of each of
the 100 users in the unified attribute space during that period. These vectors are clus-
tered using an Expectation Maximization approach for three different profiles.

The figures present the reference model, at the evolution at different iteration
steps. Fig. 24.11 shows that the 100 users were known to belong to three different
profile categories, which acts as the reference profiles. Initially, the robot does not
have knowledge about any user; it is only able to classify attributes with low confi-
dence (as seen in Fig. 24.10). As time advances and as the attribute models are refined,
the robots become familiar with the users, enabling them to capture the subtleties of
their attributes. Therefore, upon convergence, the robot is able to profile them accu-
rately, as seen in the next Fig. 24.12.

Fig. 24.12A and B corroborate the analysis from Fig. 24.11 with an analysis of the
KLD73 measurement that measures the difference between two probability distribu-
tions pðxÞ and qðxÞ. By the 1000th iteration, the KLD starts tending to zero, meaning
that the obtained clusters have converged to the reference. This shows an ability of
the proposed framework to group different users into profiles that share similar attri-
butes. In Fig. 24.12B, we simulated a failure on half of the modules around k5 1500,
taking the system under 100 iterations for the system to converge. Because some attri-
butes are no longer classifiable, the error stabilization occurs with a bigger KLD when
compared to the case when all attribute modules are operational.

24.6 Discussion

Having humans and AI-powered robots collaborating has already been recognized to
require people “to do new and different things” and “to do things differently.”
Extending this notion to social robotics requires nudging people not to fear robots,
which is likely to be a lengthy process. However, slow integration of robots may yield
novel perspectives on the related ethical issues.

In summary, we have demonstrated that our system has the ability to create precise
representations of people through probabilistic models of their attributes. Despite
numerous approaches existing that encode user information, literature shows they rely
almost solely on pre-defined profile templates. Our framework allows robots to update
their internal user representations by exploring a soft-labeling methodology. This
enables the robot to automatically annotate observations based on its own internal
beliefs, using entropy as a measurement of confidence against data uncertainty. Results
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Figure 24.11 Profile clusters generated during one trial: (A,C,E,G) the populations of vectors. (B,D,F,H)
the generated profile clusters after the application of the expectation-maximization algorithm.62,66

619Aging support with socially assistive robots



show that the system has the ability to recurrently update the user model, maintaining
an accurate attribute classification over time. The system already showed direct impact
when applied to a multi-objective adaptive social robotic system.74 Although we have
focused on social robots, the framework is clearly applicable with other technologies,
if we consider that a robot is nothing but a platform with a sensor suite. In fact, the
properties of the Bayesian formulation allow extending or transferring the BUM to
many other applications that can explore data from different types of sensory data like
driver profiles,75 gaming,76 or sports analytics.77 The system is also able to create pro-
files (inter-user relations) by means of a unified attribute space. Beyond the advantages
elicited in the results section, this domain transposition enables the study of popula-
tions by identifying attribute dominances, similarities, or any type of statistical analysis
that one may see fit.

As for any learning system, its precision depends on the available data and the
training procedure. The system acts as a semi-supervised machine, which becomes
fully autonomous once the seed attribute models are defined and the system starts its
operation. This may pose one critical contradiction, if the initial attribute model is
completely misleading. It means that the system’s initial beliefs will be false positives,
leading the model to converge on wrong assumptions. Therefore, one has to ensure a
reasonable assumption for the initial attribute model specification, including a correct
choice of the probabilistic representation. One other caveat of the proposed formula-
tion may be found on the Expectation-Maximization step, where the reliability of
results is tightly correlated with the number of components of the Gaussian Mixture
Model. Our results are shown with a fairly accurate choice of the number of distinct
population profiles, as we know beforehand the number of different users. If this is
not the case, an educated guess or a number of trials will be required to fine-tune a
selection of user profiles.

Figure 24.12 Kullback�Leibler Divergence (KLD) of each profile cluster to the reference profile:
The graph shows the KL distance73 measuring the distance of the generated profiles against a ref-
erence profile, over time. (A) Results with all attribute modules working properly. (B) Results when
errors injected in attribute module operation, meaning that they were randomly failing for short
periods of time.
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We believe social robots and the Bayesian User Model framework allows for novel
adaptive systems that aim to capitalize on comprehensive knowledge of their users,
providing means for rapidly adapting to new contexts and users at a moment’s notice.
Moreover, we believe it has the potential to create a novel framework for the elderly
population by profiling and diagnosis of behaviors that can improve and augment the
social support with robotic technologies.
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25.1 Introduction

Aging is a universal, natural biological process associated with the passage of time that
initiates after the organism has attained its maximum reproductive capacity and it
impacts health and fitness, both being genetically determined and environmentally
modulated.1 With aging and its related progressive accumulation of cellular and
molecular damage, the organism suffers progressive physiological changes that lead to
senescence, decline of biological functions, and reduced capacity to adapt to metabolic
stress, increasing the risk for disease and ultimately death.2,3 Indeed, the progressive
metabolic dysfunction (namely the downregulation of glucose metabolism and mito-
chondrial energy production) has long been recognized as a prominent feature of
aging that affects nearly all individuals,4�6 and ultimately constitutes the primary risk
factor for cancer, diabetes, cardiovascular disorders, and neurodegenerative dis-
eases,7�12 among other major human pathologies, and increases the risk for function-
ing loss, disability, frailty, and imminent death.13 To further aggravate this scenario, as
people age they are more prone to undergo simultaneous comorbidities.2 This renders
human aging a double-edged sword, by representing one of the major socioeconomic
achievements and privileges of the last century, but also as a major social, economic,
and medical challenge.2 The World Health Organization (WHO) estimated that 1 bil-
lion people were aged 60 and older in 2019, a number that will rise to 1.4 and 2.1 bil-
lion by 2030 and 2050, respectively.2

Different body functions can change at different rates over time, and the rate of
biological aging varies among different individuals,14 resulting in a low correlation
between chronological age and functional loss or tissue deterioration. To further
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complicate this issue, it is well known that besides genetic factors, the (healthy) aging
process relies also on environmental factors, gender, ethnicity, and socioeconomic sta-
tus, all of them exerting their silent influence since the early stages of aging.2

Knowledge of the specific rate of biological aging would allow for the prediction of a
person’s longevity and risk for disease, to determine the need for intervention and give
insights into how the consequences of aging can be counteracted using drugs, diet, or
exercise. This could be implemented based on reliable indicators associated with
healthy aging, which are called biomarkers and need extensive validation. The
American Federation for Aging Research defined a set of criteria for biomarkers of
aging, in order for them to serve as reliable indicators of biological age. Briefly, a bio-
marker: (1) should predict a person’s rate of aging relative to their total life span inde-
pendently of (and better than) chronological age, (2) must report a physiological
process underlying aging and not the effects of disease, (3) must be able to be tested
repeatedly and reproducibly without harming the person, and (4) should work both in
laboratory animals and in humans to allow for pre-clinical research.15 Validation of
these biomarkers would allow for testing intervention strategies without the need to
follow each patient throughout an extended period of their life. Nine tentative hall-
marks of aging were proposed, including genomic instability, telomere attrition, epige-
netic alterations, loss of proteostasis, deregulated nutrient-sensing, mitochondrial
dysfunction, cellular senescence, stem cell exhaustion, and altered intercellular
communication.11

Phenotypic and molecular biomarkers that have been used to study the health of
older populations include clinical measures associated with the cardiovascular system,
metabolic processes, inflammation, immunity, and infection, the central nervous sys-
tem, activity of the hypothalamic pituitary axis, sympathetic nervous system, organ
function, oxidative stress, antioxidant defenses and genetic markers.16 More recently,
molecular predictors of biological age were proposed, including epigenetic clocks,
telomere length, transcriptomic, proteomic, metabolomics-based, and composite bio-
marker predictors.17 All of these biomarkers should be properly explored in order to
extract meaningful knowledge that may contribute to properly addressing the aging
issues. In this context, machine learning (ML) approaches might be very effective to
deal with the complexity and nonlinearity of this data.

25.2 Machine learning overview

Massive amounts of age-related biological data exist nowadays. One remarkable exam-
ple of publicly available data is the Human Aging Genomic Resources, a collection of
databases with information for the study of the biology and the genetics of aging.18

Given the amount, complexity and variability of biological processes, assessing the
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predictive power of biomarkers of biological aging or aging-related diseases is chal-
lenging. Additionally, the available information increases at an extremely fast rate.

In this scenario, it becomes mandatory to rely on sophisticated and robust compu-
tational tools to process and analyze the data. ML comprises a suite of statistical meth-
ods and tools that are able to deal with a large amount of heterogeneous data and
unveil relevant hidden patterns.19 The knowledge extracted from raw data contributes
to gain a better understanding regarding the problem being addressed, as well as to
create computational models that are able to make accurate predictions for future
events.

The point of departure for any ML project is to collect and preprocess a sample of
examples that describe/are representative of the situation under study. Information in
this dataset can have many different types. The most common examples are numerical
values (e.g., gene expression data or biomarkers), text (e.g., genome sequencing),
images, sound or video, although several other possibilities exist.

The most common ML approaches are supervised and unsupervised learning, even
though other variants can be considered. The distinction is related to the information
provided by the examples that comprise the dataset. Learning is supervised if the data-
set instances are labeled, for example, if a specific gene expression result is identified as
belonging to a given disease or if an X-ray image is marked with a diagnosis.
Conversely, unsupervised learning methods are applied when the dataset only contains
unlabeled raw data.

ML algorithms are supplied with the dataset instances and autonomously extract
useful knowledge, by unveiling relevant hidden patterns that may exist in the data,
inferring relationships between features/attributes describing the examples or creating
predictive models that can be used in future situations.

Unsupervised learning is particularly challenging, as it deals with unlabeled
instances. In this case, the major goal of learning is to unveil and understand interac-
tions between the instances of the dataset and the features that describe these exam-
ples. Clustering is the most common unsupervised approach, and it aims at organizing
instances into different groups. The goal is to have a set of relatively distinct clusters,
each one comprising a subset of similar (i.e., homogeneous) examples. Even without a
label, the subset division and organization of the data will lead to a better understand-
ing of the problem being addressed. Different strategies for clustering may be applied
according to the specific goal of the problem under analysis. Methods can be either
hierarchical or non-hierarchical. Moreover, cluster discovery is usually guided by dis-
tance, density, or a specific distribution model (e.g., a Gaussian distribution).20

In supervised learning, the examples are labeled. This way, the goal of the compu-
tational method is to learn a model that relates the independent variables (features or
attributes) describing the instances with the corresponding dependent response. Labels
can be either discrete/categorical or continuous, which subdivides supervised methods,
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respectively, into classification or regression. The process of fitting such a model is
called “training” and there are many possible algorithms for this task, ranging from
straightforward classical methods, such as linear regression, to modern approaches like
decision tree ensembles, support vector machines, or deep neural networks. After
training, the predictive accuracy of a model is assessed with new unseen data. It is vital
to rely on data unobserved during training, as this will certify the generalization ability
of the model.

25.3 A review of machine learning applications for aging research

ML methods are increasingly being applied as relevant data analysis tools to assist
aging-related research.21�23 As referred to previously, the aging process brings a broad
decline in organ function that increases the risk for chronic diseases, especially those
affecting the immune system (such as decreased immune response and immune mem-
ory, and increased chronic inflammation)24 and the central nervous system (including
dementia and its most common form, Alzheimer’s disease).25�27 Numerous studies
tried to establish indexes of biological age based on cell numbers, gene or cytokine
expression, blood and leukocyte epigenetics, telomere length, or genetic predisposi-
tion, that could be correlated with health, disease or even all-cause mortality and
might thus constitute reliable biomarkers.28�36 However, their generalized use in
clinics appears to be hampered by the lack of a direct correlation between the biologi-
cal alteration upon aging (for instance in telomere length, epigenetic clock or immune
gene expression)28,29,33,34 and the specific physiological processes that are affected.

Conversely, others suggested that age-related changes in the immune responses
could be more relevant in this context.24 In this regard, studies demonstrated that the
increased levels of the inflammatory C-reactive protein, interleukins-6 and -1ß, and
TNFAR1 were correlated with a higher cardiovascular risk and all-cause mortality in
older adults.35,36 Furthermore, aging has been increasingly shown to dramatically affect
both adaptive and innate immune mechanisms, including the decrement in the prolif-
eration, function, and migration of immune cells,37�39 in T-cell receptor diversity,40

antibody secretion,41 phagocytic and cytotoxic mechanisms,42,43 alongside the dysre-
gulation of cytokines and chemokines.38,44 This is further reinforced by the aging-
mediated changes in human antibody production45 and the consequent effect on
humoral immunity.37,46,47

Therefore, it is plausible to hypothesize that the increase in immune age may ren-
der individuals more prone to autoimmune diseases or even increase the severity of
acute inflammatory disorders, thus pointing towards a possible cross link between
aging and autoimmune diseases.24 In this perspective, the immune age may constitute
a highly relevant biomarker of immune function in health and disease, that is a person
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with an accelerated immune age (or an older immune than chronological age) might
be at a higher risk for autoimmune, autoinflammatory, and acute disease. 24

Accordingly, by using the antibody binding profile from individuals, these authors
established a ML model that provides a high correlation between the immune and the
chronological ages.24 Specifically, they found that aging was correlated with a strong
increment in the number of N-terminal di-serine motifs and the subsequent binding
of antibodies, which may in turn stimulate auto-antibody production and the autoim-
mune processes that often occur upon aging.24 The authors emphasize that the N-
terminal di-serine motifs may be relevant in aging studies; however, this parameter
may only partially predict the chronological age and, therefore, may not be sufficient
to constitute an age-related predictive biomarker.24

Hence, besides its relevant impact on health and disease onset/progression, such an
immune age index could also be useful to evaluate the therapeutic efficacy of anti-
senescent/-immune disease interventions,38,48�50 and to establish preventive strategies
that slowdown the immune aging of individuals (such as physical activity or vitamin E
supplementation)51, culminating in longer and healthier lives.24

In the next sections of this chapter, we present two novel approaches of the appli-
cation of ML methods in the area of aging research. The first contribution was devel-
oped under the myHeart project and describes a telemonitoring system aiming at
creating personalized, interpretable and dynamic models for cardiovascular risk assess-
ment of acute events, namely death and re-hospitalization.

The second contribution presents an ongoing project dealing with data from the
English Longitudinal Study of Ageing. The study aims at applying supervised learning
algorithms to the collected data to accurately predict ten age-related diseases.

25.4 Telemonitoring data mining for hearth failure management

The employment of information and communication technologies, and personal
health systems (pHealth), might be particularly important. The patient is at the center
of the health delivery process and, through remote monitoring and management appli-
cations, the continuity of care at all levels of healthcare delivery can be a reality. In
particular, this scenario introduced a great interest in telemonitoring solutions,
enabling remote monitoring by means of nonintrusive sensors, for continuous access
to multiple data sources, including physiological signals, providing professionals with a
global and reliable view of the patient's condition.

Based on the telemonitoring system developed under the myHeart project, this
section reports part of the algorithms and respective achieved performances using bio-
signals gathered with the MyHeart wearable sensor device (vest). Two main applica-
tions are addressed: (1) Diagnosis (classification) of heart failure arrhythmias, and (2)
Prognosis (prediction) of heart failure decompensation. The first was implemented to
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run in a home-based environment, where electrocardiogram (ECG) signals are
acquired. The second uses the historical information of the patients, mainly consisting
of daily measurements, such as blood pressure, weight and heart rate. Regarding the
latter, prediction models are currently being improved and validated with new data, in
the context of the lookAfterRisk project, which combines the development of risk
prediction models with home-mobile technologies, to improve the management of
myocardial infarction patients. The scientific goal is the use of computational intelli-
gence methodologies for the development of personalized, interpretable and dynamic
models in the cardiovascular risk assessment of acute events, namely death and re-
hospitalization.

25.4.1 Heart failure condition
Heart failure (HF), also known as congestive heart failure, is a cardiovascular condition
in which the heart cannot pump enough oxygenated blood to meet the needs of the
body's organs, occurring because the heart muscle is damaged or overworked. Initially,
symptoms may only occur when a patient is exercising, however, over time, breathing
problems and other symptoms may occur even at rest.52

Heart failure has become a major public health concern, and the cause of consider-
able morbidity and mortality. 53 In fact, HF is a growing epidemic for which, despite
clinical advances, mortality rates continue to be high. The progression of HF creates
recurrent hospitalizations (acute decompensation events) and, even though the symp-
toms are reduced, the patient’s cardiac function continually deteriorates,54 as illustrated
in Fig. 25.1.

Although the development of new therapeutic approaches can prolong life and
shorten hospital stays,55 these patients will require re-hospitalization and have, unfor-
tunately, a poor prognosis. Approximately 20%�30% of the patients are readmitted
after 30 days, and nearly 50% are readmitted before 6 months. In Europe, more than
8 million people are affected, and with the advancing age and longer life span, these
numbers are likely to increase drastically.56

Figure 25.1 Contribution of acute events to the progression of heart failure (HF). With each admis-
sion of acute HF, there is a short-term improvement, however, the patient leaves the hospital with
a further decrease in cardiac function.
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Prevention offers the opportunity to systematically fight the origin of cardiovascular
diseases, enabling clinical professionals to play a proactive role in daily care, by imple-
menting more effective and personalized therapies. By means of telemonitoring sys-
tems, it is possible to assess the patient’s HF status and the earlier recognition of
hemodynamic deterioration that would not be feasible in common clinical practice.
Theoretically, the adjustment of treatments and actions, prior to the development of
symptoms or decompensation, can be potentially applied, thus preventing hospitaliza-
tions and therefore contributing to the reduction of healthcare costs.

25.4.1.1 myHeart study
The telemonitoring myHeart trial was a clinical observational study carried out with
148 patients from six clinical centers in Germany and Spain. The trial had an enroll-
ment phase of 9 months, with 12 months of patient follow-up. These patients were in
NYHA class II (slight limitation of physical activity, comfortable at rest), predomi-
nantly male (70%) and over 60 years old (63.86 12).57

In the context of HF management, the acquisition of electrocardiogram signal
(ECG) is of major importance, providing key information about alterations in the car-
diac electrical conduction, to assess rhythm disturbances, and ultimately, the cardiovascu-
lar status of the patient. In addition to the ECG signal, other telemonitoring
measurements have usually been acknowledged to be relevant for the HF management.
These include body weight (BW), blood pressure (BP), heart rate (HR), respiration rate
(RR) and fluid contents that are collected periodically, typically on a daily basis.58

25.4.2 Algorithms for heart failure management
25.4.2.1 Diagnosis of heart failure arrhythmias
The input consists of the ECG signal, obtained from wearable sensors, being the appli-
cation divided into three main modules, as illustrated in Fig. 25.2: (1) preprocessing,
including QRS detection and ECG segmentation, (2) feature extraction from ECG,
(3) classification (diagnosis) of major arrhythmias, and atrial fibrillation (AF), ventricular
tachycardia (VT), and premature ventricular contractions (PVC). The accuracy of a
classifier is, obviously, highly dependent on the number of classes to be categorized.
Clearly, with only two classes, each classifier is able to provide a superior classification
result, due to the lower complexity of the problem. This fact justified the design of a
distinct classifier (neural network) for each specific task (AF, PVC and VT).

25.4.2.1.1 Preprocessing
The first step comprises several phases: removal of baseline wander, reduction of noise,
R peak detection, and main wave’s delineation (ECG segmentation). The methods
implemented are based on digital wavelet transforms.59 and multiscale morphological
operators.60 In effect, the cyclical behavior of the ECG signal, together with its spectral
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components, reflected in the different frequency bands and scales, can be distinguished
using multi-resolution decomposition by means of wavelet transforms, or by applying
morphological transforms at different scales. As a result, this ECG analysis addressed:
• the baseline wander and noise removal using a wavelet approach61;
• the R peak detection performed with the algorithm developed by62;
• the segmentation through the method proposed by Sun,60 with some adaptations.61

25.4.2.1.2 Feature extraction
Atrial fibrillation detection—The proposed strategy makes use of the three principal
physiological characteristics of AF: absence of P waves before the QRS-T complex, a
sawtooth like pattern along the cardiac cycle corresponding to atrial activity, and the
irregularity of the RR intervals. This knowledge-based approach has the advantage of
increasing interpretability of the results to the medical community, while improving
detection robustness.63,64

Ventricular tachycardia detection—The approach assumes that the fundamental dif-
ferences of normal rhythm and VT can be discriminated via time ECG shape, together
with power spectral density analysis.65�67

Premature ventricular contraction detection—The proposed algorithm assumes a
patient-specific approach. The method uses characteristics of the QRS complex of
each beat and compares them with those of neighboring beats of the same patient, as
well as compares the QRS morphology of normal and abnormal beats.68

25.4.2.1.3 Classification
The proposed classifiers consist of feedforward neural networks with sigmoidal type
activation functions. The parameters, that is the weights and the bias, were trained
using the Levenberg-Marquardt algorithm.69

Figure 25.2 Electrocardiogram analysis toolbox, as a component of the myHeart heart failure man-
agement system.
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25.4.2.2 Prognosis of heart failure decompensation
The prediction strategy assumes that trends of physiological data, common to patients
with similar disease progression, may have prognostic value in the prediction process.
Moreover, it is assumed that hemodynamic changes, able to characterize the occur-
rence of a given event, can be captured by variations of biosignals’ evolution (trends).

The framework behind the prediction approach is illustrated in Fig. 25.3. Given
the current telemonitoring data XðtÞ (measurements daily collected), the prediction
of a specific cardiac event is supported on a similarity analysis using the historical data-
set.70,71 The process starts by defining the historic patterns Pi that describe the
dynamics of the clinical events to be detected. These patterns can be knowledge-
driven, based on clinical evidence, through the definition of specific behaviors (such as
trends, offsets and sudden variations). Alternatively, data-driven approaches can be
applied in a knowledge extraction procedure: a pattern discovery process by clustering
techniques can be employed, grouping data into subclasses that reflects similar patterns
(in the present situation, decompensation, or normal condition). In this case, data
resulting from the myHeart telemonitoring study57 was employed. The records are
composed of biosignals collected on a daily basis (BP, HR, BW, and RR), before the
occurrence of one event, together with its prediction (decompensation heart failure
and normal condition).

From the research and methodological perspectives, two major issues should be
addressed:70 (1) how different variations in time series (trends) can be captured, com-
pared and grouped; (2) how these variations can be used in the required prediction
(decompensation or normal condition).

25.4.2.2.1 Time series clustering
The former is based on a similarity search scheme between a time series that combines
the Haar wavelet decomposition, in which signals are represented as linear combinations

Figure 25.3 Proposed approach for the prediction of heart failure decompensation events.
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of a set of orthogonal bases, with the Karhunen-Loève transform, which allows for the
optimal reduction of that set of bases. Supported on the localization property of the
wavelet basis, and using a reducing operation, the bases that significantly reflect the
dynamical patterns of the time series under analysis are chosen. The trend similarity
measure is then indirectly calculated by means of the coefficients obtained in time series
description by using a distance measure.72

25.4.2.2.2 Prediction approach
Essentially, the prediction strategy is inspired by a case-based reasoning principle,
where the main hypothesis is that the future evolution of similar conditions that
occurred in the past can be used in the prediction of the current condition.73 The pre-
diction strategy assumes that the new prediction is computed by a majority vote of the
M predictions previously identified in the historic dataset. It is important to note that
the prediction scheme does not require the computation of an explicit model (such as
a regressive one or a neural network classifier). In effect, what is involved is a trend
similarity analysis followed by a nearest neighbor procedure: the present case is com-
pared with others available in the historic data, and the most similar cases are used
directly in the prediction process.

25.4.3 Experimental results
25.4.3.1 Diagnosis of heart failure arrhythmias
Although algorithms have been run with the collected ECGs, it was not possible to
adequately assess their performance (e.g., by means of sensitivity and specificity values)
since no ECG annotation was performed by experts.

25.4.3.1.1 Segmentation
The present methodology was employed to segment the ECG, and to determine the
RR interval, the QRS width, the PR interval, the PQ interval, and the QT interval.
Fig. 25.4 depicts one example of the segmentation parameters obtained from a typical
patient along 192 sessions. The parameters presented for each session result from the
average of all values acquired during the session (a session is performed for 5 min).

25.4.3.1.2 Premature ventricular contractions and atrial fibrillation episodes
Two illustrative examples relative to PVC detection and AF classification are presented
in Fig. 25.5. As can be observed, the algorithms identified several PVC and AF epi-
sodes (the maximum number was 3 episodes in a session).

25.4.3.2 Prognosis of heart failure decompensation
The strategy was evaluated using daily measurements acquired during the myHeart tel-
emonitoring study (heart rate, respiration rate, body weight and blood pressure). From
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Figure 25.4 Typical electrocardiogram segmentation results (myHeart trial). The parameters pre-
sented for each session result from the average of all values acquired during the session (5 min).

Figure 25.5 Illustrative examples of premature ventricular contractions (PVC) and atrial fibrillation
(AF) detection results from myHeart database. (A) PVC detection: symbol (•) denotes a normal elec-
trocardiogram, while symbol (x) denotes a PVC episode; (B) AF detection: The parameters pre-
sented for each session result from the average of all values acquired during the session (5 min).
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the 148 patients recruited, 41 were considered analyzable, that is, with more than 30
days of telemonitoring measurements (15 decompensation events and 26 normal
conditions).

In the prediction scheme, two key parameters had to be specified: (1) N: the dura-
tion of the time series (template), that is the number of days considered relevant before
the occurrence of an event; (2) M: the number of patterns (or number of neighbors)
considered in the prediction mechanism. With respect to the number of days before
an event, the best results were obtained with N5 4 or N5 8, which are perfectly in
accordance with clinical literature. With respect to the number of neighbors, the
obtained results suggested that lower numbers are preferable (M5 1 or M5 2).

Regarding the validation assessment, a leave-one-out cross-validation approach was
followed, achieving sensibility and sensitivity values of 0.87 and 0.68, respectively.

25.4.4 Discussion
The integrated ECG analysis platform, developed as proof of concept of the myHeart
heart failure management product, allows for the detection of the most significant car-
diac arrhythmias in HF management, namely AF, PVC, and VT. When applied in a
real home telemonitoring environment, a true validation could not be performed
through the signals collected by wearable ECG sensors (myHeart database was not
annotated), although the achieved results suggest the feasibility of the algorithms.

On the other hand, this chapter assessed the prognostic value of a particular set of
daily measurements collected during the myHeart trial, in the prediction of HF acute
decompensation events. Although it can be argued that the number of patients and
events were limited (41 patients), the obtained results show that the proposed trend
similarity detection and prediction scheme may be appropriate for the early detection
of heart failure decompensation.

Future directions of work, currently being explored in a collaboration with Centro
Hospitalar de Leiria, Portugal, and with the commitment of the Portuguese Society of
Cardiology, is the development of dynamic strategies, supported on tele-home moni-
toring solutions, able to continuously incorporate new information into cardiovascular
risk assessment models, to improve the accuracy of such models. These will be applied
at hospital admission, in patients with a first episode of acute myocardial infarction and
will be continuously updated when the patient returns home.

25.5 Machine learning for the English Longitudinal Study of Ageing

The English Longitudinal Study of Ageing (ELSA) is an ongoing study that collects
data from thousands of participants living in the UK every two years, focusing on
individuals over 50 years of age. The study collects data from the participants about a
range of subject areas, such as economy, health and wellbeing.74
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In this case study, we used a longitudinal dataset created from the “Nurse-data
files” in ELSA, collected when a health professional visits the ELSA participants in
their household every two waves of the study (every 4 years, as ELSA waves happen
in 2-year intervals). We used data collected from 2004 to 2016 (waves 2 through 8),
spanning 12 years of the participants’ lives. This ELSA-nurse dataset contains a range
of health or biomedical variables, such as blood samples, and results of tests performed
by the health professionals, such as mobility exams. We used this data to predict the
value of the target (class) variable at wave 8 (i.e., a supervised learning problem).

The dataset created for this study had 7097 instances (ELSA participants) and 45
different variables, out of which 41 had repeated measures (making our dataset longi-
tudinal), which generated in total 140 predictive features (counting each measure of a
variable as a separate feature). The 10 classes to be predicted correspond to 10 age-
related diseases, with binary values indicating whether or not the individual reported
being diagnosed with that disease in the latest wave of the study.75

25.5.1 A brief overview of random forest classifiers
The classification problem of supervised ML consists of creating prediction models
from training data containing class labels, then using these models to predict the class
labels for previously unseen testing data. In this case study, we applied Random forests
(RFs), a popular type of classification algorithm.76

Random forests are a type of ensemble classification algorithm which combines the
predictions of many different decision trees (e.g., via majority voting) to get more
accurate and more stable predictions. This requires the trees in the ensemble to not
only be reasonably accurate but also diverse, that is they should make different types
of prediction errors, so that the majority vote is more likely to be correct.

Random forests use two main strategies to learn diverse decision trees. First, each
decision tree in the ensemble is learned from a randomly sampled subset of the train-
ing instances. Second, for each node of the decision tree, the algorithm randomly sam-
ples a subset of the predictive features to use as candidates for splitting the data, and
the best among those candidate features is selected.

Random Forests have performed remarkably well in benchmark experiments77,78,
comparatively to other powerful classification algorithms, and it has the advantages of
being simple, fast and retaining some interpretability in its learned models, which is an
important advantage in health-related applications.

25.5.2 Preparing the English Longitudinal Study of Ageing-nurse data
for the classification task
25.5.2.1 Data-driven missing value replacement
Longitudinal studies often generate datasets with many missing values.79 That is
because, in addition to the usual reasons for a feature’s value being missing,
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respondents may leave an ongoing study or join at a later wave (meaning all the values
for such individuals will be missing in the waves they did not participate in the study).

There are several methods for missing value replacement, but no single method is
the best choice for all types of features and datasets. Thus, we used a feature-wise
data-driven approach to choose the best method from a set of five methods
(Table 25.1), representing statistical techniques, ML algorithms, and techniques devised
specifically for longitudinal data.

For each feature, first our data-driven MVR approach calculates the average esti-
mation error for each of the five methods in Table 25.1, over the known values of
that feature. Next, it orders those methods in increasing order of their estimation
errors, and then it applies these methods in that order until there are no missing values
left in that feature. Thus, for each feature, each missing value is replaced using the
MVR method that had the smallest estimation error for the known values of that
feature.80

25.5.2.2 Adapting the random forest algorithm to longitudinal data
The standard RF algorithm does not cope directly with the temporal information of
longitudinal data, as is the case with most ML classification algorithms. Hence, we
adapted a part of the RF algorithm to address this issue, adding a bias to make the

Table 25.1 The missing value replacement (MVR) methods that compose the data-driven MVR
approach.

MVR method Description

Global mean/mode Mean (or mode, for nominal features) value over all
available measurements.

Age-based mean/mode Mean/mode value over all measurements from individuals
with the same age as the respondent with a missing value
for that feature.

Previous observation carried
forward

If the value for the previous wave’s measurement of a
feature is known for an individual, carry it over to the
missing value in the current wave.

Mean/mode of previous and
next observations

If the values of both the previous and the next wave’s
measurements of a feature are known, calculate their
mean/mode and use the result to replace the missing
value in the current wave.

K-nearest neighbors Find the K-nearest instances to the current instance, based
on all measurements of the current feature, the age and
gender of the respondents, which have a known value for
the current feature. Replace the missing value in that
feature by the mean/mode of the values of the neighbors’
measurements.
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classifier favor more recent information. This adaptation is based on the intuitive
notion that features measured closer to the class (target) wave are more closely related
to the target value (i.e., whether the individual was diagnosed with a disease in
wave 8).

The proposed adaptation is a lexicographic bi-objective approach, applied to the
node split function of the decision trees that compose the RF. A decision tree splits
the data based on the values of a selected predictive feature. Normally, the selection of
the feature to be used in a split is based solely on the reduction of class impurity in the
dataset that the split would cause, using a metric like the information gain ratio or
other similar metrics. In our adaptation, this decision becomes bi-objective. In addition
to the information gain ratio (primary objective to be maximized), as secondary objec-
tive to be optimized we use the time-index of the selected feature, favoring more
recent features over those measured further in the past. Importantly, a feature’s time-
index only comes into play as a tie-breaking criterion over features considered as can-
didates for the split of a node that have virtually the same information gain ratio. We
call this a lexicographic bi-objective approach, since the two objectives are optimized
in a clear and predefined order of priority. After a series of experiments,75 we observed
that the classification models generated with this adapted RF algorithm generally had
better predictive accuracy than a standard RF algorithm.

25.5.3 Computational results
25.5.3.1 Predictive performance results
We trained RF classifiers with the lexicographic bi-objective split approach using the
previously described dataset, with all missing values in the original predictive features
replaced by estimations. The classifiers were evaluated using a well-known, 10-fold
cross-validation, where the dataset is divided into 90% training and 10% test data for
each iteration, until all instances have been used in testing once. The training data is
used to create the classification model, then the model is used to predict the class label
for each test instance, and we compare the predicted and actual values to measure pre-
dictive performance.

All 10 datasets have a class-imbalance problem, as we have much fewer examples
of individuals diagnosed with the age-related disease (target variable) than of healthy
individuals. Thus, we undersampled the training data, in all experiments, using the
Balanced Random Forest method.81 Briefly, this means the algorithm learns from
training data with the same number of positive and negative examples, and is then
tested with the imbalanced (unchanged) test data. Then, we calculate performance
metrics for each classifier, which indicate how well the model predicted the class of
the instances in the test datasets. Table 25.2 reports the average values of the following
metrics over the 10 test sets of the cross-validation:
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Each row in Table 25.2 corresponds to one of our 10 target variables, the age-
related diseases, ordered by their class imbalance ratios (IR). The IR value indicates
how many majority class instances there are in the dataset for each minority class
instance. For example, in the Dementia dataset, for each respondent who reported
being diagnosed with Dementia (negative class), we have about 60 that did not (posi-
tive class).

25.6 Feature importance analysis

One advantage of the RF ensemble classifier is that its models are more
interpretable than those created by fully “black-box” algorithms, such as Neural
Networks and Support Vector Machines. Individual decision trees are easily interpret-
able, but as a RF has a large number of trees (usually over 100), we can instead calcu-
late feature importance metrics to get a sense of how effective each predictive feature
was in the model.

This interpretation analysis can identify general trends, and spark further research,
from the results of the classification model. This is an important contribution, in addi-
tion to the classification model itself. Understanding which features were useful in pre-
dicting the target variables can lead to a better understanding of the relationships
between those features and the classes, potentially leading to novel biomedical knowl-
edge. In this case study, we are looking at biomedical variables (features), most of

Table 25.2 Random forest’s performance. Values averaged from the 10-fold cross-validation.

Dataset (IR) Sensitivity Specificity GMean AUC

Arthritis (1.35) 0.624 0.752 0.683 0.744
High BP (1.49) 0.648 0.548 0.596 0.681
Cataract (2.06) 0.680 0.683 0.682 0.732
Diabetes (6.5) 0.698 0.780 0.735 0.808
Osteoporosis (9.85) 0.681 0.810 0.742 0.810
Stroke (15.86) 0.684 0.729 0.706 0.752
Heart Attack (16.7) 0.659 0.725 0.690 0.752
Angina (26.41) 0.636 0.727 0.680 0.742
Dementia (59.96) 0.592 0.664 0.612 0.703
Parkinson's D. (160.3) 0.628 0.750 0.685 0.739

Sensitivity (True Positive rate): the ratio of majority class instances (healthy individuals) that were correctly classified by
the model.
Specificity (True Negative rate): the ratio of minority class instances (individuals diagnosed with the target disease) that
were correctly classified by the model.
GMean: The geometric mean between Sensitivity and Specificity, a performance measure that puts an equal weight in
correctly classifying instances of each class.
AUC: The area under the ROC curve, a popular performance metric that takes into account the trade-off between
maximizing the True Positive rate and minimizing the False Positive Rate.
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which were measured at different time-points of the study, Hence, we aim at identify-
ing which of those features were instrumental in the classification of the study’s partici-
pants as healthy or unhealthy, for each of the 10 target age-related diseases.

Table 25.3 shows the features included in the set of 5 best ranked features used as
predictors for each of the ten age-related diseases used as class variables, considering
the different measurements of a feature (in different waves) as the same base feature. In
each cell of this Table, a “ü” symbol indicates that the feature in the corresponding
row is one of the five best ranked features for the age-related disease in the corre-
sponding column. These results were obtained by running the RF algorithm with the
aforementioned lexicographic bi-objective approach for selecting the best feature at
each tree node. Note that, for some age-related diseases in Table 25.3, the number of

Table 25.3 Features that occur among the five best-ranked features used as predictors for at least
one of the 10 age-related diseases used as class variables.

Feature Angi. Artr. Cata. Deme. Diab. HBP He.
At.

Oste. Park. Stro.

chestin ü ü ü ü
sex ü ü ü ü
eyesurg ü ü ü
hasurg ü ü ü
Igf1 ü ü ü
mmstre ü ü ü
bmiobe ü ü
clotb ü ü
fglu ü ü
indager ü ü
mmlore ü ü
mmssre ü ü
trig ü ü
cfib ü
chol ü
diaval ü
hdl ü
hgb ü
hscrp ü
ldl ü
mmcrre ü
mmgsnavg ü
pulval ü
wtval ü
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cells in the corresponding column with the symbol “ü” is less than 5, because two
measurements of the same feature (in different waves) are among the five best features
for that age-related disease. The features are shown in decreasing order of the number
of age-related diseases that they are associated with, and as a tie-breaking criterion, fea-
tures are listed in alphabetical order. The meaning of the features shown in this table is
described in Table 25.4.

As shown at the top of Table 25.3, there are two features which were among the
five strongest predictors for four out of the ten age-related diseases, namely chestin
(“Lung function: any respiratory infection in last three weeks”) and sex. There were
also four features which were among the five strongest predictors for three age-related
diseases, and seven features which were among the strongest predictors for two age-
related diseases. Overall, this shows that several features are strong predictors for multi-
ple age-related diseases, contributing to a more holistic study of the aging process,
instead of studying just one age-related disease at a time as usual.

Table 25.4 Description of the best-ranked features shown in Table 25.3.

Feature Description

bmiobe Body mass index grouped according to WHO definitions
cfib Blood Fibrinogen level (g/L)
chestin Lung function: Whether had any respiratory infection in last 3 weeks
chol Blood total cholesterol level (mmol/L)
clotb Blood sample: whether has clotting disorder
diaval Mean diastolic blood pressure
eyesurg Whether have a detached retina or had eye or ear surgery in the past 3 months
fglu Blood glucose level while fasting (mmol/L)
hasurg Whether had abdominal or chest surgery in the past 3 months
hdl Blood High-density lipoprotein (HDL) level (mmol/L)
hgb Blood hemoglobin level (g/dL)
hscrp Blood C-reactive protein (CRP) level (mg/L)
ifg1 Blood insulin-like growth factor (IGF-1) level (nmol/L)
indager Age of the respondent
ldl Blood LDL cholesterol level (mmol/L)
mmcrre Single chair rise test outcome
mmgsnavg Mean grip strength with non-dominant hand
mmlore Leg raise (eyes open) test outcome
mmssre Outcome of side-by-side stand test
mmstre Outcome of semitandem stand test
pulval Pulse pressure
sex Sex of the participant
trig Blood triglyceride level (mmol/L)
wstval Mean waist (cm)
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25.7 Conclusion

The aging of the world’s population creates a new distribution of health expenditure,
with a significant change towards chronic diseases and other aging-related diseases
(e.g., cardiovascular and neurological diseases). These changes cause unaffordable costs
for health systems. At the same time, there is an unprecedented amount of age-related
biological data being collected and made publicly available. This scenario, coupled
with the renewed interest and advances observed in the area of ML, creates a decisive
opportunity for the development and application of effective computational methods,
aiming at unveiling the real potential of the collected data and, therefore, to extract
meaningful knowledge from it.

The two examples described in this chapter are remarkable situations where bio-
logical aging-related diseases can benefit from the application of ML-related techni-
ques: the first example describes a home telemonitoring environment for the early
detection of heart failure, whereas the second situation relies on the analysis of real
data to early predict the potential development of multiple age-related diseases.
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The future of integrated care in aged
individuals
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26.1 Introduction

Health systems have evolved over time. We can find the first public hospitals appearing
during the Christian period in the Byzantine Empire by the end of the 4th century.
Medieval European and Islamic societies contributed to the dissemination and develop-
ment of the concept. After the 16th century, European exploration globalized hospitals
around the world. Until the 20th century, the idea of a hospital encompassed hostels
for travelers, dispensaries for poor relief, clinics and surgeries for the injured, and homes
for the socially excluded (e.g., blind, disabled, elderly, mentally ill). Aristocrats and the
wealthy were treated at home.

It is only after the World Wars, and mostly the second World War that acute care
gained terrain and the hospital started to resemble what it is now. The increased differ-
entiation and technological development helped develop the hospital as the central
hub of healthcare. It changed our lives. The hospitals are the new cathedrals where
our main life events are taking place and miracles happen. We are born at the hospital,
treated at the hospital, and die at the hospital. As a scientific center, the hospital con-
centrates the most advanced technology, and for the first time, the poor and the
wealthy are treated at the same place.

The geometric knowledge increase is followed by differentiation. Medical practice
ramifies in a plethora of specialties and subspecialties that gain more and more interest
moving healthcare from the individual to the organ and the biomedical process.
Hospital service delivery follows professional views, and it is verticalized in different
medical specialties’ that have trouble providing a common approach to the patient.

Increased differentiation has boosted complexity and costs. Peter Drucker famously
called hospitals “the most complex form of human organization we have ever attempted
to manage.”1 Economic growth sustained the improvement in coverage and scope of
health services. Far from infinite, fiscal constraints arose and inputted additional pressure
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to improve health system efficiency and cost-sharing. The professional bureaucratized
organization faces managerialism that introduces the cost-containment and productivity-
based policy agenda. Nonetheless, intense professionalization and institutionalization
resisted top-down or radical change, evolving instead through an incremental pattern of
change that reproduces the professionalized status quo.2

At the same time, the escalating complexity and heterogeneity of healthcare deliv-
ery systems has led to increased fragmentation, making the health system more prob-
lematic to use. The focus moved from a system initially based on the care for the most
fragile, to the organizational needs.

26.2 The current model is more and more inadequate

High-income countries’ health systems continue to guarantee an improvement in the
health status and longevity of their populations.3 However, critical fiscal challenges
remain, and those countries are trying to keep costs under control. The pressure is
growing to ensure better equitable access to quality of care. On the other hand, we
know that a significant portion of health spending is, at most, ineffective and at least a
waste.4 Efficiency gains can help contain costs and free resources to improve access
and the scope of services. Specific reforms vary between countries, but there is a grow-
ing perception of the need to review the delivery models5 and financing,6 to create
better efficiency of the resources used and ensuring universal access to healthcare.

The focus may be on the optimization and flexibility of the organizational model,
driven by the development of innovative solutions,7 that reduce waste and maximizes
knowledge to improve healthcare and the experience of the citizen in its use. But is it
enough? As Peter Drucker said, “there is nothing so useless as doing efficiently that
which should not be done at all.”8

The delivery of health services is the perceptible health system branch. In addition
to being the interface to the population, it is the operational “arm” of the health sys-
tem to improve the population’s health levels, not only in average terms but also in an
equitable way.9 The archetype of the organization of health services will be a model
that allows achieving this purpose efficiently.

The current delivery model was developed to manage acute disease and episodic
cases, and as a consequence, relies heavily on acute care. According to each country,
primary and long-term care or other community services were also developed but
never threatened acute services’ dominance. As a result, we have a fragmented health
system limited in its ability to provide people-centered care. Suppose we also consid-
ered the failure to integrate social services. In that case, we realize that the categoriza-
tion of welfare services is far from real-life problems that are nearly always messier,
more complex, harder to define and more difficult to resolve than this. Put simply;
people do not live their lives according to the categories we create.10
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The current model and living conditions improvement allow us to live better and
longer. But as a consequence of its success, we are facing population aging with increased
prevalence of chronic diseases. In addition, lifespan does not equate to health span.

If we do not redefine how we provide care, the gap between the current model
and the population’s needs will widen. It is not only a matter of minor adaptations.
We need to reframe care according to the individual needs and life cycle. We need
to change the question from “how might we cooperate across boundaries?” to justify
why we are not.11

26.3 The avoidable suffering

Improving health through avoidance of suffering is an essential component of high-
quality health systems.12 Still, the relief of suffering remains one of the most neglected
dimensions of global health.13 Published in 2019, the first worldwide projections of the
future burden of serious health-related suffering, as defined by the Lancet Commission
on Palliative Care and Pain Relief,14 have shown an escalating burden in all world
regions.15 Combining WHO mortality projections (2016�60) with estimates of physi-
cal and psychological symptom prevalence in 20 life-threatening conditions, serious
health-related suffering is predicted to almost double by 2060. By 2060, an estimated
48 million people will die with serious health-related suffering. This compares with
26 million people in 2016. The fastest increases will occur in low-income countries,
among older people ($70 years), and people with dementia. Over 22 million more
people aged $ 70 years will experience serious health-related suffering in 2060 com-
pared with 2016, a 183% increase (Fig. 26.1). The global burden of serious health-
related suffering in dementia will increase from 1.5 million in 2016 to almost
6 million in 2060, a fourfold increase. Without improved health systems and new care
models, we will fail to relieve the suffering of millions of people. This will increase
pressure on already vulnerable health systems, placing a greater burden on families and
informal care. Immediate global action for stronger health systems to prevent avoidable
suffering is therefore an ethical and economic imperative.15

26.4 An integrated care approach

Healthcare is not ready to deal with the complex impact of aging and the associated rise
in suffering. It needs to swiftly adapt service delivery to a more integrated approach that
joins different care levels, but also social care and community players like municipalities,
fostering collaborative work with academia, business companies and civil society.16

There are four areas that are critical for this transformation towards integrated care
to occur: (1) healthy aging and disease prevention, (2) patient-centeredness and multi-
morbidity, (3) dementia, and (4) palliative, end-of-life and bereavement care.
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26.4.1 Healthy aging and disease prevention
There have been significant advances in people’s health and life expectancy in recent
decades. Advances in healthcare keep people alive while controlling their conditions,
leading to growing numbers of people surviving with chronic illness. As a conse-
quence, the proportion of older people is rising leading to a higher number of those
with chronic health problems because of accumulated exposure to chronic disease risk
factors over a lifetime (Fig. 26.2).

Knowing that our health span depends heavily on socioeconomic factors (40%),
health behaviors (30%), healthcare (20%), and physical environment (10%),18 it is more
consensual to move from a simplistic healthcare care approach to a population health
approach. A population health approach focuses on interrelated conditions that influence
the health of populations, identifies variations in observed patterns, and uses the resulting
knowledge to inform policies to improve the health and well-being of populations.19

This complementary view of public health and healthcare—population health
management, allows for a more practical approach of the motto “health in all policies”
and the application of the public health three P’s:
• Promotion of health in a population,

Figure 26.1 Changes in the number of people dying with serious health-related suffering for
global population stratified by age-group and sex. Reprinted from Sleeman KE, de Brito M, Etkind S
et al. The escalating global burden of serious health-related suffering: projections to 2060 by world
regions, age groups, and health conditions. Lancet Glob Health 2019;7(7):e883�e892, Copyright (2019),
with permission from the author.
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• Prevention of disease in a population,
• Protection of the health of a population.

Disease prevention includes: (1) primary prevention, which is concerned with
eliminating risk factors for a disease; (2) secondary prevention, which focuses on early
detection and disease treatment (subclinical and clinical); and (3) tertiary prevention,
which attempts to eliminate or moderate disability associated with advanced disease.

A greater vertical alignment and horizontal integration between community health
and social care, by more effective joint working between public health and local gov-
ernment, and more effective partnerships between the public, private and voluntary
sectors, will promote a more person-centered care, with services that are integrated
across the patient life cycle.

26.4.2 Patient-centeredness and multimorbidity
A key challenge in meeting the needs of older people is the involvement of the
multiplicity of health and social care providers. This does not necessarily translate into

Figure 26.2 Self-reported chronic diseases, by sex and age class, EU-27, 2014 (%)17. Eurostat.
Persons reporting a chronic disease, by disease, sex, age and educational attainment level. online data
code: HLTH_EHIS_CD1E last update: 21/07/2021 10:00; 2016.
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poorer care, however it may increase the responsibility and the burden on the older
person and their family caregivers to coordinate the fragmented and possibly discontin-
uous care. In this light, patient-centeredness is considered a core aspect of improving
healthcare quality.20 Patient-centered care is respectful of and responsive to individual
patient preferences, needs and values, and ensures that the clinical decisions are guided
by the patient’s values.20 The active mechanism through which patient-centeredness
happens, triangulates three care qualities: the accessibility, the coordination and the
continuity of care. Together, they improve the patient experience of navigation
through the health system.21

Putting the patient in the center requires two conditions; (1) respect for patient’s
needs and preferences, and (2) empowering patients and their family caregivers
through the provision of timely and adequate information and support to enable them
to make decisions about their own care. That said, future healthcare services need to
be built around the patient and their family, rather than them looking for ways of
adapting their life to the services they need.

In an aging society, more people have multimorbidity than a single disease, with
more than 50% of older people having three or more chronic diseases and most people
coming to a multimorbid stage by the age of 65.22,23 The majority of the burden of
multimorbidity falls onto primary care,24 which needs to be redesigned, shifting from
a disease-centric to person-centric provision of care. Primary care needs to become
the leader in bottom-up as opposed to top-down approaches, engaging all stakeholders
towards optimizing each personal health experience throughout a multimorbidity tra-
jectory until death. This requires being sensitive at key transition points in health status
and changes in care goals.

Following the preferences of older people with multimorbidity means responding
to the fact that about half of them would prefer to be cared for and die at home.25�27

Although favorable for the relief of pressure on hospitals, turning to community care
providers as key stakeholders in helping to achieve people’s preferences and respond-
ing to their needs, also puts enormous pressure on informal caregivers. These have
been recognized as a cornerstone of patient care when it takes place in the commu-
nity, providing long hours of care and carrying out a range of tasks.28 Being prepared
for caregiving, such as providing physical care, emotional support, organizing the ser-
vices needed, dealing with the burden of caregiving, is only one part. With the longer
but not necessarily healthier life that many of us will live, comes the need to act
preventively but also, at the same time, respond to any acute health and social care cri-
sis that can arise at any point in a multimorbidity trajectory. An integrated approach to
care, built on patient-centeredness, cannot sustain without including interventions that
improve informal caregiver’s understanding of health and disease and support them in
their caregiving role. Health literacy and support for caregiving is therefore a priority
for any aging society.29
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26.4.3 Dementia

Dementia designates a group of heterogeneous disorders affecting the brain and mani-
festing with a sustained impairment in cognitive function, which goes beyond what
would be expected from normal aging and is severe enough to affect the capacity of
the individual to perform the usual activities in daily life. Worldwide, there were
approximately 50 million people with dementia in 2020 and it is estimated this num-
ber will almost double every 20 years, to 82 million in 2030 and 152 million in
2050.30 Dementia is also the disease group that will see the largest rise in the global
burden of serious health-related suffering until 2060, as described above.15

There is no known cure for dementia and the impact of the unmet needs fre-
quently reported by people with dementia is dramatic. Their main problems are the
loss of individuality due to the memory and capacity decline, the pain and discomfort
experienced, and the behavioral and psychological symptoms of dementia. This high
level of complexity in need translates into a disinvestment by the health professionals
and a lack of person-centered care, which further burdens the quality of life and the
human dignity of those affected. Dementia is therefore a major challenge for health
systems around the globe, considering the quickly growing number of aged individuals
with dementia and the prolonged dwindling disease trajectory they will experience.31

The prevalence of dementia increases exponentially with age, from 5% in people with
$ 65 years to up to 30% in those with $ 80 years. The median survival is 4.5 years,
but this is highly variable, ranging from 10.7 years in those aged 65�69 years to 3.8
years in those with $ 90 years.32

While the number of dementia cases is projected to rise due to ongoing demo-
graphic changes, recent epidemiologic studies revealed an unexpected decrease in
the incidence and prevalence of dementia as a result of more healthy lifestyles includ-
ing diet, physical exercise, smoking eviction, prevention of vascular risk factors and
cultural enrichment. A report published by the Lancet Commission on Dementia
in 2020 warns that 40% of dementia cases are potentially preventable and presents
a new life-course model showing 12 modifiable risk factors from early to later
life, including education, smoking, depression and social isolation, among other
factors.33

While much can be done to prevent dementia, the Lancet Commission Report
also reminds us that 60% of the risk remains unknown;33 hence, the importance of
providing the best available care to people with dementia, their family and carers, all
the way from diagnosis to after death. Many national dementia plans recognize the
importance of better care integration. Dementia models of integrated assessment and
management are still in development but must involve primary and specialist care
and emphasize on improving care coordination, interdisciplinary work, personalized
care and care continuity across settings.34 Integrated dementia care must consider
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family and carers. It must include end-of-life care. It requires a transformation to soci-
eties where people with dementia feel integrated.

26.4.4 Palliative, end life, and bereavement care
Palliative care is an active and holistic care approach that improves the quality of life
of persons living with a life-threatening illness, including their family. It prevents
and relieves suffering through the early identification, correct assessment and treatment
of symptoms and concerns, whether physical, psychosocial, or spiritual, to help people
live as actively as possible until death.35 It can be provided alongside any curative
treatment and it should be provided regardless of diagnosis to whoever can benefit
from a palliative care approach (e.g., people with cancer, cardiovascular diseases, respi-
ratory diseases, organ failure, neurodegenerative diseases, HIV/AIDS and many others
conditions).36 Palliative care uses an interdisciplinary team approach to support the
patient, their family and caregivers throughout the disease trajectory and, in the case of
family and caregivers, into bereavement.35

Although recognized under the human right to health,37 palliative and end-of-life
care is one of the most neglected areas in health systems worldwide,14 with 47 coun-
tries (out of 198; 24%) with no known palliative care activity, 13 countries (7%) show-
ing first initiatives and 65 (33%) countries with isolated provision within national
healthcare systems.38 Integrated models of palliative care for older people are especially
scarce due to two reasons. First, palliative care has been traditionally involved in the
care of people with cancer, but people aged 70 years and above are more likely to
die from a disease other than cancer.39 The development of integrated palliative
care models in heart disease, chronic obstructive pulmonary disease, and dementia, for
example, is much more limited than in cancer.40 Secondly, multimorbidity and frailty
related to older age increase uncertainty as to when someone is nearing end-of-life
and could benefit from palliative care.39

It is due to the complexity of their health situation that older people are often not
able to reside and be cared for at their preferred place. Transfers may be needed
between different places of care, including emergency and hospital admissions in the
very last weeks of life.41 Integrated palliative care should therefore aim at improving
quality of life and preventing unnecessary institutionalized care, especially if this is not
in line with the person’s preferences. Large surveys show that hospitals and care homes
are people’s least preferred places of death, while most would prefer to remain at
home.42 Palliative and end-of-life care providers in the community are usually gener-
alists, that is primary care professionals (e.g., family doctors, primary care nurses) and
care homes with the help of specialist teams when available (health professionals with
advanced training in palliative care). Both generalist and specialist palliative care provi-
ders, when working in the community, are known to increase people’s chances of
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dying at home.25,26 A meta-ethnography43 showed home palliative care teams, with
their presence and competence, contribute to allowing the patient and their family to
feel secure in continuing to live their life at home while preparing for death.

Integrated care should result in the continuity of care across all levels (primary to
tertiary, generalist to specialist care) and settings. However, the continuity of care is
only as good as the care that all health and social care teams involved deliver.
Evidence on the effectiveness of palliative care started to emerge in 2003 and has
showed a favorable impact of specialized palliative care teams on quality of life, symp-
tom burden, physical and psychological functioning, satisfaction with care, and place
of death.25,26,44�49

Traditionally, palliative care is introduced towards the end of life, when it becomes
clear life-prolonging or potentially curative treatments offer little or no benefit.
Better-integrated palliative care aims to intervene in earlier stages of the disease, with a
view to derive more benefits and accommodate different trajectories (e.g., cancer,
organ failure, dementia, frailty, among others).45 For some common function-related
symptoms like sarcopenia, early recognition and response are crucial as there are lim-
ited interventions to reduce weight and muscle loss, especially when already advanced.
Exercise-based interventions are one of the most effective available options50 and the
sooner they are implemented the more positive the impact will be. Early palliative
care in the older person’s life is also known to lower the risk of inappropriate use of
aggressive treatments that have little to no benefit, but markedly compromise quality
of life.51 As an example, in Portugal, this is a pressing issue, as a nationwide study of
the aggressiveness of cancer care in the last month of life showed a prevalence of
over 70% in care aggressiveness at the end of life.52 For timely identification, avoiding
unnecessary treatment burden and a well-managed care, primary care is thought to
play a crucial role.

The last stages of a life trajectory and death initiate grief, which is a natural
response to the loss experienced by the family members. Bereavement care is an essen-
tial part of palliative care that aims to provide ongoing support to family members and
other informal caregivers in their pre-death grief and grief and mourning after death.
It is a shared responsibility between communities and healthcare services in that family
and friends usually provide the majority of the support. However, around 40% of
people who cared for their relatives are at moderate to high risk of developing more
complex needs for support, including developing a prolonged grief disorder.53 This
warrants a higher level of support that goes beyond the capacity of the family mem-
bers to provide.54 Besides the scarce evidence on the effectiveness of the existing mod-
els of bereavement care and specific interventions, matching the loss-related needs of
spouses of older people with the right support is especially challenging. A recent report
showed that older bereaved are less likely to seek help than younger people and they
also have less chances to be referred for bereavement support than younger people.55
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A recent systematic review identified two service delivery models of integrated
care for older people.40 An integrated geriatric care model aims towards improvements
in the functional decline, while an integrated palliative care model focuses on symp-
tom severity and the psychosocial/spiritual aspects of the older person’s life. Both
models build on the integration of administrative, organizational and clinical aspects of
care. However, in the challenging and changing world we live in, innovative models
that go beyond the state of the art are needed. Holistic approaches, aligning different
stakeholders, including science and technological developments, citizen empower-
ment, alongside the training of new generations of health professionals and informal
carers can bring new care management solutions that will ensure delivery of the right
care at the right time, and one that will meet people’s care preferences and goals.

26.5 Key messages

• The challenges that health systems face today carry with them the opportunity to
transform the now fragmented care into better integrated care for older citizens,
avoiding waste in spending and serious health-related suffering of millions of
people.

• Building integrated care is a major endeavor that means joining different care
levels, aligning stakeholders, involving both formal and informal carers and mobi-
lizing societies as a whole. The effectiveness and continuity of care depends on it.

• For such health system transformation to occur, particular attention should be
given to four priority areas that can serve as examples for future care modeling:
healthy aging and disease prevention, patient-centeredness and multimorbidity,
dementia, and palliative, end-of-life, and bereavement care.

• Innovative models that develop bottom-up and go beyond the state of the art are
needed to shape the future of integrated care in aged individuals.
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CHAPTER 27

Moving from reactive to preventive
medicine
Lina Badimon1,2,3, Teresa Padro1,2 and Gemma Vilahur1,2
1Cardiovascular Program ICCC - Research Institute Hospital de la Santa Creu i Sant Pau, IIB-Sant Pau, Barcelona, Spain
2Centro de Investigación Biomédica en Red Cardiovascular (CIBERCV), Instituto de Salud Carlos III, Madrid, Spain
3Autonomous University of Barcelona (UAB), Barcelona, Spain

27.1 Introduction

The best doctor prevents illness, an average doctor visits when the illness is imminent, and the
unskilled doctor treats your present illness.

(Chinese Proverb)

Reactive medicine is the medical care activation and initiation in response to an
adverse disease case presentation, injury, an acute condition, or symptom. The physi-
cian and hospitals are used to responding to reactive medicine. Also, the patients are
accustomed to calling the doctor or visiting a hospital emergency room when some
pain is triggered. On the other hand, preventive medicine tries to implement medical
practices that are designed to reduce, revert or even avoid the causes of disease.
Preventive medicine takes a proactive approach to patient care, minimizing the possi-
bilities of adverse case presentation. Preventive care, as a prophylaxis, is intended to
take measures to avoid the presentation of the disease.

Disease and disability are affected by environmental factors, genetic predisposition,
disease agents, and lifestyle choices, and they are dynamic processes that begin before
an open disease episode is declared. Preventive medicine focuses on the health of indi-
viduals and communities. The goal of preventive medicine is to promote health and
well-being and to prevent disease, disability, and anticipated death. The purpose of
preventive medicine is healthy, successful aging and longevity without disease.

As we grow older, we are more likely to be diagnosed with one or more chronic
ailments. These ailments include life-threatening diseases such as cardiovascular disease
(CVD), diabetes, cancer, and debilitating conditions like arthritis, fatigue, and frailty.
These ailments reduce our quality of life. The question is: How does the aging process
affect the disease process and susceptibility, and vice versa?

Over the years, researchers studying the basic science of aging have sought to
answer these questions. Still, their work was confined primarily to investigations of the
specific activities and mechanisms that contribute to the aging process and not as
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much on the effects of the aging process on various diseases. While aging itself is not a
disease, the aging process represents a major risk factor for several chronic diseases and
conditions, including frailty and lack of resilience.

Preventive medicine has evolved during the last few years, mainly in an areas that
have a chronic character and are the major causes of death and disability in the com-
munity, such as CVDs, where the control of risk factors and implementing a healthy
lifestyle has shown significant effects in reducing morbidity and mortality. Yet, preven-
tive medicine has also progressed in other areas of human pathophysiology as well.

Understanding genetic, molecular, and cellular mechanisms of aging-associated dis-
eases will also be a driver for improved preventive medicine.

27.2 Aging and major chronic diseases

Aging is a complex pathophysiological phenomenon characterized by the dynamic
remodeling of numerous biological pathways, frequently developing into a progressive
decline of physiological functions, representing the driving force for all age-related dis-
eases. Indeed, aging is often associated with a higher incidence and prevalence of
chronic pathologies, such as CVDs, metabolic diseases, arthritis, musculoskeletal disor-
ders, cancer, neurodegenerative diseases, and dementia. Although several features of
premature aging are found in young adults with these chronic pathological conditions,
age-related diseases are frequently presented with multimorbidity in the elderly, affect-
ing more than half of the aged subjects,1 with severe consequences including disability
and functional decline, poor quality of life, and high healthcare costs for the patients,
their families, and society as a whole.2

Preventive medicine aims to develop strategies to increase the duration of a healthy
life and lessen the incidence of age-related disease; something that has been continu-
ously increasing over the last decades because of the longer lifespan of the population.
Studies aimed at improving our understanding of the etiopathogenic relationship
between biological aging and age-related chronic diseases have mostly focused on this
area's research in recent years. In addition, the effects of environmental factors or phar-
maceutical treatment are extensively investigated.3�6

27.3 The mechanistic interplay between aging and age-related
diseases. In the search of evidence for preventive medicine

Accumulating evidence, based on the study of many different types of organisms, sug-
gest aging as a continuous pathophysiological process in which several “hallmarks”
coincide.7 These include processes such as adaptation to stress, stem cell exhaustion,
metabolism imbalance, proteostasis, and macromolecular damage, in addition to geno-
mic instability and epigenetic alterations which may converge, leading to a chronic
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low-grade inflammatory condition, referred as “inflammaging” which in turn can lead
to age-related chronic diseases (Fig. 27.1).8,9 It is now well established that low-level
chronic inflammation mediates several pathologies including cancer, arthritis, obesity,
diabetes, CVDs, and neurological diseases.10 Thus, inflammaging is increasingly recog-
nized as the main process connecting aging to age-related diseases and therefore sug-
gestive as a potential target for preventing age-associated pathologies in pre-
symptomatic stages.11 However, these diseases also present many common features
that do not relate to age. Thus, most of these age-related diseases begin the pathologi-
cal processes at younger ages, and all of them need one or more specific triggers
inducing inflammation and/or inflammation-related changes directly affecting the dis-
ease target tissues and organs, as it is the case of high circulating levels of low-density
lipoproteins for atherosclerosis development in the arterial vessel wall.12,13

Accordingly, the development and progression of age-related diseases would occur

Figure 27.1 Mechanisms that contribute to healthy and pathological aging. Schematization of the
three different concepts relating aging with age-related diseases. (1) Aging as a major risk factor
for the age-related diseases (geroscience). (2) Aging and age-related diseases as two processes
linked by positive and negative feedback relationships which influence their evolution. (3) Aging
and age-related diseases as processes shearing similar underlying molecular mechanisms, but with
different phenotypic expression and disease manifestation depending on the genetic background
and epigenetic regulation.
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independently of age. However, molecular and cellular changes occurring during
aging, including inflammaging, may contribute to these diseases and favor clinical
manifestation in the elderly.7

27.3.1 Immunosenescence and age-related chronic diseases
Weakness of immune receptors and senescence of the immune system is considered
the main cause of increased levels of inflammatory markers found in cells and tissues in
older organisms,14 in the absence of evident signs of infection. Although chronic
inflammation has many features of acute inflammation, it results in responses that lead
to tissue degeneration, differing from transient immune responses to harmful condi-
tions such as traumatic tissue injury or invading pathogens which facilitate repair and
turnover.15

Several sources of low-grade chronic inflammation in aging (inflammaging) have
been suggested, including (1) damaged macromolecules and cell- and organelle-debris
products that function as endogenous “damage”-associated molecular patterns
(DAMPs) initiating immune responses and becoming maladaptive when they occur
chronically; and (2) harmful products produced by the microbial constituents of the
human body, such as oral or gut microbiota which can translocate into the blood cir-
culation triggering thereafter immune responses and inflammatory processes affecting
organ homeostasis and promoting pathologies.

In addition, inflammaging might be due to the accumulation of senescent cells that
release senescence-messaging secretomes, referred to as senescence-associated secretory
phenotype (SASP), including proinflammatory cytokines.14 SASP modifies the tissue
microenvironment, and disrupts its architecture and function.16 The evidence that
senescent cells are not just correlated but causally involved in age-related diseases
come from experimental studies. In mice, the selective elimination of senescent cells
attenuates various features of age-related pathological conditions such as osteoarthritis,
atherosclerosis, and neurodegeneration, without exerting overt adverse side effects.17,18

While considered separate systems, coagulation and inflammation are highly inte-
grated with an extensive cross-talk between them. Dysregulation or activation of one
of both systems affects and activates the other resulting in a wide range of illnesses
characterized by excess inflammation and thrombosis. In recent years, several studies
have focused on analyzing coagulation and inflammation pathways among older adults.
Interestingly, Cubedo et al.19,20 evidenced a coordinated change in the circulating pat-
tern of several plasma proteins related to inflammation and hemostasis in unhealthy
octogenarians with a previous episode of vascular disease, suggesting a potential impli-
cation of this protein-network in the development of CVD and cognitive impairment
in the elderly.

666 Aging



27.3.2 Epigenetic drift and age-related chronic diseases
Accumulation of genetic damage resulting in genome instability is considered one
major hallmark of aging and has been the focused interest of many studies. Over the
years, however, the role of epigenetics in aging has gained increasing attention, due in
part to epigenetics’ high plasticity and adaptability opening new avenues based on pre-
vention and therapeutic strategies for age-related diseases.

Common epigenetic regulation refers to DNA methylation, histone post-
transcriptional modification and transcriptional control by noncoding RNAs. Global
epigenetic patterns tend to be stable during lifespan. In contrast, aging associates with
gradual deregulation of epigenomic markers (“epigenetic drift”). Hence, the aged epi-
genome fails to respond to environmental factors leading to the loss of active epige-
netic markers directly affecting the regenerative capacity of stem cells among other
relevant biological processes affecting somatic cells. Thus, the stability of epigenetic
mechanisms is critical for a suitable molecular activity, limiting the risk of developing
various diseases and delaying the aging process.

27.4 Age-related diseases—prevention initiatives are in order

Non-communicable diseases refer to a range of chronic pathological conditions,
including cancer, CVD, diabetes, hypertension, that in addition to cognitive and neu-
rogenerative diseases, are the most common age-related human diseases. Furthermore,
sensory failures such as auditory and macular degeneration increase significantly in the
aged population, and conditions affecting the skeletal system, particularly osteoporosis
and osteoarthritis, are common in the elderly.21

Aging has a significant pathophysiological effect on the arterial system and the
heart, being CVD (ischemic disease, congestive heart failure, and arrhythmia), are
major causes of death in older adults. Age-related alterations in arteries range from the
large elastic arteries to the conduit and small resistance arteries, down to the microcir-
culation.22 Yet, a main underlying cause of age-related CVD is atherosclerosis that
manifests as coronary heart disease, stroke, or peripheral arterial disease,23 which also
causes cognitive impairment and other organ damage. To note, the incidence of heart
failure, a complex clinical syndrome derived from the progressive decline of the struc-
ture and function of the heart, progressively increases with age and represents the
main cause of hospitalization in patients older than 65 years in Western countries.24

Preventive strategies have been developed against cardiovascular-related diseases.
Inflammaging and immunosenescence are increasingly recognized as the most

important factors implicated in neurodegenerative diseases, including Alzheimer’s and
Parkinson’s diseases. It is now considered that the aging of the immune system may
accelerate cognitive decline and memory loss.25 It is well accepted that the excessive
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and continued release of proinflammatory cytokines in the central nervous system is
associated with oxidative stress, cytotoxicity, apoptosis, and neurogenesis, processes
implicated in cognitive decline.26

Age is also a major risk for solid cancers, cancer being the second leading cause of
death in the elderly until the 9th decade of life.27,28 Accumulation of senescent cells,
inflammaging, and immunosenescence represent the main factors involved in the
increase in carcinogenesis with age.29 In this respect, aging, by compromising innate
and adaptative immune responses, contributes to cancer progression. Cancer patients
have many characteristics of premature cellular aging, which relates to poor clinical
outcomes. Yet, a causal relationship still needs to be established.23 In this area, we
need further developments to have promising strategies for prevention.25

27.5 Do we have preventive strategies for ameliorating age-related
diseases?

Even though many questions in the pathophysiology of age-related diseases remain
unanswered, anti-aging strategies aiming to prevent or lessen age-related diseases have
been the focus of attention in the last decades. An important and yet challenging area
refers to identifying non-pharmacological interventions and pharmacological treatments
to reverse cellular and molecular changes that occur as hallmarks of aging, limiting,
therefore, cellular damage and extending health span. To date, different strategies have
been proposed, albeit with few results mainly because of the insufficient clinical data
available thus far despite the several achievements in experimental animal models.3

27.5.1 Non-pharmacological approaches
Lifestyle and environmental factors have been suggested to impact age-related biologi-
cal pathways, including the decline of the immune system. In recent years it has
become clear that strategies such as caloric restriction (to 30% of ad libitum values)
and exercise are associated with a delayed onset of age-related diseases in animal mod-
els, including those in primates.30 Interestingly, both caloric restriction (without mal-
nutrition) and exercise have been shown to reduce levels of proinflammatory
cytokines and ameliorate age-associated immune-cell proliferative defects.3,4

Regular aerobic exercise elicits a wide range of functional and structural positive
adaptations in all organs and tissues of the body, maintaining optimal oxygen and
nutritional supply during increased demand, culminating in a reduced risk for non-
communicable diseases. A major issue in the elderly is the sharp decline in physical
activity duration and intensity. Importantly, results from a large longitudinal prospec-
tive study among older adults with an average age of 71 years at baseline evidenced
that leisure-time activity and walking are prospectively associated with specific patterns
of more favorable indices of autonomic function (circadian fluctuations and less erratic
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sinoatrial firing), this being a favorable pattern especially evident in older adults who
increased their walking pace or distance over five years of follow up. In addition, exer-
cise in older adults has been associated with lower levels of proinflammatory cytokines
and direct effects on the immune system.31

In addition, different studies have evidenced that caloric restriction is associated with
reduced insulin levels, glucose, and insulin-growth-factor-1, which have been suggested
to relate to longer lifespan in rodents and humans.32,33 Several studies have reported that
caloric restriction has a positive effect on DNA repair and telomerase mechanisms;34 in
mammals, caloric restriction, induces the expression of sirtuins which are directly
involved in the aging process.35 Furthermore, human clinical trials have demonstrated
that continuous caloric restriction, without malnutrition, reduces oxidative damage to
tissues and organs36 and induces significant suppression of inflammation.37

27.5.2 Pharmacological interventions
The benefits of caloric restriction improving health in old age have led to considerations
of different food-derived bioactive substances acting as caloric restriction mimetics in the
elderly, but with fewer side effects (i.e., malnutrition) associated with caloric restriction.
This is the case of polyphenolic compounds such as resveratrol and curcumin, among
others, that are suggested to attenuate aging-derived epigenetic alterations and, as a con-
sequence, to attenuate the effects of various age-related diseases.38,39 Several biochemical
pathways which have been shown to be affected by dietary restriction are relevant for
aging. The mTOR pathway is associated with longevity in different animal species40

and has been a key molecular target in several clinical studies in aging, to date. Thus,
rapamycin, used in the clinic as an immunosuppressant in transplant patients, inhibits
the mTOR pathway and increases lifespan in mice.40,41 In addition, the non-
immunosupressive dose of its analog, everolimus, improves the immunological response
to influenza vaccination in healthy older subjects after six weeks of treatment.42 Other
drugs such as metformin, widely used as an antidiabetic, have been found to target
molecular mechanisms of aging through activation of AMP kinases.43 Clinical data have
revealed that treatment with metformin improves lifespan in diabetic patients44 and epi-
demiological studies have suggested that metformin may reduce the incidence of cancers
and neurodegenerative diseases.45

More recent interventions focus on “senolytic” therapies aimed to selectively elim-
inate senescent cells or to more specifically target the senescent cells-bioactive secre-
tome, referred to as the senescence-associated secretory phenotype (SASP). SASP has
been shown to drive tissue degeneration and age-associated pathologies/diseases such
as cancer and atherosclerosis.46,47 These are probably the most effective interventions
currently. However, this therapeutic approach focuses on the symptoms rather than
on the causes of aging, which differs from emerging strategies based on rejuvenation
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approaches consisting of reprogramming cells toward a pluripotent embryonic-like
state. Pioneering examples of tissue regeneration were found in heterochronic parabio-
sis studies. Exposing aged tissue to a youthful systemic environment restored injury-
induced satellite cell activation by upregulation of Notch signaling.48,49 New strategies
of regenerative medicine are based on pluripotent stem cells, including induced plurip-
otent stem (iPS) cells obtained by reprogramming of differentiated somatic cells.50

Thus, a cell-reprogramming clinical strategy will consist of the production of differen-
tiated cell from iPSCs to regenerate or replace cells in damaged tissue (i.e. heart).51,52

However, although progressing very rapidly, these therapeutic approaches are still in
their infancy. In addition, the identification of molecular and cellular pathways for tis-
sue improvement or repair during aging, opens the door to a wide range of therapeu-
tic solutions to intervene during aging and to improve the health span.

27.6 Cardiovascular disease: the success of prevention

The WHO estimated that 17.9 million people died from CVDs in 2016, representing
31% of all global deaths. Of these deaths, 85% were due to coronary artery disease
(mainly myocardial infarction (MI)) and cerebral vascular accidents, both clinical mani-
festations of atherosclerosis. Risk factors for atherosclerosis have been classified as non-
modifiable (age, family history, sex, race) or modifiable (hypertension, sedentary life-
style, obesity, hypercholesterolemia, smoking, and diabetes) according to their nature.
In most populations, the risk of CVD rises steeply with age, and, at most ages, the risk
for CVDs is higher in men than in women, although this difference declines with
increasing age and is higher for coronary heart disease than for stroke. The
INTERHEART study assessed the association between various modifiable risk factors
and MI in 52 countries. In 2004, the study reported in 2004 that abnormal lipids,
smoking, hypertension, diabetes, abdominal obesity, psychosocial factors, consumption
of fruits, vegetables, and alcohol, and regular physical activity accounted for 90% of
the risk of MI worldwide in both sexes and at all ages in all regions. This landmark
study emphasized that modifying lifestyle and habits approaches would prevent the
vast majority of CVD.53 Indeed, improvements in cardiovascular risk factors (CVRF)
is associated with reduced mortality, particularly in people with established CVD.54

Furthermore, the earliest possible prevention of CVD from childhood onwards will
prevent an increased total CVD risk in adult ages.

27.6.1 Hypertension: the most prevalent cardiovascular risk factor
Hypertension, defined as systolic BP $ 140 mmHg and/or diastolic BP $ 90 mmHg,
is considered the most prevalent risk factor for CVD worldwide.55 In 2010, 31.1% of
the global adult population had hypertension, and its prevalence has only grown since
then. Prospective observational studies have repeatedly demonstrated a strong,
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continuous positive relationship between BP and CVD, including stroke, MI, sudden
death, heart failure, and peripheral arterial disease as well chronic kidney disease and
cognitive impairment.56,57 CVD events in hypertensive patients manifest around five
years earlier than in individuals with a lower level of BP and is independent of other
CVRF.58 This is noted for both sexes, at all ages and in all ethnic groups. Yet, in
adults who are middle-aged or older ($35 years), systolic BP is a more important pre-
dictor of CVD risk than diastolic BP59 and, in the elderly, increased pulse pressure (as
a result of arterial stiffness) also has an important prognostic role regardless of the BP.60

The prevalence of hypertension also shows a steep increase with aging, in both men
and women.55,61 Men have higher blood pressure at younger ages than women, yet,
at around 60 years, women have a higher prevalence of hypertension than men. The
association between BP and CVD risk underscores the need to treat hypertension,
especially when severe, and implement preventive strategies to reduce BP-related
CVD risk in those who have a normal to high BP level to at least slow the age-related
tendency for individuals to develop hypertension.62

Randomized clinical trials have demonstrated that lowering BP with commonly
used regimens (Fig. 27.2) reduces CVD risk and all-cause mortality.63 However,
among all hypertensive-treated patients, roughly one-third are controlled. The main
reasons for this lack of control include: (1) low adherence; (2) inadequate medication
dosage; (3) intolerance to medication, and (4) resistance to treatment (refractory

Figure 27.2 Different strategies addressed to prevent or treat hypertension. Hypertension is one of
the most prevalent cardiovascular risk factors worldwide. This picture depicts different pharmaco-
logical compounds (currently under clinical use or underdevelopment) and lifestyle changes that
most effectively lower and prevent blood pressure raise. DASH diet, Dietary Approaches to
Stopping Hypertension
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hypertension). Hence, there is still an unmet need for those who cannot tolerate con-
ventional therapy or are refractory to multiple medications. Moreover, synergisms
occur when hypertension is combined with other CVRF leading to a higher total car-
diovascular risk than the presence of each CVRF alone. On the other hand, several
modifiable risk factors are associated with increased risk of hypertension,64 and accord-
ingly, lifestyle changes are the most effective strategy for lowering BP and preventing
hypertension (Fig. 27.2). It is, nevertheless, important to note that the prevalence of
hypertension tracks from childhood to adulthood and is associated with harmful car-
diac and vascular effects associated with premature CVD in adulthood.65 Hence, the
early identification and effective treatment of hypertension in children and adolescents
are key in the primordial and primary prevention of CVD, particularly for at-risk indi-
viduals, such as those with obesity and diabetes. On the other hand, in adults with a
normal BP, randomized controlled trials have shown that low-dose pharmacological
therapy with an angiotensin receptor blocker66 and angiotensin-converting enzyme
inhibitor,67 or chlorthalidone/amiloride combination68 are effective in lowering BP
and preventing hypertension.66

27.7 Low-density lipoproteins-cholesterol lowering: the lower, the better

Cholesterol circulates through the blood in micelle-like particles called lipoproteins.
There are three major classes of lipoproteins carrying cholesterol. Low-density lipopro-
teins (LDLs), high-density lipoproteins (HDLs), and very-low-density lipoproteins,
which typically constitute 60%�70%, 20%�30%, and 10%�15% of the total choles-
terol, respectively. While high levels of LDL-cholesterol (LDL-c) can lead to atheroscle-
rosis, HDL-c seems to reduce the risk of CVD in primary prevention due to its major
role in reverse cholesterol transport, in addition to other multiple vasculoprotective
effects.69,70 Yet, Mendelian randomization studies and clinical trials aimed at raising
HDL-cholesterol levels in secondary prevention have not demonstrated the expected
HDL-related benefits.71,72 It has become increasingly evident that HDL function is
more important than HDL-c levels.70,73�76

LDL-c plays a key role in the pathogenesis of atherosclerosis.76 Atherosclerosis is a
chronic, inflammatory disease in the intima (with secondary involvement of the media
and adventitia) of large- and medium-sized arteries that begins with the development
of fatty streaks (early lesions) in childhood and adolescents and progresses with aging.11

The continuous exposure to CVRF damages the endothelium, which becomes acti-
vated and eventually dysfunctional. Endothelial dysfunction is the first step in athero-
sclerotic lesion formation, entailing compromised endothelial barrier integrity and the
generation of proinflammatory cytokines and chemokines that favor leukocyte recruit-
ment, adhesion, and subendothelial transmigration.69,76 Hence, the dysfunctional
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endothelial cells allow LDL particles to infiltrate towards the intima, where they suffer
multiple modifications including oxidation, aggregation, and glycosylation. Once
modified, LDL particles promote the formation of foam cells derived from smooth
muscle cells and macrophages, thereby increasing atherosclerotic plaque vulnerability.69

The atherosclerotic process advances silently through lipid core expansion and macro-
phage accumulation at the plaque edges, leading to fibrous cap rupture.10 Based on the
role of LDL in inflammation and atherosclerosis, lowering LDL-c levels has become the
main therapy to reduce cardiovascular risk.69 Statins reduce the synthesis of cholesterol
in the liver by competitive inhibition of 3-hydroxy-methylglutaryl coenzyme e A
reductase (HMG-Co-AR), the rate-limiting enzyme in cholesterol biosynthesis. The
reduction in intracellular cholesterol promotes increased LDL receptor expression at the
surface of the hepatocytes, which in turn results in increased uptake of LDL from the
blood and the subsequent decrease in plasma concentrations of LDL- and other ApoB-
containing lipoproteins. Statins are the first-line therapy based on their high safety and
efficacy to reduce LDL-c.77 A meta-analysis of statin trials by the Cholesterol Treatment
Trialists’ Collaboration revealed a 22% relative reduction in major vascular events per
mmol/L reduction in LDL-c.77 In addition to LDL-c levels, LDL phenotype also deter-
mines CV risk since small dense LDLs have shown a longer circulation time and a more
atherogenic profile than large LDLs. This was supported by the ARIC (Atherosclerosis
Risk In Communities) 78 and the multi-ethnic study of atherosclerosis studies which
demonstrated that small dense LDL-c was associated with a higher risk of coronary heart
disease.79 Guidelines for the management of dyslipidemia were updated in late 2019 in
light of recent intervention trials involving innovative lipid-lowering agents combined
with statins.80 The new guidelines advocate for achieving very low LDL-c levels in indi-
viduals at the highest risk within the “lower is better” paradigm.81 In this regard, combi-
nation therapy using ezetimibe (a lipid-lowering compound that inhibits intestinal
cholesterol and phytosterol absorption) and/or proprotein convertase subtilisin/kexin
type 9 (PCSK9) inhibitors (monoclonal antibodies against PCSK9 that prevent internali-
zation and lysosomal degradation of LDL receptors) in addition to statins, have allowed
for the achievement of extremely low LDL-c.81,82 Fairly recent clinical trials have shown
that profound LDL-c lowering leads to a further reduction in cardiovascular events com-
pared with more moderate lipid-lowering, with no associated safety concerns.81

However, because of the lifetime exposure of this major CVRF to the vessel, LDL low-
ering should be started earlier in life to prevent the accumulation of LDL-c and its con-
sequences of atherosclerotic CVD.83,84 In this regard, the best way to lower LDL-c
levels is to rely on implementing a healthy diet (e.g., DASH diet), becoming more phys-
ically active, and losing weight. Weight loss of as little as 5% to 10% can help improve
cholesterol numbers.85
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27.7.1 The need to control the obesity pandemic
Obesity is most commonly defined by determining a body mass index (BMI) $ 30 kg/m2.86

Although BMI does not provide discriminatory information concerning an individual’s
body fat percentage or distribution, obesity has been subdivided into the following clas-
ses: Class I: BMI5 30.0�34.9, Class II: BMI5 35.0�39.9, and Class III: BMI $ 40.0
to further stratify the risk. Overweight and obesity are strong risk factors for the devel-
opment of CVD and have shown to be strongly linked to mortality and multiple
comorbidities.87 Although the exact mechanisms connecting obesity and the develop-
ment of these conditions are not completely understood, adipose tissue can enlarge and
secrete proinflammatory cytokines and chemokines that can directly induce atherosclero-
sis progression, may affect the susceptibility to thrombosis, and may impair myocardial
function.88 Further, obesity usually coincides with a cluster of CVRF, including hyper-
tension, dyslipidemia, insulin resistance, and diabetes. Accordingly, obese individuals are
at an increased risk for developing CVD, particularly coronary heart disease, hyperten-
sion, atrial fibrillation and heart failure (HF). Yet, despite the prevalence of obesity in
patients with HF seems to be as high as 15% or more,89 within the last decade, multiple
observational studies and meta-analyses have suggested that patients with HF who pres-
ent overweight and mild-to-moderate obesity tend to have better outcomes compared
to patients with normal weight (18.5�24.9 kg/m2), particularly in the setting of reduced
CVRF.90 This phenomenon has been termed the obesity paradox and has also been
shown to occur in the elderly.91�93 The mechanisms behind this paradox have been dif-
ficult to ascertain, yet, numerous theories have been proposed, including the inadequacy
of BMI as an obesity classifier, the presence of confounding factors, methodological lim-
itations, and others (Fig. 27.3). In fact, a recently published meta-analysis has concluded
that obesity does not have an independent protective effect in patients with chronic HF,
casting doubts about the real relevance of this phenomenon.94 Nevertheless, despite the
obesity paradox, weight loss, especially when associated with increases in physical activity
and exercise training, is linked with considerable benefits in patients with CVD.
Furthermore, if obesity would have been prevented, patients would have not developed
that specific CVD in the first place.95

27.7.2 Primordial prevention: the sooner, the better
Clinical practice in asymptomatic populations has focused on primary prevention by
modifying already present CVRF to prevent an initial cardiovascular event.96,97 Yet,
population studies have revealed the importance of promoting healthy life habits at
younger ages to prevent the development of risk factors starting in children (particularly
efficacious from 3 to 8 years) and adolescents, a termed labeled primordial prevention.98

As stated above, particularly worrying trends show increased levels of LDL-c and obesity
at younger ages.99,100 These trends underline the need to implement and acquire healthy
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habits (diet and physical activity components) early in life since LDL-c levels in early
adults are associated with accelerated subclinical atherosclerosis and an excess of athero-
sclerotic cardiovascular events later in life.101,102 The randomized prospective special tur-
ku coronary risk factor intervention project (STRIP) investigators demonstrated that
ongoing dietary intervention resulted in significantly lower total- and LDL-c at 14 years
of age.103 The results of this study are consistent with those of the Dietary Intervention
Study in Children (DISC), a shorter-term study done in school-age children in the
United States.104,105 It is important to note that the atherosclerotic process dates back to
fetal age.104 Several studies have reported that the sustained exposure of high LDL-c in
the vasculature of the fetus may lead to premature CHD. Furthermore, pathological
studies have demonstrated the presence of fatty streaks in the aorta and coronary arteries
in childhood, whose extension is, in turn, associated with LDL-c levels.106,107

Accordingly, early identification of children with severe hypercholesterolemia (either
primary or secondary hypercholesterolemia) is important to prevent early development
of atherosclerosis, when an enhanced benefit can still be obtained via lifestyle modifica-
tions and, if needed, therapy.84,108 In this regard, the CURE ATHERO (Curing Early
Atherosclerosis) trial aims to determine whether intensive LDL-c lowering with treat-
ment for 3 years is able to regress early atherosclerosis.109 Entering adulthood without
risk factors is decisive for the future, so it is crucial to intervene at earlier stages.110

Figure 27.3 Potential explanations to the obesity paradox in cardiovascular disease. Theories that
have been proposed to explain the obesity paradox in which patients who present overweight and
mild-to-moderate obesity tend to have better outcome compared to patients with normal weigh
under certain pathological circumstances (e.g., heart failure).
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27.8 Concluding remarks

Preventive medicine, including a healthy lifestyle, is the solution for a longer and
healthier life in the population. Giving “life to years” in addition to “years to life” is
the objective of medicine nowadays. However, in many pathophysiological areas, the
present situation is still the reactive treatment or “response to injury” approach. In
many instances, this is just too late to reach the objective of living without disease.
We need more scientific knowledge of chronic and age-related diseases at a genomic,
molecular, and cellular level to design the appropriate strategies. This generated under-
standing will be of high value to develop new advances in medicine that will be the
application of precision medicine to each characterized group of patients with similar
traits and personalized medicine to singular patients with specific requirements.
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CHAPTER 28

Personalized medicine: will it work for
decreasing age-related morbidities?
Christopher R. Martens1, Devin Wahl2 and Thomas J. LaRocca2
1Department of Kinesiology & Applied Physiology, University of Delaware, Newark, DE, United States
2Department of Health & Exercise Science, Colorado State University, Fort Collins, CO, United States

28.1 Introduction

Major advances over the past several decades have identified many of the underlying
molecular mechanisms of aging. These discoveries have led to new methods for deter-
mining one’s “biological age,” as well as interventions aimed at slowing down the
process of aging, with the ultimate goal of preventing or delaying chronic age-related
diseases. Despite the clinical promise of these cutting-edge therapies, they will likely
be associated with heterogeneity in individual responsiveness and a narrow risk-to-
benefit ratio, given that these interventions will presumably be administered to other-
wise healthy individuals for the purpose of primary prevention. Accordingly, the most
effective strategies for improving human healthspan may come from the convergence
of two rapidly emerging fields of study: (1) GeroScience—a field devoted to under-
standing the molecular mechanisms of aging in order to slow its progression, and (2)
Personalized Medicine—a field devoted to creating tailored treatments based on indi-
vidual patient characteristics. This chapter will focus on the potential of personalized
medicine for creating individualized treatments to prevent or reverse the biological
mechanisms of aging. We will provide a brief background on the field of GeroScience
and its important role in facilitating the application of personalized medicine to anti-
aging interventions. We will then discuss several unique challenges that must be over-
come in order for a “personalized aging” approach to successfully attenuate age-related
morbidities.

28.2 Historical perspective

Over the past century, most Western societies have experienced significant increases in
life expectancy. Initially, these outcomes were primarily driven by large public health
initiatives, including improved food preparation and safety, cleaner drinking water,
and advances in housing and sanitation that led to reductions in infant mortality and
premature death among young and middle-aged adults. More recently, the
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development of vaccines, antibiotics, and disease-specific therapies have contributed to
a steep increase in life-expectancy, mostly by extending the survival time of older
adults living with one or more chronic diseases.1 A combination of these factors likely
still contributes to increases in life expectancy today, and it has been argued that the
limit of human life expectancy has not yet been reached.2 Due to the overwhelming
success of these public health and modern medical advances, it is estimated that by
2050, the number of people over the age of 65 in many Western countries will nearly
double (e.g., in the United states, from B49 million in 2016 to 83.7 million in 2050).

One of the major concerns with increased life expectancy is that older age is the
greatest risk factor for most common chronic diseases, including cardiovascular, meta-
bolic, and kidney diseases, sarcopenia (and related muscle disease), cancers, frailty, and
dementia (collectively known as the multimorbidities of aging).3 It is projected that
the increased prevalence of these diseases as a result of the growing older adult popula-
tion over the ensuing decades will stress the current healthcare system, with an esti-
mated $346 billion going towards healthcare for older adults in 2040 (as opposed to
$207 billion in 2020).4 Therefore, an important current goal of aging research is to
develop and identify strategies (e.g., pharmaceutical, nutritional, lifestyle) to increase
healthspan (the period of life during which we are healthy and disease-free), improve
quality of life in older age, and reduce the financial burden of an aging population on
healthcare systems.

28.3 Slowing aging with GeroScience

The conventional approach to addressing chronic disease in Western medicine is to
treat specific diseases when they arise. This strategy often results in numerous proce-
dures and prescriptions over the course of an individual’s lifespan, and it is common
for older adults to be prescribed five or more daily medications for the treatment of
different age-related conditions.5 The frequent application of this “polypharmacy”
among older adults is not only potentially harmful to health (i.e., due to adverse inter-
actions among drugs),6 but fails to address the single risk factor that unifies all age-
related conditions, the biological aging process itself. Accordingly, the current
approach is not likely to slow aging and reduce the burden of chronic disease. As a
result, a new field called “GeroScience” has emerged with the goal of targeting the
aging process itself to prevent age-associated diseases as a group.

28.3.1 The biological hallmarks of aging
A major goal of GeroScience is to emphasize and understand the role of biological aging
mechanisms, and to show that targeting these mechanisms directly may be the most
effective way to increase healthspan.7 This approach focuses on key cellular and molecu-
lar mechanisms that underlie the aging process, which are collectively known as the
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“hallmarks of aging.” These hallmarks include: genomic instability, telomere shortening,
epigenetic changes, reduced proteostasis, dysregulated nutrient sensing, mitochondrial
dysfunction, cellular senescence, stem cell exhaustion, and altered intercellular
communication.8

Documentation of these aging hallmarks has led to a search for new compounds
and intervention strategies that delay aging, increase lifespan and inhibit age-associated
diseases (discussed in depth in Gonzalez-Freire et al.9 and in earlier chapters). For
example, the loss of protein homeostasis (proteostasis) may be partially reversed via
supplementation with autophagy activators (e.g., spermidine), which enhance degrada-
tion and the recycling of damaged cellular components (proteins and organelles).
Compounds that target dysregulated nutrient sensing (e.g., rapamycin, metformin, res-
veratrol) act on proteins involved in energy signaling pathways, including the mecha-
nistic target of rapamycin (mTOR) and silent mating type information regulator 1
(SIRT1).10 More recently, senolytic compounds have been developed to clear senes-
cent (cell cycle-arrested) cells, which are thought to drive age-related tissue dysfunc-
tion and inflammation.11 There is mounting evidence that these compounds and
others like them may effectively target aging and reduce age-associated diseases, espe-
cially in preclinical models. Based on this work, several complementary clinical trials
have emerged to test the efficacy of similar compounds for delaying age-related mor-
bidities with a current emphasis on those that have already received approval from the
US Food and Drug Administration (FDA) for other indications. For example, the tar-
geting aging with metformin (TAME) trial is a large, multi-site clinical trial that will
investigate the FDA-approved drug metformin typically prescribed for type 2 diabetes)
as a potential candidate for preventing the accumulation of age-related diseases in oth-
erwise healthy older adults.12 Several other promising drug candidates for inhibiting
aging include acarbose (an anti-diabetic drug that reduces cardiovascular disease risk in
humans),13 angiotensin converting enzyme (ACE) inhibitors, and aspirin, which
reduce the risk of cardiovascular disease, cancers, and cognitive dysfunction with
aging.14

In addition to new drug development, there also is interest in non-pharmacological
strategies, including dietary supplements and “nutraceutical” compounds, as well as
novel lifestyle paradigms (e.g., specific diet and exercise strategies) for targeting the hall-
marks of aging. For example, clinical trials have investigated the safety and tolerability of
endogenous precursors of nicotinamide adenine dinucleotide (NAD1) in middle-aged
and older adults.15 NAD1 is necessary for the activation of energy sensing and DNA
repair enzymes, and it declines with advancing age. However, supplementation with
exogenous NAD1 precursors (e.g., nicotinamide riboside) has shown promise for
extending healthspan in preclinical models by reversing several hallmarks of aging.
Similarly, several promising lifestyle and dietary interventions may inhibit multiple aging
pathways in humans; these include caloric restriction (CR, reducing total calorie intake),
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intermittent fasting (IF, alternating periods of feeding and fasting) and protein
restriction.16�18 These interventions mainly enhance metabolic pathways that have
downstream (protective) effects against the hallmarks of aging. While the efficacy of
these interventions in humans is still under study, emerging data suggests that CR
and IF may at least benefit vascular health with aging. In fact, one recent study demon-
strated that long-term (2-year) 25% application of CR, increased cardiometabolic
health in younger, sedentary humans.16 Studies also suggest that protein restriction may
reduce some cancers, and may protect the brain and improve cognition during aging in
mice.19

28.3.2 A case for personalized aging
While there is mounting evidence that targeting the hallmarks of aging may hold
promise for the extension of human healthspan, the underlying mechanisms are con-
trolled by highly conserved and biologically redundant pathways. As such, off-target
effects of drugs (and perhaps nutritional interventions) are possible. As an example,
rapamycin is an established immunosuppressant that has been shown to extend lifespan
in animal models through the inhibition of the mTOR signaling pathway. However,
rapamycin treatment may also have adverse side effects including insulin resistance and
hyperglycemia in some populations.20 Similarly, despite promise for extending health-
span in animal models and emerging safety data in humans, it has been suggested that
NAD1 precursors and certain senolytic drugs may fuel specific cancers under certain
conditions.21 Nutritional interventions, like CR and protein restriction, are also a con-
cern in frail older adults, as these dietary patterns may drive sarcopenia, impair wound
healing, and suppress the immune system.22 Thus, more work is needed to determine
the optimal dose, duration, and ideal target populations to receive these preventive
therapies. Finally, not all humans respond to interventions in the same manner, most
likely due to a combination of genetic and environmental factors.23 Therefore, it has
been suggested that rather than prescribing certain compounds or interventions
broadly (e.g., an “anti-aging poly-pill”), a more “personalized” approach may be the
best path towards healthspan extension.

28.4 Personalized medicine for optimal longevity

Personalized medicine (also known as precision or individualized medicine) refers to the
tailoring of interventions to an individual person for the treatment or prevention of a
disease. The goal is to deliver the correct intervention at the optimal time and dose to
those individuals who stand to benefit the most.24 Although the concept of personalized
medicine has existed for several decades, it has gained more widespread attention follow-
ing the sequencing of the human genome in 2003. Since then, large Genome-Wide
Association Studies (GWAS) have identified common genetic variants associated with
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drug responses to the treatment of specific diseases. One of the earliest examples was the
identification of a single-nucleotide polymorphism (SNP) in the IL28B gene that is
highly associated with the response to peginterferon-α, a drug used to treat hepatitis C
infection.25 More recent advances in next-generation sequencing and other “omics”
technologies have made it possible to identify and selectively target specific forms of can-
cer, based on genetic mutations within tumor cells. For example, the chemotherapy
drug trastuzumab (Herceptin) was approved for use in breast cancer patients whose
tumors overexpress the human epithelial growth factor 2 (HER2) protein.26 These
examples highlight the potential impact of precision medicine on the treatment of
specific diseases for which there is a known genetic driver. However, it remains to be
determined whether precision medicine will work similarly to delay, treat, or reverse
the hallmarks of aging and extend healthspan.

28.5 Emerging predictors of “biological aging”

Against the backdrop of aging research and personalized medicine, strong interest has
developed in biomarkers that predict biological age. Conceptually, an accurate “biological
aging clock” could both predict chronic disease risk and, perhaps, identify specific inter-
vention targets (e.g., hallmarks of aging that are particularly advanced in an individual
patient). Some work in this area has focused on traditional biomarkers like cholesterol
and circulating inflammatory cytokines,27 but there is growing interest in more specific
readouts that directly reflect biological mechanisms of aging (e.g., telomere length, which
decreases with age and is associated with adverse health outcomes). More recently, several
groups have harnessed omics approaches to comprehensively and simultaneously measure
molecules of the same type (e.g., RNA expression with RNA-sequencing) in biological
samples. Most of these approaches are powerful, but also costly and complex, and they
involve numerous considerations like tissue specificity and inter-assay variability. Still, this
approach is a particularly promising area of future research on aging and offers a strong
potential for personalized medicine approaches for optimal longevity.

28.5.1 Epigenetic clocks
Early aging-targeted omics work focused on the epigenome and, in particular, age-related
changes to the methylation status of the cytosine-guanine dinucleotide (CpG) bonds
found in human DNA. The methylation of CpG sites along the genome plays an impor-
tant role in regulating gene expression, usually by inhibiting transcription factor binding
around gene promoter regions. However, more recent evidence suggests that methylation
of loci within non-coding areas of the genome may also be important for maintaining
genomic stability, and thus may have important implications for regulating healthspan.
Methylation status is strongly influenced by aging and environmental/genetic factors and
may therefore serve as a biomarker of biological age. In this regard, age-related epigenetic
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changes at specific genomic loci have been characterized in multiple tissues and have been
used to develop a variety of “epigenetic clocks” that predict mortality risk and other rele-
vant aging outcomes,28,29 and in some cases even incorporate clinical biomarkers for more
accurate estimates.30 These clocks have been used to derive various predictions of “DNA
methylation age,” and may one day be useful for identifying patients at risk for accelerated
aging, and in need of lifestyle or pharmacological intervention. Whether these clocks are
amenable to change by lifestyle or pharmacological intervention remains to be determined
and is a growing area of research.

28.5.2 Transcriptomics
A limitation of epigenetic clocks is that the mechanistic links between methylation
profiles and specific hallmarks of aging are poorly understood. In this context, tran-
scriptomic age predictors that measure global gene expression itself may hold more
promise. Indeed, next-generation sequencing has made transcriptomics (RNA-seq)
more accessible, and several groups have documented transcriptional signatures of
aging in multiple tissues.31,32 Several of these studies have identified age-related tran-
scriptional changes associated with the hallmarks of aging, including mitochondrial
dysfunction and DNA damage. Other groups have used machine learning approaches
to predict age based on the transcriptome33 and have demonstrated that these
approaches may be more accurate than epigenetic clocks. Interestingly, emerging evi-
dence also indicates that non-coding and even repetitive RNAs (e.g., transposons,
which are often ignored in RNA-seq studies) can be used to predict age, and may
even reflect biological age more accurately than the standard (gene) transcriptome.34

28.5.3 Metabolomics and proteomics
In addition to genome-focused approaches, metabolome and proteome studies may be
useful for predicting biological age, as these “-omes” contain countless analytes. Most
metabolomics work has focused on circulating (plasma) markers, and some groups
have identified lipids and other metabolites related to key pathways (e.g., glycolysis)
that predict age, future mortality, and indicators of healthspan.35�37 Others have
shown that metabolomic signatures are unique in centenarians and/or their off-
spring,38�40 and that certain metabolites (e.g., specific amino acids, fatty acids and
nucleotide metabolites) are related to physiological declines with aging.41 These obser-
vations underscore the potential for metabolomics to predict biological age per se.
However, as current technical limitations make it impossible to profile the entire
metabolome, the exact utility of this approach remains to be seen. In fact, the same is
true for proteomics (the proteome is particularly large); as a result, some groups have
pursued “targeted” proteome analyses like the SOMAscan assay, which captures
B5000 specific proteins with known predictive value. This strategy has been used to
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identify specific circulating proteins associated with age and health outcomes,42,43 as
well as predictors of frailty, mortality and even cognitive function in older adults.44�46

28.5.4 The gut microbiome
One final, emerging omics approach for studying biological age is to profile the micro-
biome (bacteria/microbes populating the gastrointestinal tract and other regions). In
general, the microbiome becomes less diverse with aging, and this is coupled with a
shift in microbial populations. Age-related microbial “dysbiosis” is linked to inflamma-
tion and other hallmarks of aging, as well as multiple age-associated diseases.47 Certain
microbial profiles have also been identified in healthy versus unhealthy older adults,48

but so far there is no consensus on any “clock-like” microbiome assay. Ideally, this
would include parallel measurements of the metabolites that may mediate the effects
of good/bad microbes,49 but work in this area is just beginning.

Finally, an important caveat to measurements of biological age is the need to also
account for organismal health. Indeed, in some respects, physiological readouts that
directly reflect health, function and quality of life may be more informative than molec-
ular measurements. For example, measurements of cognitive function, strength/coordi-
nation, body composition, etc., along with standard clinical variables like blood tests and
blood pressure can be combined into composite scores that differentiate healthy (biologi-
cally young) versus unhealthy (accelerated aging) adults.50 Approaches like this are time-
and labor-intensive, but they may have more “real world” relevance, depending on the
goal, than models that simply predict one’s chronological age.51,52 Ideally, such func-
tional measurements would be combined with the molecular/omics measures described
above for highly personalized and accurate estimates of biological age (Fig. 28.1), as
several groups have reported in “multi-omic” studies.53�55

(A) (B) (C)

Figure 28.1 Generalized framework for personalized aging. (A) The heterogeneity of human aging
requires (B) broad phenotyping of clinical and functional characteristics combined with molecular biomar-
kers to (C) more accurately determine biological age and predict responsiveness to interventions.
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28.6 Applying personalized medicine to GeroScience

As the field of GeroScience continues to grow and develops new therapies for slowing
the biological process of aging, there is growing interest in applying principles of per-
sonalized medicine to ensure that these interventions reach the correct patients. A
“personalized aging” approach may be the safest approach to implementing new thera-
pies and therefore more likely to obtain regulatory approval from government agencies
(e.g., the US FDA) that have expressed caution about treating aging as a bona fide dis-
ease. Unlike conventional medicines, which currently receive regulatory approval for
treating specific diseases, anti-aging drugs will presumably be prescribed to healthy
individuals to prevent aging, well before the emergence of age-related symptoms.
Therefore, the risk-to-benefit ratio of these new interventions must be considerably
low in order to receive regulatory approval. In this regard, a personalized medicine
approach has potential to help distinguish among those individuals most likely to
receive a benefit while preventing untoward side effects in others.

Initial “proof-of-concept” studies of anti-aging interventions have focused on
titrating the dose of repurposed medicines for preventing hallmarks of aging in healthy
individuals. For example, Mannick et al. demonstrated that low dose administration of
the mTOR inhibitor rapamycin improved immune system function in healthy older
adults, with fewer side effects than the high dose that is typically prescribed for immu-
nosuppression in transplant patients.56 Similar studies have demonstrated differential
responses depending on dosage of the anti-diabetic drug metformin, which is now
being investigated as a potential therapy for slowing multiple age-related diseases
through the TAME trial.57 These studies and others like them will undoubtedly pro-
vide an important basis for determining the optimal dosing regimen for approved
drugs that are repurposed as preventive-aging medicines in healthier adults.

Careful end-point selection will be critical for determining success of anti-aging
medications, as it will take years, if not decades, before an appreciable increase in a
person’s healthspan can be observed. One approach is to incorporate multiple interme-
diate end-points, such as indicators of healthspan and physiological function, into early
clinical trials of anti-aging interventions. Such trials will not only help with target end-
point selection, but provide greater opportunities for exploring baseline factors that
may contribute to drug responsiveness. For example, a short-term pilot study examin-
ing the effects of the NAD1-boosting nutraceutical compound, nicotinamide riboside
(NR), found no major improvements in physiological function in a group of healthy
middle-aged and older adults. However, when the results were analyzed in subjects
with elevated systolic blood pressure at baseline, there was an improvement in blood
pressure and arterial stiffness.15 Larger-scale studies in hypertensive older adults are
now underway (NCT03821623, NCT04112043) to confirm this initial observation.
Without hard evidence that a drug or intervention slows the progression of aging,
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future trials may also consider incorporating surrogate biomarkers of aging (e.g., bio-
logical age) as endpoints to determine if a drug has anti-aging properties.

28.6.1 Personalized nutrition
One promising subfield of personalized medicine known as “personalized nutrition”
holds immense promise for the field of aging and may carry substantially less risk than
repurposed drugs or new chemical entities.58 Negative lifestyle behaviors, including
eating an unhealthy diet and a lack of physical activity, represent major independent
risk factors for numerous chronic diseases and compound the underlying effects of
aging. Historically, guidelines for nutrition and physical activity have adopted a one-
size-fits-all approach. However, like the development of personalized approaches to
medicine, efforts are underway to develop more targeted lifestyle- and diet-based
interventions. In this regard, personalized nutrition seeks to integrate complex health
information such as age, sex, genetic make-up, and metabolism, to develop individual-
ized diet recommendations for optimal health and wellbeing. Like medicine, a diet
that works in one person may not be effective at increasing healthspan in another indi-
vidual due to individual differences in metabolism. Thus, personalized nutrition aims
to recommend the right diet to the correct individual at the appropriate time to pre-
vent or treat disease.

The field of personalized nutrition is still in its infancy and will likely require the
convergence of multiple disciplines to resolve the complex interactions among food,
biology and the environment. However, recent efforts to identify genetic variants that
are predictive of one’s response to certain foods or diets have begun to unravel the
complex interaction between food and physiology, and this has led to a subfield of
personalized nutrition known as “nutrigenomics,” which may have important implica-
tions for aging. In this field, several common SNPs have been identified on genes
involved in the metabolism of common nutrients in the human diet. Much of this
genetic variation evolved over hundreds of thousands of years as humans populated
the earth and encountered variations in climate and food sources that necessitated
selection towards differences in metabolism. A well-known example is a common var-
iant in the gene that increases expression of the enzyme lactase, which metabolizes the
sugar lactose that is found in milk and other dairy products. Natural selection favored
this trait following the domestication of dairy cattle; however, certain segments of the
population lack this particular mutation, making them lactose intolerant. Other SNPs
have more recently been identified in genes that are involved in the metabolism of
fatty acids and have implications for the development of cardiovascular disease and
other age-related conditions. For example, results from the Coronary Diet
Intervention With Olive Oil and Cardiovascular Prevention (CARDIOPREV) study
identified an interaction between a specific SNP (rs12696304) on the telomerase
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RNA component (TERC) gene and monounsaturated fatty acid metabolism.59

Individuals carrying this mutation exhibited a slower rate of telomere attrition and
reduced inflammation when consuming a Mediterranean diet, suggesting that underly-
ing genetics may interact with diet to control the rate of aging. There is already strong
commercial interest in exploiting these associations through direct-to-consumer
genome sequencing platforms, which seek to provide personalized diet recommenda-
tions to individuals based on their underlying genetics.60 However, more research is
needed on the interaction between specific genetic polymorphisms and markers of
biological aging before this strategy can be put into practice to slow the rate of aging.

In addition to genetics, there is growing interest in the interactions among diet and
other clinical and molecular biomarkers including the gut microbiome.61 In this
regard, clustering of individuals by their metabolic phenotype (i.e., “metabotyping”)
has been used to predict postprandial responses to various diets and may be a useful
strategy for employing personalized nutrition.62 In a landmark paper by Zeevi et al.,
machine-learning was used to predict postprandial glycemic response to complex diets
from basic clinical markers and the composition of the gut microbiota.63 The exact
composition of microbes in the human gut varies from person to person and is highly
dependent on complex factors including host-bacteria relations and environmental fac-
tors including diet. Emerging evidence over the past decade has revealed an important
influence of the gut microbiota on the metabolism of nutrients and subsequently on
host physiological function and disease risk. Although this is still an emerging field,
there is growing potential to exploit inter-individual differences in gut microbiota to
make personalized recommendations about food intake.

The interaction between genetics and diet, and their combined effects on health
and physiological function, depend largely on exposure time, thus having important
implications for aging. By identifying such gene-nutrient interactions, personalized
nutrition has the potential to predict those at risk for detrimental effects of certain
foods or diets and therefore prevent a lifetime of deleterious exposure that accelerates
the aging process. Identification of genetic mutations likely to respond favorably to
particular diets could help generate targeted nutrition recommendations for achieving
optimal longevity.

28.7 Challenges and barriers to implementing personalized aging

Despite many benefits, there are several unique challenges that must be overcome
before personalized aging can be successfully adopted as a strategy for increasing
healthspan. The next section will highlight many of these challenges and offer insight
into potential strategies for overcoming barriers to success.
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28.7.1 Minimizing the risk-benefit ratio
Because the goal of GeroScience is to increase healthspan, the primary target popula-
tion for personalized aging strategies is mostly healthy individuals looking to prevent,
rather than treat, chronic disease and disability. Unlike treating diseases, for which the
benefits (e.g., a cure or reduction in morbidity) more clearly outweigh the potential
risks, it will be difficult to evaluate the risk-benefit ratio of interventions designed to
prevent aging in healthy individuals. This problem is not specific to personalized aging.
For example, similar concerns have been raised regarding the use of a nonspecific
“polypill” to prevent cardiovascular diseases, which could lead to unnecessary side
effects in healthy, asymptomatic individuals.64 However, personalized aging may ulti-
mately be the safest approach to lowering the risk-benefit ratio of anti-aging medicines
by separating those most likely to receive a benefit from those more likely to be at
risk. To be successful, clinical trials of future anti-aging interventions should include
multi-omic biomarker assessments that can be used for later determination of respon-
ders and non-responders for personalized aging. It will also be important to ensure
that patients’ personal health information is protected.

28.7.2 Increasing diversity in clinical research
A major challenge in clinical research is a lack of diversity among study participants. For
example, recent analyses indicate that black, Asian, and Hispanic individuals are consis-
tently underrepresented in studies overseen by the FDA.65,66 This reduces how general-
ized the study results are and could lead to unnecessary exposure to ineffective
medicines or risk of adverse reactions in certain racial and ethnic groups. Moreover, pre-
dictive algorithms used to make personalized drug decisions have historically relied on
datasets that are equally lacking in diversity. For example, it has been estimated that 96%
of subjects included in all GWAS studies conducted to date are of European descent,67

undermining the ability to accurately predict drug responses in other racial or ethnic
groups. Successful implementation of personalized aging will require larger, more diverse
datasets than presently exist to ensure that predictive algorithms reflect the racially and
socioeconomically diverse patients they are intended to serve. Fortunately, efforts are
underway to address the lack of diversity in biomedical research. For example, the
NIH-sponsored “All of Us” trial (allofus.nih.gov) aims to generate the largest and most
diverse health database in human history.68 Coordinated efforts to fund research in per-
sonalized nutrition using the All of Us cohort are currently underway and a similar case
could be made for future studies focused on personalized aging. These studies should
ideally enroll subjects across a wide age range (i.e., not only older adults, but also those
in middle/late-middle age) as certain interventions may have differential effects depend-
ing on the age of the individual.
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28.7.3 Improving adherence and accessibility
In order to successfully tame the burden of age-related diseases on society, it will be critical
for governments, corporations, and healthcare systems to a make these services affordable
and accessible to the majority of individuals. Personalized aging may require costly screen-
ing procedures (e.g., genomic sequencing) and more frequent follow-up visits that could
result in poor adherence, particularly among those without the time or financial means to
participate. Similar concerns have been raised regarding the use of personalized medicine
for preventing cardiovascular disease with critics arguing that a less-expensive poly-pill
could reach a wider population, potentially having a more significant effect on societal
health.69 One potential strategy for making personalized medicine more affordable is to
transition away from “fee-for-service” payment models towards “value-based care,” paying
physicians for positive outcomes instead of per service or procedure. The Centers for
Medicare and Medicaid Services, which provides health coverage for over 50 million older
adults in the United States, is currently transitioning to this type of system; however, more
broad adoption across the entire healthcare enterprise will be needed to have a meaningful
effect on the cost of healthcare.70 By paying physicians to maintain their patients’ health
instead of billing for individual diagnostic tests or procedures, patients will be better able
to reap the benefits of personalized aging at an affordable cost.

28.7.4 Innovation in clinical trial design
The current process for confirming the efficacy of new drugs involves demonstrating a
robust treatment effect in a large number of individuals. Even with established disease
indications, large group differences are often difficult to come by (leading to failed
trials), and when they do occur, they are usually driven by only a subset of trial parti-
cipants who respond especially well to the treatment. Ultimately, the goal of personal-
ized medicine is not to determine whether a therapy is effective but rather who the
therapy will benefit. Therefore, drugs intended to be used within the context of per-
sonalized aging must be tested using innovative study designs that allow for the deter-
mination and characterization of “responders” and “non-responders” to the
intervention. Unlike conventional trials, where success is determined by a significant
and often robust change in hard clinical endpoints associated with a specific disease
indication, the success of personalized medicine in aging will be benchmarked by
small, incremental changes in surrogate markers of aging (e.g., biological age) and, in
some cases, no change in a particular variable over time will be evidence that an inter-
vention is working. These trials will need to collect as much information about base-
line characteristics as possible, including biological sex, race and ethnicity, genetics and
other omic profiles, environmental and socioeconomic factors, and medical and family
histories. This information can then be used retrospectively to predict which subset of
subjects responded most favorably to the intervention.
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Clinical trials are expensive, time-consuming, and often fail to collect all of the key informa-
tion needed to make effective decisions for personalized medicine, requiring more costly
follow-up studies. One potential strategy to overcome these challenges could be so-called “N-
of-1” trials.71 In this scenario, physicians may prescribe a specific drug or intervention to a
patient with the intention of slowing the biological hallmarks of aging. Through frequent
follow-up testing, the physician can determine whether the intervention is working (by mea-
suring multiple parameters related to healthspan), or if they should experiment with an alterna-
tive treatment. One potential strategy for benchmarking success in this scenario could be the
long-term tracking of a patient’s biological age relative to chronological age. This so-called
“age-acceleration” provides feedback regarding whether the patient is biologically younger or
older than their chronological age,72 and thus whether they are in need of more aggressive
intervention to slow the rate of biological aging. When tracked longitudinally, models of bio-
logical age have been used to identify individuals exhibiting slowed versus accelerated aging
with the simplicity of a blood draw.41 Rather than comparing a person’s results to normative
values, physicians can establish an individualized baseline for each of their patients and intervene
when they observe a significant deviation in a particular biomarker.71 This strategy can even be
expanded to larger-scale studies in which large groups of patients undergo individualized treat-
ments (i.e., multiple N-of-1 trials) and the aggregate results are later analyzed to find common
factors among subgroups of patients that predict success (Fig. 28.2).

Figure 28.2 N-of-1 Trials for Personalized Aging. Long-term tracking of biological age in two hypo-
thetical patients receiving interventions for slowing the rate of biological aging. The results of such
“N5 1” trials can be evaluated in aggregate to identify common underlying factors that predict
responsiveness to specific interventions.
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28.7.5 Ethical and policy concerns
Insurance coverage for genetic screening and other diagnostic tests for personalized aging will
require strong evidence that these tests inform clinical decision making and lead to meaning-
ful increases in healthspan. Currently, genetic testing is limited to cases in which there is a
clear medical need or benefit and it may be decades before these principles can be imple-
mented for the purpose of slowing human aging. In the meantime, there is already a grow-
ing market of direct-to-consumer (DTC) testing of genetic and other biological information
and care must be taken to ensure that sensitive health information of patients and their fami-
lies remains protected.73 Policies such as the Genetic Information Nondiscrimination Act
and the Patient Protection and Affordable Care Act in the United States exist to prevent loss
of insurance coverage due to an employer finding out about an employee’s underlying
genetic risk for disease.74 These policies will become increasingly important as the amount of
individualized patient data used to facilitate personalized medicine continues to expand.
Considering the massive amount of data that will be collected over an individual’s lifespan
for the purpose of personalized aging, it will be especially necessary to implement responsible
policies that safeguard patient and consumer data. Consumers and patients should be consid-
ered in this decision-making process as primary stakeholders in the generation of these
genetic data.75

28.7.6 Cross-disciplinary innovation
Scientific progress in artificial intelligence and machine learning is progressing at a rapid rate
and there is growing demand for new tools to mine and interpret increasingly large and
complex datasets.76 The adoption of electronic health records and advances in genetic and
other omic testing will undoubtedly herald in a new era of computational medicine that
will accelerate the development personalized aging. The installation of 5G cellular networks
in underserved and rural communities along with new technology for remote patient moni-
toring and telemedicine will increase patient access and adherence.77 However, a new gener-
ation of scientists will be needed to analyze and interpret these data, and healthcare and
insurance programs will need to be reimagined with a focus towards lifelong prevention and
away from individual disease management. These challenges can only be solved by cross-
disciplinary teams consisting of physicians and allied health professionals, bioinformaticians,
statisticians, software developers, genetic counselors, social workers, health coaches, and
patient advocacy groups. Only with such investment in new technologies and infrastructure,
can personalized aging become an achievable solution to the global crisis of an aging society.

28.8 Conclusion

Ultimately, the question is whether any of the individualized strategies described above
will work to ameliorate the hallmarks of aging and collectively reduce the burden of
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age-related disease and disability on a large enough scale to have lasting societal
impact. The sheer magnitude of work required to make personalized medicine a real-
ity for targeting aging is daunting but not out of reach. Such an endeavor may repre-
sent a “moon shot” moment in history with the potential for unprecedented
dividends in health and economic prosperity. These efforts represent a critical first step
towards the realization of personalized medicine to re-engineer how we age, and they
will require the destruction of longstanding silos to foster cross-disciplinary collabora-
tion among scientists, engineers, bioinformaticians, physicians and policy makers. This
will, of course, also require buy-in and cooperation from the general population who
will be the primary beneficiary of personalized aging and medicine.

References
1. Kirkwood TBL. Why and how are we living longer? Exp Physiol 2017;102(9):1067�74.
2. Barbi E, Lagona F, Marsili M, Vaupel JW, Wachter KW. The plateau of human mortality: demogra-

phy of longevity pioneers. Science 2018;360(6396):1459�61.
3. Partridge L, Deelen J, Slagboom PE. Facing up to the global challenges of ageing. Nature 2018;561

(7721):45�56.
4. Knickman JR, Snell EK. The 2030 problem: caring for aging baby boomers. Health Serv Res 2002;37

(4):849�84.
5. Gnjidic D, Le Couteur DG, Kouladjian L, Hilmer SN. Deprescribing trials: methods to reduce poly-

pharmacy and the impact on prescribing and clinical outcomes. Clin Geriatr Med 2012;28(2):237�53.
6. Le Couteur DG, Hilmer SN, Glasgow N, Naganathan V, Cumming RG. Prescribing in older peo-

ple. Aust Fam Physician 2004;33(10):777�81.
7. Aronson L. Healthy aging across the stages of old age. Clin Geriatr Med 2020;36(4):549�58.
8. López-Otín C, Blasco MA, Partridge L, Serrano M, Kroemer G. The hallmarks of aging. Cell

2013;153(6):1194�217.
9. Gonzalez-Freire M, Diaz-Ruiz A, Hauser D, Martinez-Romero J, Ferrucci L, Bernier M, et al. The

road ahead for health and lifespan interventions. Ageing Res Rev 2020;59:101037.
10. Wahl D, Solon-Biet SM, Cogger VC, Fontana L, Simpson SJ, Le Couteur DG, et al. Aging, lifestyle

and dementia. Neurobiol Dis 2019;130:104481.
11. Martel J, Ojcius DM, Wu C-Y, Peng H-H, Voisin L, Perfettini J-L, et al. Emerging use of senolytics

and senomorphics against aging and chronic diseases. Med Res Rev 2020;40(6):2114�31.
12. Kulkarni AS, Gubbi S, Barzilai N. Benefits of metformin in attenuating the hallmarks of aging. Cell

Metab 2020;32(1):15�30.
13. Chiasson J-L, Josse RG, Gomis R, Hanefeld M, Karasik A, Laakso M. Acarbose treatment and the

risk of cardiovascular disease and hypertension in patients with impaired glucose tolerance: the
STOP-NIDDM trial. JAMA 2003;290(4):486�94.

14. Newman JC, Milman S, Hashmi SK, Austad SN, Kirkland JL, Halter JB, et al. Strategies and chal-
lenges in clinical trials targeting human aging. J Gerontol A Biol Sci Med Sci 2016;71(11):1424�34.

15. Martens CR, Denman BA, Mazzo MR, Armstrong ML, Reisdorph N, McQueen MB, et al.
Chronic nicotinamide riboside supplementation is well-tolerated and elevates NAD1 in healthy
middle-aged and older adults. Nat Commun 2018;9(1).

16. Kraus WE, Bhapkar M, Huffman KM, Pieper CF, Krupa Das S, Redman LM, et al. 2 years of calo-
rie restriction and cardiometabolic risk (CALERIE): exploratory outcomes of a multicentre, phase 2,
randomised controlled trial. Lancet Diabetes Endocrinol 2019;7(9):673�83.

17. de Cabo R, Mattson MP. Effects of intermittent fasting on health, aging, and disease. N Engl J Med
2019;381(26):2541�51.

697Personalized medicine: will it work for decreasing age-related morbidities?

http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref1
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref1
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref2
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref2
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref2
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref3
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref3
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref3
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref4
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref4
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref4
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref5
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref5
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref5
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref6
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref6
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref6
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref7
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref7
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref8
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref8
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref8
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref9
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref9
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref10
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref10
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref11
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref11
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref11
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref12
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref12
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref12
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref13
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref13
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref13
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref13
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref14
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref14
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref14
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref15
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref15
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref15
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref15
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref15
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref15
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref15
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref16
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref16
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref16
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref16
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref17
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref17
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref17


18. Martens CR, Rossman MJ, Mazzo MR, Jankowski LR, Nagy EE, Denman BA, et al. Short-term
time-restricted feeding is safe and feasible in non-obese healthy midlife and older adults. GeroScience
[Internet] 2020. Available from: http://doi.org/10.1007/s11357-020-00156-6. Available from:
https://pubmed.ncbi.nlm.nih.gov/31975053.

19. Wahl D, Solon-Biet SM, Wang Q-P, Wali JA, Pulpitel T, Clark X, et al. Comparing the effects of
low-protein and high-carbohydrate diets and caloric restriction on brain aging in mice. Cell Rep
2018;25(8):2234�2243.e6.

20. Salmon AB. About-face on the metabolic side effects of rapamycin. Oncotarget 2015;2585�6.
21. Yaku K, Okabe K, Hikosaka K, Nakagawa T. NAD metabolism in cancer therapeutics. Front Oncol

2018;8:622.
22. Ni Lochlainn M, Bowyer RCE, Steves CJ. Dietary protein and muscle in aging people: the potential

role of the gut microbiome. Nutrients 2018;10(7).
23. Allison DB, Miller RA, Austad SN, Bouchard C, Leibel R, Klebanov S, et al. Genetic variability in

responses to caloric restriction in animals and in regulation of metabolism and obesity in humans. J
Gerontol A Biol Sci Med Sci 2001;55�65.

24. Hamburg MA, Collins FS. The path to personalized medicine. N Engl J Med 2010;363(4):301�4.
25. Lu Y-F, Goldstein DB, Angrist M, Cavalleri G. Personalized medicine and human genetic diversity.

Cold Spring Harb Perspect Med 2014;4(9):a008581.
26. Piccart-Gebhart MJ, Procter M, Leyland-Jones B, Goldhirsch A, Untch M, Smith I, et al. Trastuzumab

after adjuvant chemotherapy in HER2-positive breast cancer. N Engl J Med 2005;353(16):1659�72.
27. Engelfriet PM, Jansen EHJM, Picavet HSJ, Dollé MET. Biochemical markers of aging for longitudi-

nal studies in humans. Epidemiol Rev 2013;35(1):132�51.
28. Chen BH, Marioni RE, Colicino E, Peters MJ, Ward-Caviness CK, Tsai P-C, et al. DNA

methylation-based measures of biological age: meta-analysis predicting time to death. Aging (Albany
NY) 2016;8(9):1844�65.

29. Bell CG, Lowe R, Adams PD, Baccarelli AA, Beck S, Bell JT, et al. DNA methylation aging clocks:
challenges and recommendations. Genome Biol 2019;20(1):249.

30. Lu AT, Quach A, Wilson JG, Reiner AP, Aviv A, Raj K, et al. DNA methylation GrimAge strongly
predicts lifespan and healthspan. Aging (Albany NY) 2019;11(2):303�27.

31. Peters MJ, Joehanes R, Pilling LC, Schurmann C, Conneely KN, Powell J, et al. The transcriptional
landscape of age in human peripheral blood. Nat Commun 2015;6:8570.

32. Shokhirev MN, Johnson AA. Modeling the human aging transcriptome across tissues, health status,
and sex. Aging Cell 2021;20(1):e13280.

33. Fleischer JG, Schulte R, Tsai HH, Tyagi S, Ibarra A, Shokhirev MN, et al. Predicting age from the
transcriptome of human dermal fibroblasts. Genome Biol 2018;19(1):221.

34. LaRocca TJ, Cavalier AN, Wahl D. Repetitive elements as a transcriptomic marker of aging: evi-
dence in multiple datasets and models. Aging Cell 2020;19(7):e13167.

35. Yu Z, Zhai G, Singmann P, He Y, Xu T, Prehn C, et al. Human serum metabolic profiles are age
dependent. Aging Cell 2012;11(6):960�7.

36. Menni C, Kastenmüller G, Petersen AK, Bell JT, Psatha M, Tsai P-C, et al. Metabolomic markers
reveal novel pathways of ageing and early development in human populations. Int J Epidemiol
2013;42(4):1111�19.

37. Johnson LC, Martens CR, Santos-Parker JR, Bassett CJ, Strahler TR, Cruickshank-Quinn C, et al.
Amino acid and lipid associated plasma metabolomic patterns are related to healthspan indicators
with ageing. Clin Sci 2018;132(16).

38. Collino S, Montoliu I, Martin F-PJ, Scherer M, Mari D, Salvioli S, et al. Metabolic signatures of
extreme longevity in northern Italian centenarians reveal a complex remodeling of lipids, amino
acids, and gut microbiota metabolism. PLoS One 2013;8(3):e56564.

39. Cai D, Zhao S, Li D, Chang F, Tian X, Huang G, et al. Nutrient intake is associated with longevity
characterization by metabolites and element profiles of healthy centenarians. Nutrients 2016;8(9).

40. Montoliu I, Scherer M, Beguelin F, DaSilva L, Mari D, Salvioli S, et al. Serum profiling of healthy
aging identifies phospho- and sphingolipid species as markers of human longevity. Aging (Albany NY)
2014;6(1):9�25.

698 Aging

https://doi.org/10.1007/s11357-020-00156-6
https://pubmed.ncbi.nlm.nih.gov/31975053
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref19
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref19
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref19
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref19
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref20
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref20
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref21
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref21
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref22
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref22
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref23
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref23
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref23
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref23
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref24
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref24
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref25
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref25
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref26
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref26
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref26
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref27
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref27
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref27
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref28
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref28
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref28
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref28
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref29
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref29
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref30
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref30
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref30
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref31
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref31
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref32
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref32
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref33
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref33
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref34
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref34
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref35
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref35
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref35
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref36
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref36
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref36
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref36
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref37
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref37
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref37
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref38
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref38
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref38
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref39
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref39
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref40
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref40
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref40
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref40


41. Johnson LC, Parker K, Aguirre BF, Nemkov TG, D’Alessandro A, Johnson SA, et al. The plasma
metabolome as a predictor of biological aging in humans. GeroScience 2019.

42. Menni C, Kiddle SJ, Mangino M, Viñuela A, Psatha M, Steves C, et al. Circulating proteomic signa-
tures of chronological age. J Gerontol A Biol Sci Med Sci 2015;70(7):809�16.

43. Tanaka T, Biancotto A, Moaddel R, Moore AZ, Gonzalez-Freire M, Aon MA, et al. Plasma proteo-
mic signature of age in healthy humans. Aging Cell 2018;17(5):e12799.

44. Lehallier B, Gate D, Schaum N, Nanasi T, Lee SE, Yousef H, et al. Undulating changes in human
plasma proteome profiles across the lifespan. Nat Med 2019;25(12):1843�50.

45. Wingo AP, Dammer EB, Breen MS, Logsdon BA, Duong DM, Troncosco JC, et al. Large-scale
proteomic analysis of human brain identifies proteins associated with cognitive trajectory in advanced
age. Nat Commun 2019;10(1):1619.

46. Santos-Parker JR, Santos-Parker KS, McQueen MB, Martens CR, Seals DR. Habitual aerobic exer-
cise and circulating proteomic patterns in healthy adults: relation to indicators of healthspan. J Appl
Physiol 2018;125(5).

47. Kim S, Jazwinski SM. The gut microbiota and healthy aging: a mini-review. Gerontology 2018;64
(6):513�20.

48. García-Peña C, Álvarez-Cisneros T, Quiroz-Baez R, Friedland RP. Microbiota and aging. A review
and commentary. Arch Med Res 2017;48(8):681�9.

49. Rivero-Segura NA, Bello-Chavolla OY, Barrera-Vázquez OS, Gutierrez-Robledo LM, Gomez-
Verjan JC. Promising biomarkers of human aging: in search of a multi-omics panel to understand the
aging process from a multidimensional perspective. Ageing Res Rev 2020;64:101164.

50. Belsky DW, Caspi A, Houts R, Cohen HJ, Corcoran DL, Danese A, et al. Quantification of biologi-
cal aging in young adults. Proc Natl Acad Sci U S A 2015;112(30):E4104�10.

51. Belsky DW, Moffitt TE, Cohen AA, Corcoran DL, Levine ME, Prinz JA, et al. Eleven telomere,
epigenetic clock, and biomarker-composite quantifications of biological aging: do they measure the
same thing? Am J Epidemiol 2018;187(6):1220�30.

52. Zierer J, Menni C, Kastenmüller G, Spector TD. Integration of “omics” data in aging research: from
biomarkers to systems biology. Aging Cell 2015;14(6):933�44.

53. Ahadi S, Zhou W, Schüssler-Fiorenza Rose SM, Sailani MR, Contrepois K, Avina M, et al. Personal
aging markers and ageotypes revealed by deep longitudinal profiling. Nat Med 2020;26(1):83�90.

54. Solovev I, Shaposhnikov M, Moskalev A. Multi-omics approaches to human biological age estima-
tion. Mech Ageing Dev 2020;185:111192.

55. Shchukina I, Bagaitkar J, Shpynov O, Loginicheva E, Porter S, Mogilenko DA, et al. Enhanced epi-
genetic profiling of classical human monocytes reveals a specific signature of healthy aging in the
DNA methylome. Nat Aging [Internet] 2021;1(1):124�41. Available from: https://doi.org/10.1038/
s43587-020-00002-6.

56. Mannick JB, Del Giudice G, Lattanzi M, Valiante NM, Praestgaard J, Huang B, et al. mTOR inhi-
bition improves immune function in the elderly. Sci Transl Med 2014;6(268):268ra179.

57. Soukas AA, Hao H, Wu L. Metformin as anti-aging therapy: is it for everyone? Trends Endocrinol
Metab 2019;30(10):745�55.

58. Ordovas JM, Berciano S. Personalized nutrition and healthy aging. Nutr Rev 2020;78(12 Suppl. 2):
58�65.

59. Gomez-Delgado F, Delgado-Lista J, Lopez-Moreno J, Rangel-Zuñiga OA, Alcala-Diaz JF, Leon-
Acuña A, et al. Telomerase RNA component genetic variants interact with the mediterranean diet
modifying the inflammatory status and its relationship with aging: CORDIOPREV study. J Gerontol
A Biol Sci Med Sci 2018;73(3):327�32.

60. Moore JB. From personalised nutrition to precision medicine: the rise of consumer genomics and
digital health. Proc Nutr Soc 2020;79(3):300�10.

61. Brennan L, de Roos B. Nutrigenomics: lessons learned and future perspectives. Am J Clin Nutr 2021.
62. Palmnäs M, Brunius C, Shi L, Rostgaard-Hansen A, Torres NE, González-Domínguez R, et al.

Perspective: metabotyping-a potential personalized nutrition strategy for precision prevention of car-
diometabolic disease. Adv Nutr 2020;11(3):524�32.

699Personalized medicine: will it work for decreasing age-related morbidities?

http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref41
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref41
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref42
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref42
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref42
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref43
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref43
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref44
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref44
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref44
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref45
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref45
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref45
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref46
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref46
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref46
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref47
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref47
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref47
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref48
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref48
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref48
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref49
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref49
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref49
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref50
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref50
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref50
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref51
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref51
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref51
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref51
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref52
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref52
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref52
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref53
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref53
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref53
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref54
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref54
https://doi.org/10.1038/s43587-020-00002-6
https://doi.org/10.1038/s43587-020-00002-6
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref56
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref56
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref57
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref57
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref57
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref58
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref58
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref58
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref59
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref59
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref59
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref59
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref59
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref60
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref60
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref60
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref61
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref62
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref62
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref62
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref62


63. Zeevi D, Korem T, Zmora N, Israeli D, Rothschild D, Weinberger A, et al. Personalized nutrition
by prediction of glycemic responses. Cell 2015;163(5):1079�94.

64. Muñoz D, Wang TJ. The polypill revisited: why we still need population-based approaches in the
precision medicine era. Circulation 2019;140(22):1776�8.

65. Knepper TC, McLeod HL. When will clinical trials finally reflect diversity? Nature 2018;557
(7704):157�9.

66. Loree JM, Anand S, Dasari A, Unger JM, Gothwal A, Ellis LM, et al. Disparity of race reporting and
representation in clinical trials leading to cancer drug approvals from 2008 to 2018. JAMA Oncol
2019;5(10):e191870.

67. Bustamante CD, Burchard EG, De la Vega FM. Genomics for the world. Nature 2011;475
(7355):163�5.

68. Mapes BM, Foster CS, Kusnoor SV, Epelbaum MI, AuYoung M, Jenkins G, et al. Diversity and
inclusion for the all of us research program: a scoping review. PLoS One 2020;15(7):e0234962.

69. Joyner MJ, Paneth N. Cardiovascular disease prevention at a crossroads:: precision medicine or poly-
pill? JAMA. 2019.

70. Chien AT, Rosenthal MB. Medicare’s physician value-based payment modifier�will the tectonic
shift create waves? N Engl J Med 2013;369(22):2076�8.

71. Schork NJ. Personalized medicine: time for one-person trials. Nature 2015;520(7549):609�11.
72. Horvath S. DNA methylation age of human tissues and cell types. Genome Biol [Internet]

2013;14(10):R115. Available from: http://www.pubmedcentral.nih.gov/articlerender.fcgi?
artid5 4015143&tool5 pmcentrez&rendertype5 abstract%5Cnhttp://genomebiology.com/
2013/14/10/R115.

73. Wallace SE, Gourna EG, Nikolova V, Sheehan NA. Family tree and ancestry inference: is there a
need for a “generational” consent? BMC Med Ethics 2015;16(1):87.

74. Joly Y, Dupras C, Pinkesz M, Tovino SA, Rothstein MA. Looking beyond GINA: policy
approaches to address genetic discrimination. Annu Rev Genomics Hum Genet 2020;21:491�507.

75. Mayeur C, van Hoof W. Citizens’ conceptions of the genome: related values and practical implica-
tions in a citizen forum on the use of genomic information. Heal Expect Int J Public Particip Heal Care
Heal Policy 2021.

76. Torkamani A, Andersen KG, Steinhubl SR, Topol EJ. High-definition medicine. Cell 2017;170
(5):828�43.

77. Olatinwo DD, Abu-Mahfouz A, Hancke G. A survey on LPWAN technologies in WBAN for
remote health-care monitoring. Sensors (Basel) 2019;19(23).

700 Aging

http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref63
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref63
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref63
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref64
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref64
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref64
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref65
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref65
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref65
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref66
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref66
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref66
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref67
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref67
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref67
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref68
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref68
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref69
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref69
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref70
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref70
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref70
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref70
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref71
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref71
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4015143&tool=pmcentrez&rendertype=abstract%5Cnhttp://genomebiology.com/2013/14/10/R115
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4015143&tool=pmcentrez&rendertype=abstract%5Cnhttp://genomebiology.com/2013/14/10/R115
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4015143&tool=pmcentrez&rendertype=abstract%5Cnhttp://genomebiology.com/2013/14/10/R115
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4015143&tool=pmcentrez&rendertype=abstract%5Cnhttp://genomebiology.com/2013/14/10/R115
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4015143&tool=pmcentrez&rendertype=abstract%5Cnhttp://genomebiology.com/2013/14/10/R115
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4015143&tool=pmcentrez&rendertype=abstract%5Cnhttp://genomebiology.com/2013/14/10/R115
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref73
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref73
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref74
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref74
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref74
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref75
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref75
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref75
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref76
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref76
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref76
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref77
http://refhub.elsevier.com/B978-0-12-823761-8.00013-6/sbref77


CHAPTER 29

Interventions that target fundamental
aging mechanisms: myths and realities
Erin O. Wissler Gerdes1, Yi Zhu2, Tamar Tchkonia2 and James L. Kirkland2,3
1Robert D. and Patricia E. Kern Center for the Science of Health Care Delivery, Mayo Clinic, Rochester, MN, United States
2Department of Physiology and Biomedical Engineering, Mayo Clinic, Rochester, MN, United States
3Division of General Internal Medicine, Department of Medicine, Mayo Clinic, Rochester, MN, United States

29.1 Introduction

Fundamental aging processes appear to be the root cause contributors to the chronic dis-
eases that account for the bulk of morbidity, hospital admissions, mortality, and health
costs. They may also contribute to causing aging phenotypes, geriatric syndromes (e.g.,
frailty, sarcopenia, cognitive impairment, falling, and incontinence), and loss of physical
resilience (e.g., delayed or prolonged recovery and increased mortality from injury,
infection, or surgery, inadequate response to vaccination, and adverse drug reactions),
which is the geroscience hypothesis. In this review, we discuss these fundamental aging
processes or “hallmarks of aging,” their interconnectedness (the Unitary Theory of
Fundamental Aging Mechanisms), and interventions targeting these hallmarks that have
been reported, are being tested, or may be developed. Next, we propose ideas about
how to intervene at points that would impact different hallmarks of aging simulta-
neously or sequentially, potentially to achieve additive or synergistic benefits in enhanc-
ing health span by delaying, preventing, or alleviating chronic diseases, the geriatric
syndromes, aging phenotypes, and/or enhancing physical resilience.

29.2 Pillars of aging

A collaborative effort by the trans-NIH Geroscience Interest Group (GSIG) produced a
list of seven pillars of aging, which included adaptation to stress, epigenetics, inflamma-
tion, macromolecular damage, metabolism, proteostasis, and stem cell function and
regeneration.1 Using cancer hallmarks developed by Hanahan and Weinberg2 and the
idea that both aging and cancer are related to the accumulation of cellular damage,
Lopez-Otin and team devised nine hallmarks of aging: genomic instability, telomere
attrition, epigenetic alterations, loss of proteostasis, deregulated nutrient sensing, mito-
chondrial dysfunction, cellular senescence, stem cell exhaustion, and altered intercellular
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communication.3 These hallmarks, rather than being independent processes, appear to
be interrelated.4,5

29.3 Genomic instability

Genomic instability encompasses mutations or alterations in the genome under specific
physiological conditions.6 Types of alterations include: (1) changes in nucleic acid
sequence, (2) mutations of the genetic code, (3) gain or loss of a part of or an entire
chromosome, and (4) heritable changes.6,7 Genomic instability may contribute to the
development of cancers and neurodegenerative diseases, among other disorders.8,9

Organisms are equipped with DNA repair mechanisms to respond to most types of
DNA damage.10 However, the damage that is not repaired can lead to further geno-
mic instability, and this accumulation of DNA damage progresses to cellular dysfunc-
tion, cancers, cellular senescence, and/or death. Areas for possible intervention to
combat genomic instability include facilitating DNA repair mechanisms or reprogram-
ming by “stemness” factors.3,11

29.3.1 Telomere attrition
Telomeres, the complex structures at the end of chromosomes, may act as an aging
“clock”. They can become dysfunctional or shorten in length with repeated cell repli-
cation or other stresses. These telomere alterations have been associated with an
increase in many different age-related diseases, including cancers, cardiac diseases, and
neurodegenerative disorders.12 Telomere attrition or dysfunction is exacerbated when
telomerase is no longer able to add base pairs to the ends of chromosomes.3 The initial
length of telomeres is mostly hereditary in humans, but can be influenced by other
factors, including oxidative stress and reproductive hormones.12 With each cell cycle,
telomeres become shorter or more dysfunctional, and once they reach a critical point,
cells stop dividing and enter senescence.

29.3.2 Epigenetic alterations
As epigenetic alterations occur, cells can become more susceptible to dysfunction. The
accumulation of these changes may contribute to initiation and progression of many dis-
eases and disorders.13 Alterations include histone modifications, changes in DNA meth-
ylation, and chromatin remodeling.3 Each of these changes can occur without altering
the primary DNA sequence. Coupled with genomic instability, epigenetic changes can
contribute to clonal heterogeneity, cancers, and other age-related diseases.14 Several fac-
tors can impact epigenetic alterations, including DNA damage, diet, metabolic processes,
physical activity, and oxidative stress.15�17 Each of these factors presents an opportunity
for intervention.
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29.3.3 Loss of proteostasis
Proteostasis involves regulating and maintaining the stability of the proteome.3 Loss of this
stability can lead to protein misfolding, unfolding, or aggregation, which may contribute
to age-related disorders.18 Gradual loss of proteostasis is seen during healthy aging.19 The
key components ensuring proteostasis include chaperones, the ubiquitin-proteasome sys-
tem (UPS), and the lysosome-autophagy system.18 These components control whether or
not a protein is refolded correctly or, if damaged, removed through proteolysis.20

29.3.4 Deregulated nutrient sensing
Age-related changes occur in several nutrient sensing pathways that regulate an organ-
ism’s metabolic state, Among others, these metabolic pathways involve the following
four protein groups: insulin-like growth factor (IGF-1) and related proteins/peptides
(e.g., humanins), mammalian target of Rapamycin (mTOR), and mTOR-related pro-
teins, sirtuins, and AMP-activated protein kinase (AMPK) and related proteins,3 as
well as changes in glycation by reducing sugars, prompting formation of advanced gly-
cation end-products (AGEs),21 and accumulation of saturated lipids that contribute to
cellular dysfunction.22 IGF-1 helps promote cellular proliferation and is part of the
insulin, growth hormone (GH), and insulin-like growth factor (IIS) pathways.3

Reductions in IIS pathway activity through genetic or pharmacological means (e.g., in
mice in which GH, GH receptor, IGF-1 receptor binding protein [IGFBP],
pregnancy-associated plasma protein-1 [PAPP-A, which affects IGFBP action]) are
mutated or administration of humanins23,24 or sirtuin agonists, such as Resveratrol25

have been associated with increases in lifespan and health span.3,26

mTOR regulates anabolic metabolism and homeostasis.27 With aging, mTOR activ-
ity increases. Inhibition of mTOR activity by Rapamycin or related substances has been
associated with an increase in lifespan in mice.28 Sirtuins react to lower energy levels by
detecting increases in NAD1.3 AMPK acts similarly by regulating metabolism and the
epigenetic state when energy levels are low.3 The upregulation of both sirtuins and
AMPK is an opportunity for intervention. Some studies have attempted to achieve this
through caloric restriction or Metformin or Resveratrol administration.25,29�31 Overall,
targeting deregulated nutrient sensing through these pathways presents options for thera-
peutics that enhance health span.

29.3.5 Mitochondrial dysfunction
Mitochondria play an important role in all organ systems. The function of mitochon-
dria changes with aging, impacting the immune, neurologic, adipose, and other sys-
tems. As an organism ages, there is an increase in the production of reactive oxygen
species (ROS).32 The increase in ROS up to a certain point helps to maintain homeo-
stasis, however in excess, ROS can cause cell damage and death.3,33 Mediating the
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production of ROS is a possible intervention target.34 Furthermore, as occurs in can-
cer cells, there can be a shift from lipid to glycolytic metabolism (Warburg shift35) in
many tissues with aging, leading to inefficient energy generation and cellular accumu-
lation of lipids, especially cytotoxic saturated lipids, contributing to accumulation of
“MAD” (mesenchymal adipocyte-like default) senescent-like cells in multiple tissues,
including muscle and brain ependyma.36,37

29.3.6 Cellular senescence
Cellular senescence contributes to age-related dysfunction and multiple diseases
throughout the lifespan. Senescent cell burden is very low in young individuals but
increases with aging in several tissues. These include, among others, adipose tissue,
skeletal muscle, heart, kidney, brain, bone, liver, spleen, and skin.38�45 Senescent cells
can accumulate at pathogenic sites including lungs, adipose tissue, the pancreas, brain,
blood vessels and the heart, joints and bones, kidneys, and the liver. This occurs in
multiple major chronic diseases, especially conditions associated with physical dysfunc-
tion (frailty) and inflammation, including chronic obstructive pulmonary disease,
asthma, idiopathic pulmonary fibrosis (IPF), diabetes/obesity, Alzheimer’s disease and
other dementias and Parkinson’s disease, cardiovascular diseases, cancers, osteoporosis
and osteoarthritis, renal diseases, and the liver in cirrhosis in preclinical species and
humans.41,43,45

Senescence is essentially a cell fate, like differentiation, proliferation, apoptosis, or
necrosis. External and internal signals can contribute to driving a cell into senescence.
These are generally cell or tissue damage-related, including DNA alterations (dysfunc-
tional telomeres, strand breaks, etc.), metabolic and mitochondrial dysfunction (ROS,
high glucose, bioactive lipids, mitochondrial dysfunction), protein alterations (aggregates,
misfolding, failed autophagy), inflammatory signals, mechanical/shear stress, pathogen-
associated molecular pattern factors (PAMPs; including viruses, bacterial/fungal proteins,
lipopolysaccharide [LPS], etc.), damage-associated molecular pattern factors (DAMPs; tis-
sue damage signals (extracellular nucleotides, etc.)), and repeated replication/mitogens
(insulin-like growth factor-1, etc.). Once initiated, senescence takes 10 days to 6 weeks
to become established through transcription factor cascades that may, but do not always,
include p16INK4a/ retinoblastoma protein and/or p53/p21CIP1, causing extensive
changes in gene expression, histone modifications, altered organelle function (e.g., mito-
chondria, endoplasmic reticulum, nucleolus, nuclear envelope), elevated protein produc-
tion due to increased mTOR and decreased autophagy, and profound morphological
and metabolic changes, including a partial Warburg shift.41,46 Elimination of senescent
cells in aging or diseased tissues is a therapeutic strategy.
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29.3.7 Stem cell exhaustion
Stem cells are unique and incredibly valuable due to their ability to transform into
almost any kind of cell in the body. As aging progresses, the regenerative capacity and
overall activity of stem cells declines, also known as stem cell exhaustion.47 The
reduced capacity of stem cells can lead to many age-related diseases and age-related
complications. Stem cell exhaustion is caused by the accumulation of DNA damage,
or cellular senescence.47,48 Additionally, telomere dysfunction and shortening occurs
and reduces stem cell function.47 In order to combat the effects of stem cell exhaus-
tion, progenitor and stem cell rejuvenation has been explored as a possible target for
intervention.11,49

29.3.8 Altered intercellular communication
Altered intercellular communication, or changes in the signaling between cells, is a
direct result of other hallmarks of aging. Changes in intercellular signaling with aging
can lead to tissue damage and are linked with many age-related diseases. Sterile, low-
grade, chronic inflammation across multiple tissues can increase with aging. Pro-
inflammatory cytokines released by senescent cells appear to contribute to this.3 Due
to the interdependent nature of other hallmarks and altered intercellular communica-
tion, intervention options should be focused on treating other hallmarks of aging.

29.4 Unitary theory of fundamental aging processes

The nine hallmarks of aging appear to be interconnected and interdependent
(Fig. 29.1). Our Unitary Theory of Fundamental Aging Processes hypothesizes that
connectedness of fundamental aging processes might mean that targeting any one
might impact several or all of the other processes.50,51 As described above, each hall-
mark of aging appears to impact the others and all appear to contribute to the causa-
tion of multiple age-related diseases and disorders. By intervening in one process,
other mechanisms might be impacted, like a domino effect. Instead of a traditional
one molecular target-one drug-single outcome approach, this suggests that a multi-
mechanism strategy for drug development could be more effective than the traditional
drug development paradigm of one target-one drug-one disease.

29.5 Health span versus lifespan

There are two outcomes sometimes used to develop interventions intended to target
fundamental aging processes: increasing health span versus increasing lifespan, that is
adding life to years versus years to life, respectively. Targeting health span rather than
lifespan at all costs is arguably the more appealing approach. If interventions aimed at
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Figure 29.1 Unitary theory of the fundamental mechanisms of aging. Fig. 29.1 illustrates interac-
tions between the different Hallmarks of aging. While many are known and have been established,
there are probable interactions still needing to be investigated. A) indicates the known interactions
between the hallmarks of aging, and shows those that have yet to be documented but are pre-
sumed. B) highlights the established interactions between the hallmarks of aging and some of the
works that have documented these interactions.



the basic mechanisms of aging that lead to the most serious chronic diseases and dis-
abilities can be translated into clinical interventions, this would have a profound
impact on quality of life and drastically reduce healthcare costs. By one estimate, a 2%
delay in the progression of fundamental aging processes would lead to an increase of
10 million healthy, as opposed to disabled, elderly people in the US by 2060, com-
pared to doing nothing, delaying cancer, or delaying heart disease, with a savings in
US health costs of $7.1 trillion over 50 years.52 While the population steadily grows
older, there is an urgent need to focus on increasing health span, rather than attempts
to increase lifespan at the potential cost of creating a prolonged period of disability
before the end of life.

29.6 Myths and realities

Trying to find the fountain of youth, or at least to extend health span or target the
chronic diseases for which no satisfactorily effective, mechanism-based interventions
currently exist, has been a long and ongoing mission of many scientists, explorers, and
lay people dealing with their own mortality. Countless remedies and behaviors have
been tested, all hoping to have some impact on the inevitable fate of humanity. Here
we discuss treatments or regimens that show promise, and others that appear to be
well-intentioned myths. We have modified Koch’s postulates (Fig. 29.2) into four cri-
teria that should be satisfied in order to prove that an intervention acts by targeting a
fundamental aging process.

29.6.1 Senolytics
Among the promising interventions for targeting fundamental aging mechanisms are
senolytics, or drugs that target senescent cells. Senolytics help attenuate senescent cell
burden, allowing tissues and organs in the body to function properly. The first of
these, Dasatinib 1 Quercetin, and subsequently, Fisetin, Navitoclax (ABT-263), and
others, were discovered using a hypothesis-driven, mechanism-based approach.50,53�56

This approach takes advantage of the observation that senescent cells kill or damage
cells around them because of their pro-apoptotic, proteolytic senescence-associated
secretory phenotype (SASP), yet senescent cells themselves do not die. This suggested
the existence of protective senescent cell anti-apoptotic pathways (SCAPs) that were
indeed discovered in bioinformatics analyses of the transcriptomes and proteomes of
senescent versus non-senescent cells.53 Key nodes needed for survival of those senes-
cent cells that have a SASP were identified by targeting them by RNA interference.
Drugs were identified, again using bioinformatics approaches, which target key node(s)
across the SCAP network, and these drugs proved to be effective in causing apoptosis
of senescent cells expressing a SASP, allowing such cells to “commit suicide.”
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There are several different types of senolytics that have been tested in preclinical trials
so far, including, Dasatinib 1 Quercetin, Fisetin, Piperlongumine, EF24, goldenrod
extract, Navitoclax, ABT-737, cardiac glycosides, and HSP90 inhibitors.42,54,56�62 In
the first report about senolytics, the combination of Dasatinib 1 Quercetin was shown
to reduce senescent cell burden and improve function in mice that were aged, exposed
to radiation, or progeroid, and to improve cardiac function in naturally-aged mice.53

Consistent with expectations of if a fundamental aging process is targeted, since that first
report, multiple diseases and disorders have been shown to be alleviated by Dasatinib 1

Quercetin in mouse models, including dementias, osteoporosis, diabetes, dysfunction
caused by transplanting senescent cells or organs from old donors into young mice,
frailty, age-, ischemia-, and lipid-induced cardiovascular dysfunction, cancers, pre-
eclampsia, fibrotic lung disease, radiation effects, and age- and high fat diet-induced kid-
ney dysfunction (Table 29.1). Also, Dasatinib 1 Quercetin enhanced median, but not
maximum lifespan in mice.63

Figure 29.2 Modified set of Koch’s postulates for proving an intervention acts by targeting a fun-
damental aging process. To prove an intervention targets a fundamental aging process, we pro-
pose a modified Koch’s postulates comprising four criteria that should each be met.
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In the first report about senolytics, Dasatinib was demonstrated to target some
senescent cell types, such as senescent human adipose progenitors, while Quercetin
targeted others, such as senescent human umbilical vein endothelial cells (HUVECs).
Their combination was more effective in clearing a range of senescent cell types than
either alone. Similarly, while Navitoclax reduced senescence in preclinical models, it
targeted some, but not all senescent cell types.62 For example, Navitoclax is not effec-
tive in targeting senescent human adipose progenitors, one of the most abundant
senescent cell types in older or diabetic/obese individuals. Most senolytics are not fully
selective against senescent versus non-senescent cells. This is especially the case for
Navitoclax, which eliminates non-senescent neutrophils and platelets, leading to side
effects.50,56,62

Some early senolytic clinical studies are showing promising results (Table 29.2). A trial
with Dasatinib 1 Quercetin in patients with chronic kidney disease and diabetes

Table 29.1 Preclinical Trials using Dasatinib1 Quercetin.

Outcome Species/disease/disorder

Decreased senescent cell burden Progeroid mice53

Improved cardiac function Naturally-aged mice53

Decreased senescent cell burden Irradiated mice53

Decreased senescent cell burden Aged mice53

Decreased p16Ink4a expression Dialysis Arteriovenous Fistula (AVF) with
Chronic Kidney Disease (CKD) mice64

Decrease in toxic effect of PDE on postnatal
bone growth in offspring

Prenatal dexamethasone exposure (PDE)
in pregnant mice65

Decreased senescent cell burden and alleviation
of radiotherapy-related bone deterioration

Post-focal radiation treatment (FRT)
mice66

Decreased liver tumor progression Diethylnitrosamine (DEN)/Cre mice67

Prevents age-related bone loss C57BL/6 mice68

Decreased Aβ plaque-associated senescent OPCs
in APP/PS1 AD mice

Alzheimer’s disease mice69

Reduced aortic calcification and osteogenic
signaling

Aged and atherosclerotic mice70

Decreased senescent cell burden and enhanced
adipogenesis

p16-3Mr mice71

Alleviated anxiety-like behavior Obese mice37

Decreased senescent cell burden, alleviated
physical dysfunction and increased post-
treatment survival (lifespan)

Naturally-aged mice and senescent cell-
transplanted young mice63

Decreased senescent cell burden, improved
glucose homeostasis

DIO mice72

Mediate fibrotic lung disease INK-ATTAC mice73

Increased p53 expression, reduction of pro-
fibrotic miR34a expression

Aged mice74
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demonstrated a decrease in senescent cell abundance, markers of inflammation, and fibrosis
in adipose tissue within 11 days of completing a three day course in subjects with diabe-
tes/obesity.75,76 In another trial in idiopathic pulmonary fibrosis patients, a brief course of
Dasatinib 1 Quercetin suggested clinically significant improvement in frailty measure-
ments.77 That trial was exploratory and open-label. A larger, placebo-controlled, multi-
center trial is about to begin. Currently, trials are underway with Dasatinib1Quercetin
and/or Fisetin administered systemically for the following populations and indications:
aging adults with frailty and multi-morbidity, adults with chronic kidney disease and dia-
betes, Alzheimer’s disease patients, inpatients, outpatients, and nursing home residents with
COVID-19, patients with the accelerated aging-like state that can follow bone marrow
transplantation (likely related to the cellular senescence-inducing chemotherapy before
bone marrow transplantation), childhood cancer survivors (some of whom also develop
frailty and a senescence-associated accelerated aging-like state), age-related osteoporosis,
and osteoarthritis. In addition, a dose-escalation trial involving injecting UBX1325, a
modified version of Navitoclax, into the eye for retinal disease is underway
(NCT04537884). However, clinical trials injecting another possible senolytic, UBX0101
(which appears to be related to Nutlin-3a), into knees of patients with osteoarthritis did

Table 29.2 Clinical trials using Dasatinib1Quercetin.

Population/disease Site Clinical trials info

Senescent cell burden in hematopoietic
stem cell transplant survivors

• Mayo clinic NCT02652052

Senescent Cell Burden and Bone
Reabsorption markers in elderly
women

• Mayo clinic NCT04313634

Senescent cell burden and clinical
dementia rating scale in patients with
Alzheimer’s disease

• Wake Forest University
Health Sciences

• The University of Texas
Health Science Center at
San Antonio

• Mayo Clinic

NCT04685590

Senescent cell burden and MSC
functionality in chronic kidney
disease in patients with chronic
kidney disease

• Mayo Clinic NCT02848131

Senescent cell burden and frailty
markers in patients with idiopathic
pulmonary fibrosis

• Wake Forest University
Health Sciences

• The University of Texas
Health Science Center at
San Antonio

• Mayo Clinic

NCT02874989
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not result in statistically significant improvements in knee pain endpoints (NCT04229225;
NCT04129944; NCT03513016). Thus, not all senolytics may translate into effective clini-
cal interventions, perhaps depending on the agent, route of administration (e.g., systemic
vs injection), the indication targeted, trial design, and choice of endpoints. Many more
trials of a range of different senolytics for a variety of age-, chronic disease-, and
senescence-related disorders are needed before these agents enter clinical practice.

Understandably, there has been skepticism and criticism of using these drugs, par-
ticularly with Dasatinib, as among other indications, it is used for treating leukemias
and lymphomas. However, Dasatinib is not a classical chemotherapeutic anti-
proliferative, DNA-damaging drug. Rather, it acts by decreasing apoptosis resistance in
tumors that secrete pro-apoptotic factors. Therefore, it is used for tumors like CLL
and B-lymphomas that secrete apoptotic inducers, such as TNF-α or IL-6.
Furthermore, Dasatinib is unlike other tyrosine kinase inhibitors. It inhibits Src kinase
and ephrin-related kinases that other “pan”-tyrosine kinase inhibitors, like Imatinib,
do not. Imatinib is not senolytic and has a very different side effect profile than
Dasatinib yet both are lumped together by some when considering safety profiles.
Dasatinib only infrequently causes thrombocytopenia or neutropenia, mainly after
long-term continuous use, partly because, unlike conventional chemotherapeutics, it
does not act by inhibiting proliferation or damaging DNA directly.

As a senolytic, Dasatinib can be administered intermittently, every two or more
weeks, rather than continuously, since senescent cells take 10 days to 6 weeks to re-
form, at least in culture. Thus, senolytics can be administered in a “hit-and-run”
approach: high steady-state levels are not required for effectiveness. Furthering this
“hit-and-run” approach and reducing off-target effects, Dasatinib has a short elimi-
nation half-life, around 4 h in humans.78 Also, the safety profile of Dasatinib is quite
good: it has been available for any American physician to prescribe since 2006,
unlike Navitoclax, which is also used for treating cancers but only for investigational
use. As a senolytic, administration of Dasatinib in a “hit-and-run” way, along with
its short elimination half-life, and its relatively favorable safety profile, especially if
given intermittently, all mean that there may be minimization of off-target effects
that depend on continuously occupying a receptor or inhibiting an enzyme, as
opposed to selectively inducing apoptosis in slowly reforming senescent cells. Thus,
Dasatinib might not be as unsafe as most true chemotherapy drugs or Navitoclax,
which can cause severe neutropenia or thrombocytopenia.79 That said, much work
remains to be done to determine if senolytics have unanticipated side effects as a
class. Until then, senolytics should not be administered outside the context of care-
fully controlled clinical trials.

A cytotoxic pro-drug that is activated by senescence-associated beta-galactosidase
(SA β-gal) has been proposed as a strategy to selectively target senescent cells.80

However, not every senescent cell has elevated SA β-gal. High levels occur in non-

711Interventions that target fundamental aging mechanisms: myths and realities



senescent cells, such as activated macrophages.81 Therefore, the pro-drug, which
depends on being activated by an enzyme not present in every senescent cell and that
is present in many non-senescent cells, might not be more specific for senescent cells
or target more senescent cells than other senolytics, such as Dasatinib 1 Quercetin.
Arguably, a single target, such as SA β-gal, may even be less likely to be specific for a
cell type than targeting a network, such as the SCAP network. It is rare for any single
drug target to be restricted to a unique type of cell. Overall, caution and perspicacity
needs to be exercised about early discoveries regarding specificity for senescent cells.

29.6.2 Other pharmacological interventions
There are many other pharmacological interventions being tested for targeting funda-
mental aging processes in order to try to extend health span. These include Metformin,
Rapamycin, Resveratrol, NAD1/NMN, CD38 inhibitors, 17-α-Estradiol, and keto-
genic agents, among others.82

29.6.2.1 Metformin
Though primarily used currently to control high blood sugar, Metformin is gaining
popularity as a possible intervention to delay progression of aging phenotypes, delay,
prevent, or alleviate age-related chronic diseases, and extend health span. Metformin
activates AMPK, which results in increased glucose uptake and decreased glucose pro-
duction.83 By acting on these metabolic processes and potentially partially reversing
the age-related Warburg shift, some studies have shown Metformin increases lifespan
in worms and mice.31,84 Metformin has also been shown to accelerate wound healing
when applied locally.85

Many aspects of Metformin mechanisms of action are still unknown and require
further study. Among other effects, Metformin appears to inhibit the SASP of senes-
cent cells.86�88 The long-term implications of Metformin use in healthy individuals
are still relatively unknown and safety information is needed. The targeting aging with
metformin clinical trial that is beginning will address many of these issues.89

29.6.2.2 Rapamycin
Rapamycin and related drugs (rapalogs), which target mTOR are antibiotic, antifun-
gal, and immunosuppressive, and are prescribed to treat cancers and prevent rejection
of transplanted organs. Rapalogs have been extensively studied in preclinical settings
and clinical trials as possible interventions to target the fundamental aging processes.
Rapamycin has been shown to extend maximum lifespan in mice, regardless of
whether it is administered early or late in life.28,90�93 Consistent with our Unitary
Theory of Fundamental Aging Mechanisms, among other effects, continuous adminis-
tration of Rapamycin inhibits the SASP94,95 and reduces senescent cell burden.96

Using Rapamycin topically has been shown to slow development of skin aging
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phenotypes.96,97 An important study of Rapamycin on health span in dogs is currently
underway.98 Though adverse side effects of Rapamycin appear to be mild, more safety
studies are needed in healthy controls.83

29.6.2.3 Resveratrol
Resveratrol is a polyphenol that is a sirtuin agonist and antioxidant.99 It is present in
red wine and some foods. Resveratrol and other polyphenols can cross the blood brain
barrier and have anti-inflammatory properties.100 The antioxidant properties of
Resveratrol act to combat oxidative stress and the anti-inflammatory properties combat
the inflammaging that occurs with natural aging. Studies have shown that Resveratrol
attenuates inflammation in aging mice, as well as it improves renal function by activat-
ing pathways that alleviate oxidative stress and mitochondrial dysfunction.101 Other
studies have shown that Resveratrol helps to prevent cognitive decline in rats by inhi-
biting production of inflammatory cytokines.102 Resveratrol also helped accelerate
healing in cutaneous wounds when applied locally.85 The anti-inflammatory and anti-
oxidant properties of Resveratrol have the potential to protect against arterial aging
and restore vascular function.103,104 While there are many preclinical trials looking at
the benefits of Resveratrol, clinical trials, especially with healthy aging populations, are
scarce.105

29.6.2.4 NAD1/NMN and inhibitors of CD38
The decrease in oxidized nicotinamide adenine dinucleotide (NAD1) during aging is
associated with an increase in the immune cell ectoenzyme, CD38, and mitochondrial
dysfunction.106,107 CD38 on immune cells breaks down NAD1 into inactive metabo-
lites. Precursors of NAD1 include nicotinamide riboside (NR) and nicotinamide
mononucleotide (NMN), as well as tryptophan.106,108 Some researchers have proposed
testing NAD replacement therapy with CD38 inhibitors in order to alleviate metabolic
dysfunction.106,107

The molecule 78c is a powerful CD38 inhibitor, and a recent study showed that
78c partially reverses the effects from age-related decline of NAD1 in mice.109,110

Consistent with our Unitary Theory, the SASP of senescent cells causes upregulation
of CD38, leading to a decrease in NAD1.111 Targeting the decrease in NAD1 and/or
increase in CD38 with specific inhibitors of CD38 and senolytics, holds the potential
to be interventions because NAD1 is essential for DNA repair, signaling, and other
enzymatic reactions.108,109

29.6.2.5 17-α-Estradiol
17α-estradiol is related to the feminizing hormone, 17β-Estradiol except it is relatively
non-feminizing and present in human males as well as females. It modulates nutrient-
sensing pathways, including increasing AMPK and reducing mTOR.112 In male mice,
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17α-Estradiol substantially increases lifespan.112,113 Consistent with our Unity Theory, there
is emerging evidence that 17α-Estradiol decreases senescent cells or their secretions.114

Clinical trials of 17α-Estradiol for geroscience applications are currently being planned.

29.6.2.6 Ketogenic agents
Like Metformin, α-ketoglutarate, β-hydroxybutyrate, and related natural compounds
and drugs that are involved in sugar and fat metabolism, as well as ketogenic diets,
appear to alleviate age- and disease-related conditions in mice and enhance health
span.82,115�117 α-ketoglutarate and β-hydroxybutyrate are both endogenous metabo-
lites essential to metabolism. α-ketoglutarate plays an essential role in the tricarboxylic
acid cycle,117 and β-hydroxybutyrate inhibits histone deacetylates, which directly
impacts glucose metabolism and promotes resistance to oxidative stress.116 A clinical
trial of ketogens for age-related physical dysfunction is being planned, and commercial
groups, including Juvenescence, are developing drugs related to α-ketoglutarate.

29.6.3 Behavioral/dietary interventions
Outside of pharmacological interventions, behavioral and dietary interventions, includ-
ing caloric restriction/fasting/food clocking and exercise, have been tested as possible
interventions for age-related dysfunction.

29.6.3.1 Caloric restriction/fasting/food clocking
Short of restricting food intake to the point of malnutrition, caloric restriction impacts
several important pathways critical to aging processes. The ideal reduction is about
30% of calories daily in mice and 15% in humans.118,119 What these calories consist of
appears to be important. In rhesus monkeys, high sugar diets with caloric restriction
led to an increase in lifespan compared to controls,30,120 whereas a diet control group
with a diet comprising of a balance of vitamins and minerals compared to a CR group
fed the same balanced, but reduced diet had no added lifespan benefit.121

Caloric restriction reduces insulin, IGF-1, and amino acids, while increasing
NAD1. This impacts several pathways leading to repair of DNA damage, stress resis-
tance, and oxidative metabolism.47 However, long-term caloric restriction could lead
to negative effects, such as infertility.118 Rather than long-term caloric restriction,
short term or intermittent fasting practices (“food clocking”) may hold promise.
Intermittent fasting can be practiced over different timeframes.122,123 More studies
need to be done of intermittent fasting to test its efficacy as a potential intervention to
delay, prevent, or alleviate age-related dysfunction and chronic diseases.

29.6.3.2 Exercise
There are many health benefits from exercise.124 Specific to aging processes, an exer-
cise routine including a combination of aerobic, resistance, flexibility, and balance
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exercises may have beneficial effects.125,126 Though the impact of exercise at the
mechanistic level is still in need of closer examination, exercise appears to reduce mor-
tality, chronic disease, and premature death in older adults.127,128

Consistent with our Unitary Theory, exercise alone can reduce markers of cellular
senescence and prevent accumulation of senescent cells in mice.129 Furthermore, the
detrimental effects of caloric excess, including expression of pro-senescence markers,
were mitigated by exercise.129 Some other benefits directly associated with aging pro-
cesses include improved function of mitochondria, decrease in inflammatory markers,
and better adaptation to oxidative stress.127 Exercise activates AMPK, therefore
increasing glucose uptake,83 and increases sirtuins in skeletal muscle.130 With exercise,
epigenetic changes impacting DNA methylation, histone modification, and miRNA
expression have been documented.131 Exercise may also improve DNA repair, increase
antioxidant activity, and contribute to skeletal muscle cell regeneration.132

29.7 Clinical trials and treating disease

29.7.1 Safety; risk/benefit ratio
While many of the interventions discussed here are promising, safety must be at the
forefront of any intervention developed to enhance health span or alleviate age-related
disorders. In order to confidently recommend therapeutic interventions, especially
pharmaceutical interventions, possible adverse effects need to be extensively explored.
There is a potential positive risk to benefit ratio in conducting trials with interven-
tional agents in people who have serious diseases that are predisposed to fundamental
aging processes and for which no good treatments are currently available.

29.7.2 Combining or sequencing therapies
By our Unitary Theory of Fundamental Aging Processes, we hypothesize that targeting
one hallmark of aging will impact several or all others. Accordingly, if this theory is
true, it may be important to consider combining or sequencing interventions that target
fundamental aging mechanisms to achieve additive or potentially even synergistic benefi-
cial effects. It may perhaps be best to begin by targeting serious age-related diseases to
test such combined interventions, as it could be complicated and time-consuming to
study and decipher results in healthy subjects with a lower risk/benefit ratio.

Some existing examples of combining therapies include a pharmacological agent and
behavioral intervention, such as exercise and Resveratrol, though adding supplements
might negate some of the positive effects from physical exercise.133,134 Other groups have
looked at combining Metformin and exercise in non-diseased (without type 2 diabetes)
patients, and statins with exercise, both providing mixed results.135�137 The combination
of 17α-Estradiol and a calorie-restricted diet in mice produced differing proteostatic
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outcomes.138 Still other groups have tested combining pharmacological agents, such as
Rapamycin and Metformin, with results indicating the combination enhances median
lifespan in mice.139 In rats, a combination of a calorie-restricted diet and exercise pre-
vented age-related changes in the corpus cavernosum.140 Overall, combining therapies is
largely unexplored and much research needs to be done in order to target multiple aging
processes simultaneously.

29.7.3 Translational geroscience network
In order to determine the efficacy of any intervention, extensive, well-designed, and
rapid clinical trials are necessary. This can be a slow process in a competitive environ-
ment. Results may be gleaned more quickly if clinical trials were done in parallel by
multiple engaged institutions. This is a principle that the translational geroscience net-
work (TGN) is based on.

Innovative solutions are urgently needed to develop the required infrastructure and
workforce to speed translational aging research, since targeting fundamental aging
mechanisms is a completely new paradigm. To develop strategies to bridge the transla-
tional gap, the “valley of death” between bench and bedside, the basic biology of aging
and clinical geriatrics communities engaged in a four-year planning process to identify
needed resources and to map out strategies through the NIH R24-funded Geroscience
Network. During the R24 process, the following roadblocks were identified as contri-
butors to the slow pace of translation: (1) lack of translational strategies, (2) lack of a
national infrastructure, (3) lack of trained personnel, and (4) the need to go beyond the
traditional drug development approach of “one drug-one target-one disease.”

We collaborated to develop a TGN to facilitate and speed the translation by opti-
mizing resource utilization, while avoiding duplication and counter-productive com-
petition. We started with institutions that were a part of our previous R24 grant and
that had already made financial commitments to launch programs designed to test the
GeroScience Hypothesis, and that also brought complementary expertise and strengths
(NIH R33AG 61456: Mayo Clinic, Harvard, Johns Hopkins, Wake Forrest,
Universities of Minnesota, Michigan, Connecticut, and Texas together with St. Jude’s
Hospital and the Steadman Clinic). This initial network will engage in preclinical
translational research, completing the appropriate regulatory steps (e.g., acquiring
investigational new drug applications (INDs) from the FDA), and assisting in develop-
ing several “use case” proof-of-concept Phase II trials. We will commence building
this initial network into an inclusive national TGN. By pursuing steps to translate
drugs, nutritional supplements, potentially synergistic combinations, and combinations
of drugs or natural products plus lifestyle interventions that target fundamental aging
mechanisms from bench to bedside concurrently, and by doing so in a coordinated
way, the TGN hopes to accelerate development of effective treatments. With
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sufficient resources, such interventions might be introduced clinically within the next
5�15 years. Indeed, “use case” human studies based on recent insights from the basic
biology of aging have already started at several of our institutions.

29.8 Conclusion

Innovative strategies for conducting proof-of-concept trials were developed during the
last 4 years. One such trial has already been reported: administration of a Rapamycin
analog to enhance antibody responses to the influenza vaccine in community-dwelling
older adults141; and other trials are now beginning. Nevertheless, such efforts lack
coordination, hindering collaborations and progress. Through the TGN, such trials
could: (1) be accelerated, (2) be readily compared to one another, (3) provide biospe-
cimens to a broader group of discovery research laboratories across the basic biology of
aging community, and (4) form the basis for ancillary studies. During the R24 phase
of this endeavor, we were impressed by the enthusiastic reaction of the biology of
aging groups and geriatrics program leaders to forming a TGN. We view targeting
fundamental aging mechanisms to delay, prevent, or alleviate chronic age-related dis-
eases, geriatric syndromes, and decreased resilience as a “holy grail” of all biology and
medicine.

The TGN has been operating for two years. It was originally intended to assist in
conducting 3 early phase clinical trials of interventions that target fundamental aging
mechanisms annually, but 17 such trials are already underway, with considerable
demand to add more. A central Facility for Geroscience Analysis (FGA) was estab-
lished to conduct assays related to fundamental aging mechanisms across all TGN trials,
and biostatistical and biobanking groups and programs have been established. With the
support of multiple organizations and a common goal, we can begin to eliminate bar-
riers and initiate the process of creating the infrastructure and resources required to
tackle this urgent need. We will be able to translate interventions targeting fundamen-
tal aging mechanisms into interventions that can delay, prevent, or alleviate the age-
related decline in health span, major chronic diseases, multi-morbidity, dysfunctional
age-related phenotypes, the geriatric syndromes, and age-related loss of homeostasis
and physical resilience.
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30.1 Introduction

At the time of writing this chapter in December 2020, 9 months after the World Health
Organization (WHO) declared a pandemic of coronavirus disease 2019 (COVID-19) caused
by the novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),1 we are glob-
ally approaching 82 million infections, and almost 1.8 million people have lost their lives.2

Notably, across many diverse countries, mortality by COVID-19 has increased
exponentially in people over the age of 50 years, the highest being in people aged 80
years and older.3 Early on, age was identified as the most significant risk factor for
severe COVID-19 and adverse health outcomes from the infection. Moreover, older
age is associated with a higher prevalence of chronic conditions such as hypertension,
obesity or type 2 diabetes, all of which have been shown to exacerbate risk of severe
or fatal COVID-19 disease.4

30.1.1 A minority of community-dwelling older adults are frail
From a medical perspective, it has been argued that a common underlying factor confer-
ring vulnerability of older individuals to more severe COVID-19 clinical presentations,
is frailty. Frailty describes a distinctive health state in relation to the aging processes, in
which multiple body systems gradually lose their built in reserves. In other words, frailty
is not a medical diagnosis, but an age-related state of vulnerability to stressors due to dys-
regulation across multiple physiological systems.5

Only a minority of older adults are frail. Studies have estimated that among community-
dwelling older adults aged 60 years or older, between one in eight and one in four
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(depending on how frailty is measured) can be identified as frail.6 Importantly, it has been
shown that transitions in frailty states, both towards deterioration and improvement, are not
only possible but frequent.7 Research has also shown that multidisciplinary interventions
such as physical activity, nutrition optimization, health education, and social engagement can
delay, and even reverse, frailty in populations.8,9 In addition, beyond the physical or medical
aspects (e.g., multimorbidity, dementia), other relevant dimensions of frailty have been iden-
tified including the psychological and the social,10 which are essential to understand and
effectively address the needs of those who are “medically complex and environmentally
challenged,”11 as seen during the times of COVID-19.

30.1.2 Frailty in the time of a pandemic: the “measured” versus the
“lived”
In 2020, there was increasing attention in the biomedical literature to the links between
COVID-19 and frailty in older adults. However, frailty has mostly been investigated regard-
ing its associations with hospital mortality or resource allocation strategies, and specific inter-
ventions in relation to frailty or its impact on COVID-19 treatments have not been
significantly addressed.12 In addition, there has been little study of the psychosocial dimen-
sions of frailty in the face of COVID-19, with some important reports only starting to
appear now. This is despite emerging evidence shedding light on the interplay between old-
er individuals’ biomedical status and their social environment, showing that the health and
economic impacts of COVID-19 are being disproportionally endured by those who are not
only physically frail, but concurrently socially frail.13 This has prompted controversial debates
as to how to best deal with the increased COVID-19 vulnerability in older groups, and
especially frail individuals around the dilemma of trying to balance their safety vs. maintain-
ing their autonomy and independence. In all these debates, the voices and personal perspec-
tives of frail older people themselves have not been sufficiently heard.14 Indeed, there has
been a disconnection between the “measured” and the “lived.”

One could not understand what it is like to be a frail older adult during the COVID-19
pandemic without paying attention to the contingent and existential aspects of frailty.15

Undeniably, there is considerable discrepancy between the “frailty” that the biomedical
identification tools capture and the extent to which older people self-identify with the “frail”
label.16 It has been argued that those who accept a frail self-identity are more affected by
adverse psychosocial states and have less access to resources, which can help frailty become a
self-fulfilling prophecy in terms of its association with adverse outcomes.17

Against this multifaceted background (Fig. 30.1), in this chapter we aimed to
explore: What does it mean to be a frail older person in this COVID-19 pandemic?
How is the life of frail older individuals affected? Is it all negative because of COVID-
19 or are there even positive aspects? How are frail older adults experiencing the
COVID-19 pandemic? Answers to these questions are anything but simple; they are
complex, partially resolved and sometimes even delicate. Experiences are rather mixed
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and scientific results are still inconclusive depending on how, where and what one
wants to look at. For example, looking at different countries and regions, which are
very differently affected by COVID-19 and respond differently to the crisis, or looking
at frailty in older individuals in different settings, such as in the community, hospitals
or nursing/care homes. While we are still learning in these difficult times, there is a
multitude of literature emerging that provides an evolving understanding of what it
means to be a frail older individual in the COVID-19 pandemic.

30.2 The community perspective

From the community perspective, the very beginning of the pandemic prompted a dis-
cussion on whether additional measures were necessary in order to protect older indivi-
duals from contracting COVID-19, and if so, would it be appropriate to do so? Some
governments such as Ireland advised their older population to practice “cocooning,”

Figure 30.1 Being a frail older person at a time of COVID-19 pandemic: a conceptual framework.

727Being a frail older person at a time of the COVID-19 pandemic



that is, staying at home as much as possible and avoiding any personal contacts,18 but
other nations decided against specific measures for the older population, prioritizing
autonomy and self-responsible decision-making.19 There are advantages and disadvan-
tages to both approaches. However, In Ireland, for example, cocooning was advised for
everyone over 70 years of age, even if “fit and well.”20 Others argued that shielding
should be stratified by risk,21 but frailty was not invoked as part of the risk criteria.

30.2.1 COVID-19-related challenges in community-dwelling frail older
people
More than 9 months into the pandemic, infection control measures such as physical
distancing and specifically, cocooning/shielding practices were increasingly perceived
as competing risks to COVID-19 with regards to their health impact.22 For older indi-
viduals, cocooning poses unprecedented restrictions to their lifestyles and everyday
routines with potential detrimental consequences for various aspects of health. For
example, after weeks of self-isolation in Italy, Briguglio and colleagues23 observed a
frailty cascade among older adults; the “bed-kitchen-sofa-lifestyle” during lockdown
led to low environmental information processing, potentially resulting in spatial dis-
orientation, impaired proprioception, disequilibrium, and incoordination. At-home
confinement frequently led to sarcopenia; sarcopenia became osteosarcopenia, and
after 2 months, the perceived loss of balance became a fear of falling,24 leading to a
“physical frailty peak.”23 Other studies supported such findings, alerting that the lack
of physical activity during cocooning likely contributed to muscle loss, weakness and
falls, inducing frailty or worsening prefrail or frail states.12

A survey among community-dwelling older individuals in the UK revealed that
one third of the respondents had lower levels of energy, one quarter was unable to
walk as far as before and one-fifth felt less stable on their feet than before the pan-
demic.25 A female participant of the UK survey in the age group 70�74 stated:
“Having already had health problems, it’s been accelerated and [I] have lethargy, no
strength and walking problem. As I was fine before, [I] feel life has been cut short.”25

Other participants typically described that everyday activities, such as walking stairs or
washing, suddenly became difficult, and walking aids not needed before were now
essential to master small distances.25 In addition, cocooning may adversely impact diet
and nutrition, and in conjunction with less physical exercise, may lead to weight gain
and joint pain, further cascading frailty.26

Early on, the released a statement on psychosocial considerations during the
COVID-19 outbreak, raising awareness about the potential psychological impact of
mass quarantine measures, specifically addressing older individuals in isolation and
those with cognitive decline and dementia.27 Typical psychological and behavioral
responses may comprise anxiety, stress, agitation, and further social withdrawal. Poor
mental health in combination with reduced physical activities have been long
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identified as harbingers of frailty and aspects of being frail.28 However, the COVID-
19 pandemic has particularly spotlighted social isolation and loneliness as potential
consequences of the stay-at-home-orders and associated restricted possibilities for
personal social interactions. Social isolation describes a state of having very limited
social resources to be in regular contact with others to discuss private matters or
receive support if needed, while loneliness describes a subjective evaluation of an
individual’s relationships, that is, feeling lonely.29 Individuals can feel lonely despite
being integrated in a large social network and socially isolated individuals may not
feel lonely at all; however, both social isolation and loneliness are associated with
adverse health outcomes and increased mortality.30 Older individuals who experi-
ence loneliness are at increased risk of becoming physically frail.31 Moreover, social
isolation and loneliness may moderate the effect of frailty on health.32 It can be
understood that social isolation and loneliness create a state of chronic psychological
distress due to the lockdown scenario, and the associated lower social support may
put heavy demands on older individuals, depleting personal resources.33 Other fre-
quent adverse situations and events during the pandemic, such as fear of contracting
COVID-19, or limited options for personal bereavement, can further compromise
mental health.

Social and physical frailty can thus both be risk factors for poor health outcomes,
if present already, and poor health outcomes themselves, due to stay-at-home-
orders, occurred during this pandemic.12 They may trigger an increase of physical
disease and psychiatric disorders well into postpandemic times.34 Social frailty is
thought to be more strongly associated with mental health, for example, depressive
symptoms among community-dwelling older adults.33 Physical frailty, on the other
hand, may be associated with reduced tolerance to acute illness.35 However, in both
scenarios the degree of frailty matters. Importantly, there is an interplay between
social and physical frailty, as social frailty has also been associated with both cognitive
and physical functions.36 The picture so far indicates that older individuals are more
fragile, malnourished and more ill than in prepandemic times: depleted physical resil-
ience may have worsened age-associated conditions such as high blood pressure,
inflammation, immune dysfunction, and glucose intolerance.23 Specific concerns in
this context are cognitive decline and dementia, as frailty is associated with both37,38;
it has also been suggested that prolonged or repeated COVID-19 lockdowns may
exacerbate and accelerate risk trajectories leading to mild cognitive impairment or
earlier onset of dementia.

The situation may be even more difficult for people living with dementia, who
are among the frailest individuals in the community. Those who still maintained suf-
ficient levels of independence and functionality to manage life in a private home,
face the risk of faster deterioration, especially when family support due to cocooning
orders are compromised. Being a person living with dementia during the pandemic
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might also involve a lack of understanding of the situation and required restrictions,
which in turn could complicate compliance behaviors and social relationships.
A change of routine in daily life likely causes confusion and induces fear and stress,
all of which could easily lead to the tipping point where peoples’ reserves of func-
tionality and independence deplete quickly. Moreover, the limited opportunities to
engage in beneficial activities that are highly important for people with dementia,
such as outdoor exercise, socialization, or rehabilitative and occupational programs,
may lead to worsening cognitive, behavioral, and functional impairments.39

Ultimately, many people living with dementia may no longer be able to master their
everyday lives in private homes, requiring them and their families to make difficult
decisions around moving to care homes. In these scenarios, the burden for caregivers
and pressure on family members also increases enormously. Moreover, caregivers
showed reluctance of bringing older patients, with or without dementia, to hospitals
when acute medical problems occurred out of worry that they could contract
COVID-19. Delayed medical help-seeking can lead to missed chances of treatment
and care, worsening clinical outcomes, for example, in the case of heart attack,
stroke, and seizure.40 Taken together, from the community perspective, the
COVID-19 pandemic and its restrictions posed unprecedented challenges on frail
older people with clear implications for their health.

30.2.2 A glimpse of hope
However, there is also reason for optimism. We can find positive aspects and signs of
hope amidst the pandemic and looking beyond. For instance, telemedicine and digital
communication have made a skyrocketing entry into the lives of many older indivi-
duals, where connections via video calls using tablets and smartphones or utilizing
health consultations via online systems have become a means to bridge physical restric-
tions. The sudden need for these technologies has caused a massive boom in digital lit-
eracy among older populations around the world. The utilization of telemedical and
digital tools will likely become an established pillar of healthcare and a means of com-
munication in the older population postpandemic. Moreover, the accelerated digitali-
zation in these areas may help to better support and care for underserved populations
and may increase outreach to deprived regions.41 This may improve the healthcare sit-
uation particularly in developing countries.

Importantly, the frailty of older individuals with regards to COVID-19 has sparked
a global open debate on age and aging, questioning negative and inaccurate stereo-
types about “being old.” It did not start nicely: during the first COVID-19 wave
across countries, discrimination against older people has been evident, for example,
through the trending social media hashtag “#BoomerRemover,” which suggested the
death of older individuals would not be as important as the loss of younger life.42
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This, rightly prompted hefty objection and an empathetic wave of intergenerational
solidarity with the older population, which especially amplified the voices of those
who are frail and impaired. As such, the COVID-19 pandemic has torn down walls,
opening a new community space for discussion around age and aging. Unsurprisingly,
in surveys that investigated the mental health impact of the COVID-19 pandemic, it
is the younger generations who responded with much more psychological distress than
the older generations. The reason: older individuals have higher mental resilience
through having coped with and mastered crisis throughout life.19

30.3 The hospital perspective

Using two different approaches for measuring frailty (i.e., the frailty phenotype and
the frailty index),43 a UK Biobank study demonstrated an increased risk of hospitali-
zation and death from COVID-19 among older individuals.44 Since the first cases of
COVID-19 from China, cumulative epidemiological data from different populations
worldwide revealed exponential fatality rates with age and/or comorbidities, espe-
cially in hospitals.45 Since then, the medical and scientific communities have been
attempting to address still unresolved issues, ranging from a reliable screening tool
for frailty in hospitals, to sensitive ethical considerations around the escalation of care
and allocation of scarce resources. In this section, we discuss perspectives of being a
frail older adult with COVID-19 in an acute hospital. Frailty affects older people
with COVID-19 at various levels, from disease onset, through hospitalization to sur-
vivorship (Fig. 30.2).

Figure 30.2 The impact of frailty on the course of COVID-19: the hospital perspective.
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30.3.1 Atypical presentations
An important clinical lesson that emerged during the pandemic is the fact that frail
older adults were more likely to present with less typical symptoms (Table 30.1).50

The median COVID-19 incubation period for older patients was similar to younger
patients; however, whilst the core symptoms in the general population are typically
fever, cough, dyspnea, and fatigue, the proportions of core symptoms in frail older
people were lower.51 Among frail older patients, the initial clinical presentation might
lack specificity, leading to risk of misdiagnosis, a delay in isolating and treating, and
therefore increased likelihood of viral spreading.52,53 Almost a fifth of frail older
patients were not initially suspected as having COVID-19, especially when the initial
symptom was falls or delirium.53 Delirium is defined as an acute disturbance of cogni-
tive function and follows a fluctuating course. A study demonstrated higher prevalence
of probable delirium as a COVID-19 symptom in older adults with frailty compared
to nonfrail older adults.54 The subtype of delirium was recorded in some studies.46,55

The hypoactive form of delirium (which tends to have poorer prognosis) was more
frequent, which might also lead to under-detection without proactive clinical screen-
ing. Other common clinical features observed in frail older adults were functional
decline and hypotension.49 From a survey among geriatricians, 22% reported falls as
the onset symptom of COVID-19 in their patients.46

30.3.2 Biological heterogeneity of the population of hospitalized older
people
Early reports from Italy and the UK confirmed a higher risk of hospital death in older
adults, particularly in those with preexisting diseases.56,57 The median age of patients
who died in hospital from COVID-19 in the UK study was 80 years, and only 11%
of those patients did not have a documented major comorbidity.57 In a relatively
more homogeneous frail older cohort admitted to geriatric wards, age was not

Table 30.1 Atypical COVID-19 symptoms in frail older patients in different care settings.

Survey of
practitioners46

Emergency
department47

Geriatric
inpatient
wards48

Hospital
dedicated
to COVID-
1949

Delirium (%) 28 10 25 35
Gastrointestinal

symptoms (%)
20 10 15 10

Asthenia (%) 59 32 63 30
Falls (%) 22 � � �
Acute functional

decline (%)
� � � 69
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associated with in-hospital death.48 Because of the significant biological heterogeneity
of the population of hospitalized older people,58 the systematic assessment of frailty in
the acute hospital was proposed by some as being necessary for better risk-stratification
and prognostication.

Indeed, in a large population of patients admitted to the hospital with COVID-19,
disease outcomes were better predicted by frailty (as measured by the Clinical Frailty
Scale) than either age or comorbidity.59 The fatal outcome also seemed to worsen
with increasing frailty after adjustment for age, comorbidities, and biological abnormal-
ities, in other studies from secondary care settings.60�62 Using the Frailty Index, frailty
was also associated with higher in-hospital mortality or risk of transfer to Intensive
Care Unit (ICU).63 Using the Hospital Frailty Risk Score, a study also demonstrated
an association between frailty and higher in-hospital mortality, prolonged hospital stay,
the requirement of ICU, and invasive mechanical ventilation.64

On the available COVID-19 hospital treatments, many very frail older patients
could not receive them because of genuine frailty-related contra-indications. For
instance, risk of arrhythmia prevented the use of Hydroxychloroquine in some cases.
Remdesivir is contraindicated in patients with creatinine clearance , 30 mL/min and
elevated liver function tests. However, the efficacy of these repurposed treatments has
been under scrutiny even in the nonfrail. When used in the frail, the efficacy of spe-
cific treatments including antiviral therapy, Hydroxychloroquine, and anticytokine or
immunomodulatory agents, has not been systematically studied. Most patients (frail
and nonfrail) have benefited from symptomatic treatments, including oxygen therapy,
antibiotics, proton pump inhibitors, prophylactic anticoagulation, and other symptom
control measures.

30.3.3 Ethical considerations
Concerns about potential shortages of healthcare professionals and health supplies in
the fight against COVID-19 created focused attention on how these resources are ulti-
mately allocated and used. Some strategies, for example, misguidedly utilized chrono-
logical age as an arbitrary criterion in resource allocation decisions, disregarding the
wide biological heterogeneity in older adults. This led to justified ethical and age dis-
crimination concerns, as well as renewed debates on ageism in societies.65 Resource
allocation strategies often rely on in-hospital survival and severe comorbidities contrib-
uting to short-term mortality.66 In this regard, the Clinical Frailty Scale (CFS) inadver-
tently attracted attention as it was suggested by a majority of guidelines to screen for
frailty in order to allocate resources.12 This is partly because most observational studies
used the CFS as a screening tool for frailty in hospital settings. One meta-analysis
showed that the CFS was associated with an increase in COVID-19 mortality in a lin-
ear fashion.67 A CFS of five points (i.e., moderately frail) was suggested as a cut-off for
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no-escalation to critical care as it predicted higher mortality within 30 days after emer-
gency admission.68 In the UK, National Institute for Health and Care Excellence
(NICE) published controversial COVID-19 critical care guidelines suggesting that
when the person is significantly frail (e.g., a CFS score of 5 or more), consideration
should be given to not provide critical care organ support. Initially, guidance was
intended for all adults regardless of age, but this was subsequently backtracked to older
adults only after numerous complaints from the public.69

Indeed, it has been argued that the CFS (similarly to all frailty identification tools)
has limitations, and should be interpreted with caution, together with a holistic and
individualized clinical approach when it is used to allocate resources.70 Moreover, the
original CFS creators emphasized that the CFS is meant to complement, and not
replace overall person-centered clinical judgement.71 In the UK, The National Health
Service Specialist Clinical Frailty Network quickly recommended that the CFS should
not be used in isolation but that clinical discussions must be taken in conjunction with
patients’ and (where relevant) carers’ wishes, and that the guidance might not apply to
younger people or those with chronic stable disabilities, in whom the CFS has not
been validated.72 These important societal debates have illustrated some of the danger-
ous disconnects that exist between the “measured” and the “lived” at the time of the
COVID-19 pandemic (Fig. 30.1).

30.3.4 Optimization of the hospital environment and opportunities for
in-hospital rehabilitation
Beyond the need for allocating critical care resources in COVID-19, considerations
about comfort and quality of life, as well as optimization of the hospital environment,
have also taken place. For example, in frail older patients, especially those living with
dementia, environmental factors in the hospital can contribute to delirium develop-
ment during acute COVID-19 infection. The limited interaction with hospital staff
may increase the sense of isolation and induce patients’ disorientation and reduced
awareness. In addition, the use of personal protective equipment (PPE) by staff mem-
bers has some depersonalizing and possibly frightening effect on those with cognitive
impairment. Potentially for all, including frail older adults, hospitalization is a stressful
situation often due to sleep deprivation and social isolation, and prolonged hospital
stays (as seen in older people with COVID-19 infection) may also increase the risk of
delirium. Reduced mobility in the hospital is also a compounding factor for hospital-
associated functional decline.73 In addition, frail older patients can be at higher risk of
potentially inappropriate polypharmacy, including the use of sedatives, which may
favor delirium and falls.74

Nonpharmacological interventions during the hospitalization are essential, espe-
cially for frail older patients. In a randomized controlled trial (RCT) designed for older
COVID-19 patients (median age 69), a 6-week respiratory rehabilitation program was
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reported to improve pulmonary function and quality of life.75 Multidisciplinary geriat-
ric expertise is fundamental for the rehabilitation of frail older COVID-19 survivors in
the hospital.76 Medical and allied health staff in geriatric wards have vast experience in
managing acute disease with underlying frailty, especially when multisystemic failure is
triggered by COVID-19. The multidomain interventions, such as nutrition support,77

pain control, prevention of delirium, early mobilization, polypharmacy, and ethical
considerations might improve not only survival and functional outcomes, but also the
quality of the end-of-life.

30.3.5 Hospital-associated deconditioning and post-COVID-19 fatigue
Hospital-associated deconditioning (HAD) or posthospital syndrome is a situation of
poor functional performance after an acute hospitalization,78 and in frail older
COVID-19 survivors, HAD and post-COVID-19 fatigue have been significant lived
experience issues. HAD is a common aftermath of an acute hospitalization, especially
in frail older adults. HAD means that a frail older patient may experience incomplete
functional recovery and leave the hospital more disabled than before preadmission ill-
ness. The overall prevalence of HAD across studies has been estimated to be 30%,79

but post-COVID-19 could be higher. Indeed, the various mechanisms of HAD are all
present during a hospitalization due to COVID-19, such as allostatic overload, pro-
longed bed rest, maladaptive cognitive perceptions including stress and fear, sleep dep-
rivation, delirium, and altered nutrition, all leading to the exacerbation of preexisting
frailty and geriatric syndromes.80,81 Moreover, many COVID-19 survivors have persis-
tent symptoms long after recovery, even though the virus cannot be detected. Months
after the initial infection, reported “long covid” symptoms include dyspnea, fatigue,
pain,82 and various neurocognitive impairments.83

In a multicenter European observational cohort study,84 around a quarter of
patients admitted with COVID-19 had increased care needs at discharge, with pread-
mission frailty being strongly associated with the need for an increased level of care at
discharge. However, availability of rehabilitation and support services in the commu-
nity has been reduced as a result of lockdowns and reductions in outpatient services
capacity, posing significant challenges to frail older patients who were discharged from
the hospital with HAD. Not surprisingly, in a relatively young cohort (mean age 67),
the rehospitalization rate was around 10%.85 Research on the long-term impact of
frailty on quality of life and independent living after a COVID-19 hospitalization is
one of the priorities identified by clinicians and researchers worldwide.86

30.4 The nursing home perspective

Almost unexpectedly from an initial planning and preparedness perspective, it soon
became clear that frail older adults living in nursing homes were the most vulnerable
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group of the COVID-19 pandemic. In its 24th April hearing, the WHO noted that
more than half of the 110,000 deaths from COVID-19 in Europe were among people
living in nursing homes, an “unimaginable human tragedy” that could be avoided in
the future with significant improvements in nursing home policies.87 Likewise, 27% of
COVID-19 deaths in the USA occurred in long-term care (LTC) facilities, and nearly
half of Canada’s COVID-19 deaths were in this setting. Even though the reasons are
complex, it was noted that LTC facilities are places with “3Cs” (i.e., crowded, closed
spaces with poor ventilation, and conversations taking place at short distance).88

Nursing home residents are chronologically very old, have very high levels of
physical and cognitive morbidities, and very high levels of physical disability. Indeed,
nursing homes support the most vulnerable in societies.89 Despite that, when nursing
home residents are able to self-report, many report that their physical and mental
health is fair, good, very good, or even excellent; this provides an important reminder
that quality of life is often rated higher by oneself than by proxies, even in the pres-
ence of very advanced age and extensive comorbidities and disabilities.89

During the pandemic, there have been many difficulties in isolating residents and
limiting the spread of COVID-19 in this setting. The combination of a vulnerable
population that manifests nonspecific and atypical presentations of COVID-19, staffing
shortages due to viral infection, poor availability of rapid, accurate testing and PPE,
and lack of effective treatments for COVID-19 among residents, all contributed to
create a “perfect storm” in nursing homes.90 Initially, nursing homes reported severe
staffing91 and PPE shortages,92 reflecting a prevalent preparedness model that tended
to prioritize the acute hospital setting for resource allocation. In nursing homes, lack
of personnel, difficulty in transferring patients to hospitals or other facilities, isolating
residents with COVID-19, and a higher number of beds in many geographical areas,
were the main factors positively associated to the presence of COVID-19 in nursing
homes.93 As high as three quarters of COVID-19 deaths were reported to occur in
care homes in some regions.39 Some studies also suggested that high mortality rates in
some nursing homes might have been favored by a lack of medical care management
due to limited primary care cover and poor connections with general hospitals.94

Personal service workers may travel between different facilities providing part-time
care to residents in different facilities increasing the likelihood of spread to regular staff
and residents. Taken together, both residents and staff were at high risk of infection.

Because visits from relatives were usually banned and social or physical activities
were canceled, lack of social engagement, physical exercise, and emotional support may
worsen the cognitive, behavioral, and physical condition of the residents.39 Prevention
and control of infection, including COVID-19, in residential care settings depends on a
hierarchy of measures encompassing environmental, administrative, and staffing factors,
which are at least as important as standard infection prevention and control (IPC) mea-
sures. However, IPC training is essential—but often neglected—for protection of staff
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and residents, not only during a pandemic but also for routine care. IPC training should
be tailored to the educational levels and roles of staff, be nationally consistent to avoid
confusion when they move between workplaces, and involve all aged care workers,
including personal care, nursing, agency and support staff. In the long term, improved
prevention and control of infection in residential aged care facilities should contribute to
reducing the impacts of seasonal influenza and antimicrobial resistance, which are impor-
tant causes of avoidable hospitalization and cost in aged care.95

In older adults, social isolation and loneliness increase depression, anxiety, cognitive
dysfunction, heart disease, and mortality. When recommending a total moratorium on
visiting nursing home residents, policymakers clearly considered the effects, including
leaving residents to die with an unfamiliar person holding their hands, rather than their
families. Are we benefiting these nursing home residents by putting strict no-contact
measures in place and thereby depriving them of human touch?96 From the lived
experience perspective, strictly restrictive visitor policies as a consequence of the severe
outbreaks have deeply impacted nursing home residents, their loved ones, and care
professionals.97 This has triggered calls for balancing protection from COVID-19 and
the need for “human touch.”96 In 2020, as a result of the COVID-19 pandemic, we
have seen renewed interest in telemedicine and remote communication solutions,
which are likely to have a lasting impact in this setting.98 Indeed, a “new era” of
person-centered developments has been anticipated thanks to the severe problems that
COVID-19 has exposed in this sector.99 This has highlighted the need for universal
adoption of more robust medical and nonmedical standards of care for this very vul-
nerable population.100

The impact of dementia has been very relevant in nursing homes during COVID-
19. Many frail older people living with dementia in care homes are often living in
close proximity with each other and share common areas (e.g., dining and living
rooms) and are therefore at high risk of infection. Moreover, because older people
who are infected may present with nonspecific symptoms, their informal or profes-
sional caregivers may become infected as they have not been warned in time to take
necessary precautions.39

30.5 Research on COVID-19 treatments and service development
perspectives

During this pandemic, many new and repurposed drugs are being actively studied as
therapy or as a prophylaxis against COVID-19.101 However, a recent systematic review
demonstrated that frail older patients are underrepresented in COVID-19 clinical
trials.102 In this review, the mean age of patients was only 56.3 years. An upper age limit
was reported in approximatively one third of published and ongoing RCTs. Some trials
did not require an age limit however, they excluded functional decline, dementia, liver
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disease, severe kidney disease, heart disease or risk of torsade de pointes, or impossibility
to obtain informed consent. These are all conditions that are well overrepresented in
frail older adults. Moreover, RCTs tend to not report clinical outcomes that are relevant
for the geriatric population such as functional and/or cognitive decline or a need for
rehabilitation or transfer to LTC facilities. Regarding COVID-19 vaccine development,
there have been similar concerns about the absence of advanced age and frailty.103 It is
to be welcomed that the first groups to be vaccinated in late 2020 include frail older
adults as well as healthcare staff. However, more research needs to be conducted as to
the effectiveness of vaccinations in frail older adults.

Regarding service provision for frail older adults, the COVID-19 pandemic has also
uncovered the need to adapt and expand the availability of specialist geriatric services.
Although hospitals have rapidly created COVID-19 units, it has been challenging to
allocate resources to create new specialized geriatric teams. However, existing teams
have rapidly organized worldwide to offer the best possible responses for frail older
patients. In France, 24/7 phone support and a mobile team in emergency wards were
created to support decision making for these patients. In Brazil, the CO-FRAIL project
was designed in a new repurposed COVID-19 hospital in Sao Paulo.49 Extensive and
relevant research was also conducted by the National Front To Strengthen The Long-
Term Care Institutions For The Elderly (FN-ILPI) regarding the establishment of the
reality of the LTCF in Brazil and what should be done to avoid or diminish the
deaths.104 In Ireland, there were multiple good practice examples of geriatric service
responses during the pandemic, including the strengthening and repurposing of the
Geriatric Day Hospital model of care.105 The pandemic is impacting the LTC of frail
patients worldwide and is increasing inequalities among different regions. In a coordi-
nated call from Latin American and Caribbean countries, recommendations have been
proposed for coordinated dementia care and related action plans.106

Given the burdens of COVID-19 for frail older adults, clinicians and healthcare
administrators should carefully consider how frailty affects pandemic planning.
Although no studies have yet looked at frailty as an outcome marker in COVID-19
infection, a large body of evidence has established that frailty is a good general predic-
tor of post�critical care functional decline and mortality. The COVID-19 pandemic
highlights two major opportunities for ethical reflection. The first is that, regardless of
resource abundance or scarcity, principles from both clinical and public health ethics
encourage clinicians to focus on advance care planning, supporting frail patients to
access care in keeping with their values and goals. Additionally, administrators must
ensure that there is adequate supportive and palliative care for patients who wish to
avoid aggressive interventions. Pandemic planning must not focus exclusively on ven-
tilators or critical care. Patient frailty should carry significant weight, but not the only
weight, in clinical decision-making. The healthcare system must support frail older
adults who are disproportionately affected by COVID-19 illness and mortality, and
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minimize the burdens placed on them. Instead of asking “how do we ration a scarce
resource,” clinicians and health administrators should ask “how do we best deliver
holistic care to the frailest and most vulnerable among us?”107

30.6 Conclusions

In many ways, COVID-19 has been an eye opener because it has exposed how fragile
our systems are and how quickly our world can turn upside down. But it has also
shown us that we are capable of responding to a global crisis, overcome silos and bor-
ders, and collaborate to find solutions collectively. This provides hope. From very
tough lessons learned at the beginning of the pandemic, we are now seeing instances
of “benevolent ageism” including renewed advocacy and recognized higher priority
for frail older adults to receive healthcare (triage, COVID-19 testing, COVID-19 vac-
cine) and obtain better support in the community.108 We are able to adapt, to cope,
to learn and to grow. We may have the most to learn from those who have already
learned the most, and those are our older people. The COVID-19 pandemic spot-
lights a population that is rapidly growing in proportion worldwide, and it provides a
unique chance to reimagine our communities, our livelihoods and how we want to
live, together across age-groups, in a postpandemic world that has to resolve many
more grand challenges lying head of us besides population aging (e.g., climate change,
migration, urbanization, and digitalization).

The raising awareness of the importance of protecting the most vulnerable in our
societies is an excellent opportunity to advocate for the clinical, societal, and research
needs in this population. There is also space for reflections about ethical considerations
and an adaptive way to collect consent from people living with noncommunicable dis-
eases. Older frail people and their families should also be invited to be involved in the
research, to know their view as priorities.86 It is vital to acknowledge the current
global burden on patients, families, caregivers, and health professionals, dealing with
day-to-day activities with the successive waves, and concomitantly the need for
research. Collaborative, coordinated, and transdisciplinary work is more than ever nec-
essary, with a perspective to influence health policy.

Competing interest

The authors have no competing interests.

Funding

The Global Brain Health Institute is funded by Atlantic Philanthropies. Yaohua Chen
was Atlantic Fellow for Equity in Brain Health at the Global Brain Health Institute

739Being a frail older person at a time of the COVID-19 pandemic



(GBHI) and was supported with fellowship funding from GBHI from 2019 to 2020.
Susanne Röhr and Berenice Maria Werle are supported with fellowship funding from
GBHI from 2020 to 2021. Roman Romero-Ortuno is supported by GBHI and a
Grant from Science Foundation Ireland under Grant number 18/FRL/6188. The fun-
ders had no role in study design, data collection and analysis, decision to publish, or
preparation of the manuscript.

References
1. Cucinotta D, Vanelli M. WHO declares COVID-19 a pandemic. Acta Biomed 2020;91(1):157�60.
2. CRC. The Johns Hopkins Coronavirus Resource Center (CRC). Available online: https://coronavi-

rus.jhu.edu/map.html; 2020 [accessed 30.12.20].
3. Bonanad C, Garcia-Blas S, Tarazona-Santabalbina F, et al. The effect of age on mortality in patients

with COVID-19: a meta-analysis with 611,583 subjects. J Am Med Dir Assoc 2020;21(7):915�18.
4. Bae S, Kim SR, Kim MN, Shim WJ, Park SM. Impact of cardiovascular disease and risk factors on

fatal outcomes in patients with COVID-19 according to age: a systematic review and meta-analysis.
Heart 2021;107(5):373�80.

5. Campbell AJ, Buchner DM. Unstable disability and the fluctuations of frailty. Age Aging 1997;26
(4):315�18.

6. O’Caoimh R, Sezgin D, O’Donovan MR, et al. Prevalence of frailty in 62 countries across the
world: a systematic review and meta-analysis of population-level studies. Age Aging 2021;50
(1):96�104.

7. Kojima G, Taniguchi Y, Iliffe S, Jivraj S, Walters K. Transitions between frailty states among
community-dwelling older people: A systematic review and meta-analysis. Aging Res Rev
2019;50:81�8.

8. Travers J, Romero-Ortuno R, Bailey J, Cooney MT. Delaying and reversing frailty: a systematic
review of primary care interventions. Br J Gen Pract 2019;69(678):e61�9.

9. Dent E, Martin FC, Bergman H, Woo J, Romero-Ortuno R, Walston JD. Management of frailty:
opportunities, challenges, and future directions. Lancet. 2019;394(10206):1376�86.

10. Dent E, Hoogendijk EO. Psychosocial resources: moderators or mediators of frailty outcomes? J Am
Med Dir Assoc 2015;16(3):258�9.

11. Stineman MG, Streim JE. The biopsycho-ecological paradigm: a foundational theory for medicine.
PM R 2010;2(11):1035�45.

12. Maltese G, Corsonello A, Di Rosa M, et al. Frailty and COVID-19: a systematic scoping review.
J Clin Med 2020;9(7).

13. Calderon-Larranaga A, Dekhtyar S, Vetrano DL, Bellander T, Fratiglioni L. COVID-19: risk accu-
mulation among biologically and socially vulnerable older populations. Aging Res Rev
2020;63:101149.

14. AgeUK. Older people’s lives during the pandemic: Age UK is listening and acting. Available online:
https://www.ageuk.org.uk/discover/2020/05/campaigning-coronavirus/; 2020 [accessed 30.12.20].

15. Pickard S, Cluley V, Danely J, et al. New horizons in frailty: the contingent, the existential and the
clinical. Age Aging 2019;48(4):466�71.

16. Richardson S, Karunananthan S, Bergman H. I may be frail but i ain’t no failure. Can Geriatr J
2011;14(1):24�8.

17. Wurm S, Warner LM, Ziegelmann JP, Wolff JK, Schuz B. How do negative self-perceptions of
aging become a self-fulfilling prophecy? Psychol Aging 2013;28(4):1088�97.

18. Donnelly SM. The elderly and COVID-19: cocooning or culling-the choice is ours. QJM. 2020;113
(7):453�4.

19. Rohr S, Reininghaus U, Riedel-Heller SG. Mental wellbeing in the German old age population
largely unaltered during COVID-19 lockdown: results of a representative survey. BMC Geriatr
2020;20(1):489.

740 Aging

http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref1
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref1
https://coronavirus.jhu.edu/map.html
https://coronavirus.jhu.edu/map.html
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref2
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref2
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref2
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref3
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref3
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref3
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref3
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref4
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref4
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref4
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref5
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref5
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref5
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref5
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref6
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref6
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref6
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref6
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref7
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref7
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref7
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref8
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref8
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref8
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref9
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref9
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref9
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref10
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref10
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref10
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref11
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref11
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref12
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref12
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref12
https://www.ageuk.org.uk/discover/2020/05/campaigning-coronavirus/
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref13
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref13
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref13
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref14
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref14
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref14
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref15
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref15
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref15
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref16
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref16
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref16
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref17
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref17
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref17


20. HSE. People at higher risk from COVID-19. Available online: https://www2.hse.ie/conditions/
coronavirus/people-at-higher-risk.html#very-high-risk; 2020 [accessed 30.12.20].

21. Smith GD, Spiegelhalter D. Shielding from covid-19 should be stratified by risk. BMJ. 2020;369:
m2063.

22. D’Cruz M, Banerjee D. ’An invisible human rights crisis’: the marginalization of older adults during
the COVID-19 pandemic - an advocacy review. Psychiatry Res 2020;292:113369.

23. Briguglio M, Giorgino R, Dell’Osso B, et al. Consequences for the elderly after COVID-19 isola-
tion: FEaR (frail elderly amid restrictions). Front Psychol 2020;11:565052.

24. Ni Mhaolain AM, Fan CW, Romero-Ortuno R, et al. Depression: a modifiable factor in fearful old-
er fallers transitioning to frailty? Int J Geriatr Psychiatry 2012;27(7):727�33.

25. AgeUK. The impact of COVID-19 to date on older people’s mental and physical health. Available
online: https://www.ageuk.org.uk/globalassets/age-uk/documents/reports-and-publications/reports-
and-briefings/health-wellbeing/the-impact-of-covid-19-on-older-people_age-uk.pdf; 2020 [accessed
30.12.20].

26. Sanchez-Sanchez E, Ramirez-Vargas G, Avellaneda-Lopez Y, Orellana-Pecino JI, Garcia-Marin E,
Diaz-Jimenez J. Eating habits and physical activity of the Spanish population during the COVID-19
pandemic period. Nutrients 2020;12(9).

27. WHO. Mental health and psychosocial considerations during the COVID-19 outbreak. Available
online: https://www.who.int/docs/default-source/coronaviruse/mental-health-considerations.pdf;
2020 [accessed 30.12.20].

28. Strawbridge WJ, Shema SJ, Balfour JL, Higby HR, Kaplan GA. Antecedents of frailty over three
decades in an older cohort. J Gerontol B Psychol Sci Soc Sci 1998;53(1):S9�16.

29. Swader CS. Loneliness in Europe: personal and societal individualism-collectivism and their connec-
tion to social isolation. Soc Forces 2018;97(3):1307�36.

30. Holt-Lunstad J. The potential public health relevance of social isolation and loneliness: prevalence,
epidemiology, and risk factors. Public Policy Aging Rep 2018;27(4):127�30.

31. Jarach CM, Tettamanti M, Nobili A, D’Avanzo B. Social isolation and loneliness as related to pro-
gression and reversion of frailty in the Survey of Health Aging Retirement in Europe (SHARE). Age
Aging 2021;50(1):258�62.

32. Mehrabi F, Beland F. Effects of social isolation, loneliness and frailty on health outcomes and their
possible mediators and moderators in community-dwelling older adults: A scoping review. Arch
Gerontol Geriatr 2020;90:104119.

33. Tsutsumimoto K, Doi T, Makizako H, et al. Social frailty has a stronger impact on the onset of
depressive symptoms than physical frailty or cognitive impairment: a 4-year follow-up longitudinal
cohort study. J Am Med Dir Assoc 2018;19(6):504�10.

34. Cagnin A, Di Lorenzo R, Marra C, et al. Behavioral and psychological effects of coronavirus disease-
19 quarantine in patients with dementia. Front Psychiatry 2020;11:578015.

35. Romero-Ortuno R, Wallis S, Biram R, Keevil V. Clinical frailty adds to acute illness severity in pre-
dicting mortality in hospitalized older adults: an observational study. Eur J Intern Med
2016;35:24�34.

36. Tsutsumimoto K, Doi T, Makizako H, et al. Association of social frailty with both cognitive and
physical deficits among older people. J Am Med Dir Assoc 2017;18(7):603�7.

37. Rogers NT, Steptoe A, Cadar D. Frailty is an independent predictor of incident dementia: Evidence
from the English Longitudinal Study of Aging. Sci Rep 2017;7(1):15746.

38. Li M, Huang Y, Liu Z, et al. The association between frailty and incidence of dementia in Beijing:
findings from 10/66 dementia research group population-based cohort study. BMC Geriatr 2020;20
(1):138.

39. Mok VCT, Pendlebury S, Wong A, et al. Tackling challenges in care of Alzheimer’s disease and
other dementias amid the COVID-19 pandemic, now and in the future. Alzheimers Dement 2020;16
(11):1571�81.

40. Leung WCY, Lau EHY, Kwan P, Chang RS. Impact of COVID-19 on seizure-related emergency
attendances and hospital admissions - a territory-wide observational study. Epilepsy Behav
2021;115:107497.

741Being a frail older person at a time of the COVID-19 pandemic

https://www2.hse.ie/conditions/coronavirus/people-at-higher-risk.html#very-high-risk
https://www2.hse.ie/conditions/coronavirus/people-at-higher-risk.html#very-high-risk
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref18
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref18
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref19
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref19
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref20
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref20
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref21
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref21
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref21
https://www.ageuk.org.uk/globalassets/age-uk/documents/reports-and-publications/reports-and-briefings/health-wellbeing/the-impact-of-covid-19-on-older-people_age-uk.pdf
https://www.ageuk.org.uk/globalassets/age-uk/documents/reports-and-publications/reports-and-briefings/health-wellbeing/the-impact-of-covid-19-on-older-people_age-uk.pdf
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref22
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref22
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref22
https://www.who.int/docs/default-source/coronaviruse/mental-health-considerations.pdf
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref23
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref23
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref23
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref24
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref24
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref24
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref25
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref25
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref25
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref26
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref26
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref26
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref26
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref27
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref27
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref27
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref28
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref28
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref28
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref28
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref29
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref29
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref30
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref30
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref30
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref30
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref31
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref31
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref31
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref32
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref32
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref33
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref33
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref33
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref34
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref34
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref34
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref34
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref35
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref35
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref35


41. Woodall T, Ramage M, LaBruyere JT, McLean W, Tak CR. Telemedicine services during
COVID-19: considerations for medically underserved populations. J Rural Health 2021;37(1):231�4.

42. Brooke J, Jackson D. Older people and COVID-19: isolation, risk and ageism. J Clin Nurs 2020;29
(13�14):2044�6.

43. Romero-Ortuno R. The SHARE operationalized frailty phenotype: a comparison of two
approaches. Eur Geriatr Med 2013;4(4).

44. Petermann-Rocha F, Hanlon P, Gray SR, et al. Comparison of two different frailty measurements
and risk of hospitalisation or death from COVID-19: findings from UK Biobank. BMC Med
2020;18(1):355.

45. Mesas AE, Cavero-Redondo I, Alvarez-Bueno C, et al. Predictors of in-hospital COVID-19 mortal-
ity: a comprehensive systematic review and meta-analysis exploring differences by age, sex and health
conditions. PLoS One 2020;15(11):e0241742.

46. Annweiler C, Sacco G, Salles N, et al. National French Survey of coronavirus disease (COVID-19)
symptoms in people aged 70 and over. Clin Infect Dis 2021;72(3):490�4.

47. Martin-Sanchez FJ, Del Toro E, Cardassay E, et al. Clinical presentation and outcome across age cat-
egories among patients with COVID-19 admitted to a Spanish Emergency Department. Eur Geriatr
Med 2020;11(5):829�41.

48. Zerah L, Baudouin E, Pepin M, et al. Clinical characteristics and outcomes of 821 older patients
with SARS-Cov-2 infection admitted to acute care geriatric wards. J Gerontol A Biol Sci Med Sci
2021;76(3):e4�e12.

49. Poco PCE, Aliberti MJR, Dias MB, et al. Divergent: age, frailty, and atypical presentations of
COVID-19 in hospitalized patients. J Gerontol A Biol Sci Med Sci 2021;76(3):e46�51.

50. Mandal AKJ, Kho J, Gan J, Chauhan R, Missouris CG. COVID-19 in older adults: typically atypical.
Geriatr Gerontol Int 2021;21(1):119�20.

51. Sacco G, Briere O, Asfar M, Guerin O, Berrut G, Annweiler C. Symptoms of COVID-19 among
older adults: a systematic review of biomedical literature. Geriatr Psychol Neuropsychiatr Vieil 2020;18
(2):135�9.

52. Derollez C, Alberto T, Leroi I, Mackowiak MA, Chen Y. Facial nerve palsy: an atypical clinical
manifestation of COVID-19 infection in a family cluster. Eur J Neurol 2020;27(12):2670�2.

53. Davis P, Gibson R, Wright E, et al. Atypical presentations in the hospitalised older adult testing posi-
tive for SARS-CoV-2: a retrospective observational study in Glasgow, Scotland. Scott Med J 2020.
36933020962891.

54. Zazzara MB, Penfold RS, Roberts AL, et al. Probable delirium is a presenting symptom of COVID-
19 in frail, older adults: a cohort study of 322 hospitalised and 535 community-based older adults.
Age Aging 2021;50(1):40�8.

55. Bianchetti A, Rozzini R, Guerini F, et al. Clinical presentation of COVID19 in dementia patients.
J Nutr Health Aging 2020;24(6):560�2.

56. Onder G, Rezza G, Brusaferro S. Case-fatality rate and characteristics of patients dying in relation to
COVID-19 in Italy. JAMA. 2020;323(18):1775�6.

57. Docherty AB, Harrison EM, Green CA, et al. Features of 20 133 UK patients in hospital with
covid-19 using the ISARIC WHO Clinical Characterisation Protocol: prospective observational
cohort study. BMJ. 2020;369:m1985.

58. Marengoni A, Zucchelli A, Vetrano DL, et al. Beyond chronological age: frailty and multimorbidity
predict in-hospital mortality in patients with coronavirus disease 2019. J Gerontol A Biol Sci Med Sci
2021;76(3):e38�45.

59. Hewitt J, Carter B, Vilches-Moraga A, et al. The effect of frailty on survival in patients with
COVID-19 (COPE): a multicentre, European, observational cohort study. Lancet Public Health
2020;5(8):e444�51.

60. Chinnadurai R, Ogedengbe O, Agarwal P, et al. Older age and frailty are the chief predictors of
mortality in COVID-19 patients admitted to an acute medical unit in a secondary care setting- a
cohort study. BMC Geriatr 2020;20(1):409.

61. Aw D, Woodrow L, Ogliari G, Harwood R. Association of frailty with mortality in older inpatients
with Covid-19: a cohort study. Age Aging 2020;49(6):915�22.

742 Aging

http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref36
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref36
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref36
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref37
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref37
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref37
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref37
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref38
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref38
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref39
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref39
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref39
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref40
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref40
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref40
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref41
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref41
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref41
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref42
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref42
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref42
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref42
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref43
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref43
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref43
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref43
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref44
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref44
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref44
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref45
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref45
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref45
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref46
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref46
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref46
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref46
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref47
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref47
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref47
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref48
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref48
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref48
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref49
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref49
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref49
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref49
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref50
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref50
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref50
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref51
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref51
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref51
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref52
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref52
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref52
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref53
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref53
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref53
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref53
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref54
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref54
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref54
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref54
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref55
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref55
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref55
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref56
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref56
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref56


62. Tehrani S, Killander A, Astrand P, Jakobsson J, Gille-Johnson P. Risk factors for death in adult
COVID-19 patients: frailty predicts fatal outcome in older patients. Int J Infect Dis 2020;102:415�21.

63. Bellelli G, Rebora P, Valsecchi MG, Bonfanti P, Citerio G, members C-MT. Frailty index predicts
poor outcome in COVID-19 patients. Intensive Care Med 2020;46(8):1634�6.

64. Kundi H, Cetin EHO, Canpolat U, et al. The role of frailty on adverse outcomes among older
patients with COVID-19. J Infect 2020;81(6):944�51.

65. Monahan C, Macdonald J, Lytle A, Apriceno M, Levy SR. COVID-19 and ageism: How positive
and negative responses impact older adults and society. Am Psychol 2020;75(7):887�96.

66. Farrell TW, Francis L, Brown T, et al. Rationing limited healthcare resources in the COVID-19 era
and beyond: ethical considerations regarding older adults. J Am Geriatr Soc 2020;68(6):1143�9.

67. Pranata R, Henrina J, Lim MA, et al. Clinical frailty scale and mortality in COVID-19: A systematic
review and dose-response meta-analysis. Arch Gerontol Geriatr 2020;93:104324.

68. Kaeppeli T, Rueegg M, Dreher-Hummel T, et al. Validation of the clinical frailty scale for predic-
tion of thirty-day mortality in the emergency department. Ann Emerg Med 2020;76(3):291�300.

69. NICE. NICE guideline [NG159]. COVID-19 rapid guideline: critical care in adults. Published date:
20 March 2020. Last updated: 03 September 2020. Available online: https://www.nice.org.uk/guid-
ance/ng159/chapter/2-Admission-to-critical-care; 2020 [accessed 01.01.21].

70. Hubbard RE, Maier AB, Hilmer SN, Naganathan V, Etherton-Beer C, Rockwood K. Frailty in the
face of COVID-19. Age Aging 2020;49(4):499�500.

71. Rockwood K, Theou O. Using the clinical frailty scale in allocating scarce health care resources.
Can Geriatr J 2020;23(3):210�15.

72. NHSSCFN. Frailty & COVID-19: why, what, how, where & when? Available online: https://
www.scfn.org.uk/clinical-frailty-scale; 2020 [accessed 01.01.21].

73. Zisberg A, Shadmi E, Gur-Yaish N, Tonkikh O, Sinoff G. Hospital-associated functional decline:
the role of hospitalization processes beyond individual risk factors. J Am Geriatr Soc 2015;63
(1):55�62.

74. Dalleur O, Boland B, Losseau C, et al. Reduction of potentially inappropriate medications using the
STOPP criteria in frail older inpatients: a randomised controlled study. Drugs Aging 2014;31(4):291�8.

75. Liu K, Zhang W, Yang Y, Zhang J, Li Y, Chen Y. Respiratory rehabilitation in elderly patients
with COVID-19: A randomized controlled study. Complement Ther Clin Pract 2020;39:101166.

76. Boccardi V, Ruggiero C, Mecocci P. COVID-19: a geriatric emergency. Geriatrics (Basel) 2020;5(2).
77. Ochoa JB, Cardenas D, Goiburu ME, Bermudez C, Carrasco F, Correia M. Lessons learned in nutri-

tion therapy in patients with severe COVID-19. JPEN J Parenter Enter Nutr 2020;44(8):1369�75.
78. Covinsky KE, Pierluissi E, Johnston CB. Hospitalization-associated disability: “She was probably able

to ambulate, but I’m not sure”. JAMA. 2011;306(16):1782�93.
79. Loyd C, Markland AD, Zhang Y, et al. Prevalence of hospital-associated disability in older adults: a

meta-analysis. J Am Med Dir Assoc 2020;21(4):455�61 e455.
80. Chen YS, Domínguez-Vivero C, Almirall-Sanchez A, Oz D, Romero-Ortuno R. Hospital-

associated deconditioning: Brain health issues beyond physical factors. Alzheimer’s Dement 2020;16
(S8):e043306.

81. Romero-Ortuno R, Forsyth DR, Wilson KJ, et al. The association of geriatric syndromes with hos-
pital outcomes. J Hosp Med 2017;12(2):83�9.

82. Carfi A, Bernabei R, Landi F, Gemelli Against C-P-ACSG. Persistent symptoms in patients after
acute COVID-19. JAMA. 2020;324(6):603�5.

83. Almeria M, Cejudo JC, Sotoca J, Deus J, Krupinski J. Cognitive profile following COVID-19 infec-
tion: Clinical predictors leading to neuropsychological impairment. Brain Behav Immun Health
2020;9:100163.

84. Vilches-Moraga A, Price A, Braude P, et al. Increased care at discharge from COVID-19: The asso-
ciation between pre-admission frailty and increased care needs after hospital discharge; a multicentre
European observational cohort study. BMC Med 2020;18(1):408.

85. Bowles KH, McDonald M, Barron Y, Kennedy E, O’Connor M, Mikkelsen M. Surviving COVID-
19 after hospital discharge: symptom, functional, and adverse outcomes of home health recipients.
Ann Intern Med 2021;174(3):316�25.

743Being a frail older person at a time of the COVID-19 pandemic

http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref57
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref57
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref57
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref58
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref58
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref58
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref59
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref59
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref59
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref60
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref60
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref60
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref61
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref61
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref61
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref62
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref62
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref63
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref63
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref63
https://www.nice.org.uk/guidance/ng159/chapter/2-Admission-to-critical-care
https://www.nice.org.uk/guidance/ng159/chapter/2-Admission-to-critical-care
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref64
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref64
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref64
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref65
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref65
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref65
https://www.scfn.org.uk/clinical-frailty-scale
https://www.scfn.org.uk/clinical-frailty-scale
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref66
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref66
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref66
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref66
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref67
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref67
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref67
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref68
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref68
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref69
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref70
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref70
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref70
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref71
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref71
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref71
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref72
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref72
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref72
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref73
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref73
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref73
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref74
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref74
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref74
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref75
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref75
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref75
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref76
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref76
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref76
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref77
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref77
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref77
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref78
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref78
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref78
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref78


86. Richardson SJ, Carroll CB, Close J, et al. Research with older people in a world with COVID-19:
identification of current and future priorities, challenges and opportunities. Age Aging 2020;49(6):901�6.

87. Sarabia-Cobo C, Perez V, de Lorena P, et al. Experiences of geriatric nurses in nursing home set-
tings across four countries in the face of the COVID-19 pandemic. J Adv Nurs 2021;77(2):869�78.

88. Iritani O, Okuno T, Hama D, et al. Clusters of COVID-19 in long-term care hospitals and facilities
in Japan from 16 January to 9 May 2020. Geriatr Gerontol Int 2020;20(7):715�19.

89. Romero-Ortuno R, May P, Wang M, Scarlett S, Hever A, Kenny R. TILDA Nursing Home Data:
A short report to inform COVID-19 responses for our most vulnerable. Available online: https://til-
da.tcd.ie/publications/reports/Covid19NursingHomes/index.php; 2020 [accessed 01.01.21].

90. Ouslander JG, Grabowski DC. COVID-19 in nursing homes: calming the perfect storm. J Am
Geriatr Soc 2020;68(10):2153�62.

91. Xu H, Intrator O, Bowblis JR. Shortages of staff in nursing homes during the COVID-19 pan-
demic: what are the driving factors? J Am Med Dir Assoc 2020;21(10):1371�7.

92. McGarry BE, Grabowski DC, Barnett ML. Severe staffing and personal protective equipment
shortages faced by nursing homes during the COVID-19 pandemic. Health Aff (Millwood) 2020;39
(10):1812�21.

93. Lombardo FL, Bacigalupo I, Salvi E, et al. The Italian national survey on COVID-19 epidemic
spread in nursing homes. Int J Geriatr Psychiatry 2021;36:873�82.

94. Tarteret P, Strazzulla A, Rouyer M, et al. Clinical features and medical care factors associated with
mortality in French nursing homes during COVID-19 outbreak. Int J Infect Dis 2020.

95. Gilbert GL. COVID-19 in a Sydney nursing home: a case study and lessons learnt. Med J Aust
2020;213(9):393�6 e391.

96. Cocuzzo B, Wrench A, O’Malley C. Balancing protection from COVID-19 and the need for
human touch in nursing homes. J Am Geriatr Soc 2020;68(12):2749�51.

97. Sizoo EM, Monnier AA, Bloemen M, Hertogh C, Smalbrugge M. Dilemmas with restrictive visiting
policies in dutch nursing homes during the COVID-19 pandemic: a qualitative analysis of an open-
ended questionnaire with elderly care physicians. J Am Med Dir Assoc 2020;21(12):1774�81 e1772.

98. Cormi C, Chrusciel J, Laplanche D, Drame M, Sanchez S. Telemedicine in nursing homes during
the COVID-19 outbreak: A star is born (again). Geriatr Gerontol Int 2020;20(6):646�7.

99. Inzitari M, Risco E, Cesari M, et al. Editorial: nursing homes and long term care after COVID-19:
a new era? J Nutr Health Aging 2020;24(10):1042�6.

100. O’Neill D, Briggs R, Holmerova I, et al. COVID-19 highlights the need for universal adoption of stan-
dards of medical care for physicians in nursing homes in Europe. Eur Geriatr Med 2020;11(4):645�50.

101. Siemieniuk RA, Bartoszko JJ, Ge L, et al. Drug treatments for covid-19: living systematic review
and network meta-analysis. BMJ. 2020;370:m2980.

102. Prendki V, Tau N, Avni T, et al. A systematic review assessing the under-representation of elderly
adults in COVID-19 trials. BMC Geriatr 2020;20(1):538.

103. Andrew MK, McElhaney JE. Age and frailty in COVID-19 vaccine development. Lancet. 2021;396
(10267):1942�4.

104. Giacomin K. Instituições de Longa Permanência para Idosos e o enfrentamento da pandemia de
Covid-19 [recurso eletrônico]: subsídios para a Comissão de Defesa dos Direitos do Idoso da
Câmara Federal: relatório técnico. Frente Nacional de Fortalecimento às Instituições de Longa
Permanência para Idosos. Brasília: FN-ILPI. 2020.

105. TCD. Medical Gerontology COVID-19 initiatives. Available online: https://www.tcd.ie/medi-
cine/medical-gerontology/medical-gerontology-covid-19-initiatives/; 2020 [accessed 01.01.21].

106. Ibanez A, Santamaria-Garcia H, Guerrero Barragan A, et al. The impact of SARS-CoV-2 in
dementia across Latin America: A call for an urgent regional plan and coordinated response.
Alzheimers Dement (N Y) 2020;6(1):e12092.

107. Chase J. Caring for frail older adults during COVID-19: integrating public health ethics into clinical
practice. J Am Geriatr Soc 2020;68(8):1666�70.

108. Apriceno M, Lytle A, Monahan C, Macdonald J, Levy SR. Prioritizing health care and employ-
ment resources during COVID-19: roles of benevolent and hostile ageism. Gerontologist 2021;61
(1):98�102.

744 Aging

http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref79
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref79
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref79
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref80
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref80
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref80
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref81
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref81
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref81
https://tilda.tcd.ie/publications/reports/Covid19NursingHomes/index.php
https://tilda.tcd.ie/publications/reports/Covid19NursingHomes/index.php
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref82
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref82
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref82
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref83
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref83
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref83
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref84
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref84
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref84
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref84
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref86
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref86
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref87
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref87
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref87
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref88
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref88
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref88
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref89
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref89
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref89
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref89
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref90
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref90
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref90
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref91
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref91
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref91
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref92
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref92
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref92
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref93
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref93
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref94
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref94
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref95
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref95
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref95
https://www.tcd.ie/medicine/medical-gerontology/medical-gerontology-covid-19-initiatives/
https://www.tcd.ie/medicine/medical-gerontology/medical-gerontology-covid-19-initiatives/
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref96
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref96
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref96
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref97
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref97
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref97
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref98
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref98
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref98
http://refhub.elsevier.com/B978-0-12-823761-8.00006-9/sbref98


CHAPTER 31

Aging: an illustrated adventure
João Ramalho-Santos1,2 and André Caetano2
1Department of Life Sciences, University of Coimbra, Coimbra, Portugal
2CNC - Centre for Neuroscience and Cell Biology, CIBB - Centre for Innovative Biomedicine and Biotechnology,
University of Coimbra, Coimbra, Portugal

745
Aging
DOI: https://doi.org/10.1016/B978-0-12-823761-8.00039-2

r 2023 Elsevier Inc.
All rights reserved.

https://doi.org/10.1016/B978-0-12-823761-8.00039-2


746 Aging



747Aging: an illustrated adventure



748 Aging



749Aging: an illustrated adventure



750 Aging



751Aging: an illustrated adventure



752 Aging



753Aging: an illustrated adventure



This page intentionally left blank



Index

Note: Page numbers followed by “f” and “t” refer to figures and tables, respectively.

A
A-T. See Ataxia telangiectasia (A-T)
AADE. See American Association of Diabetes

Educators (AADE)
ACEIs. See Angiotensin-converting enzyme

inhibitors (ACEIs)
Acetylated H4K16, 341�342
Active aging, 77�79, 113, 118
in Cabo Verde, 62�63
health and social initiatives for promotion of,

133�137
labor force participation and, 135�137
policies, 60

Active and Assisted Living (AAL), 43, 45
Active Healthy Ageing (AHA), 32
EIP on, 32�34
cross-cutting initiatives, 34

Active learning, 613�614
Acute coronary syndrome (SCA), 138
AD. See Alzheimer’s disease (AD)
ADA. See American Diabetes Association (ADA)
Adenosine monophosphate-activated protein

kinase (AMPK), 363, 553, 703
AMPK-directed drugs, 369�370

Adhesive proteins, 524�525, 530�531
Adiponectin, 500
Adipose tissue (AT), 411�412
Adipose tissue-derived stem cells (hASC),

388�389
ADP-ribosylation factor (ARF), 391�393
Adult aging
early life nutrition and programming of,

408�411
epidemiology of, 407�408

Advanced glycation end-products (AGEs),
410�411, 703

Advanced oxidation protein products (AOPP),
191�192

Aerobic cells, 188�190
AF. See Atrial fibrillation (AF)
Africa and West African region, aging in, 49�50

Age
age-associated cardiac extracellular matrix

remodeling in heart failure, 537�538
age-associated extracellular matrix remodeling in

MI, 537
age-related alterations

in myocardial collagen content, 531�534
in myocardial collagen cross-linking,
535�536

in myocardial collagen types, 534�535
age-related biological changes in LAC states,

119�133
age-related intestinal microbiota changes,
126�128, 128f

common age-related diseases, 128�133
immunosenescence and infectious diseases,
121�126

age-related changes, 628
in DNA methylation, 339

age-related degenerative symptoms, 182�183
age-related diseases, 333, 344, 578, 667�668,

702
age-related microbial “dysbiosis”, 689
age-related NDDs, 455
age-related oxidative modifications of

mitochondria, 202�208
age-related physiological decline, 333
emerging mechanisms of neurodegeneration,

471�472
epigenetic alterations and age-related diseases,

341�344
cancer and epigenetics, 341�343
cardiovascular disease and epigenetics, 344
neuronal diseases and epigenetics, 343

imaging of iron accumulation, 469�471
immunosenescence and age-related chronic

diseases, 666
mechanistic interplay between aging and,

664�667
epigenetic drift and age-related chronic
diseases, 667

755



Age (Continued)
immunosenescence and age-related chronic
diseases, 666

mechanisms contribute to healthy and
pathological aging, 665f

molecular imaging
of misfolded proteins, 462�466
of mitochondria dysfunction and oxidative
stress, 461�462

of neuroinflammation, 457�461
neurodegenerative diseases, 456f
pigment, 201
preventive strategies for ameliorating age-related

diseases, 668�670
non-pharmacological approaches, 668�669
pharmacological interventions, 669�670

translational use of molecular imaging in
neurodegenerative diseases, 472�473

in vivo imaging of brain metabolic processes and
activity, 466�469

Age-Friendly Cities and Communities (AFCCs),
133

“Age-friendly city” program, 133�134
Age-friendly initiatives, 133�135
Aged cardiac extracellular matrix, 531�536.

See also Young cardiac extracellular matrix
alterations on glycosaminoglycans and

proteoglycans in aged heart, 536
alterations on matrix adhesive proteins with

aging, 536
collagen matrix, 531�536

Aged heart
alterations on glycosaminoglycans and

proteoglycans in, 536
functional and morphologic cardiac alterations,

525�526
physiological alterations of, 525�526

Ageing-nurse data for classification task
adapting random forest algorithm to

longitudinal data, 638�639
data-driven missing value replacement,

637�638
preparing English longitudinal study of,

637�639
Ageing@Coimbra reference site, 34�36
AGEs. See Advanced glycation end-products

(AGEs)
Aggregates, 201

Aggrephagy, 362
Aging, 3, 113, 161, 178, 258, 275, 311, 342�343,

359�360, 366, 408�410, 524�526, 536,
547�549, 551�553, 578, 589, 595, 625,
725, 745�754

aging-related neoplasia, 416�417, 562�564
aging and risk of cancer, 548�549
cellular senescence and carcinogenesis,
549�550

hallmarks of aging and neoplasia, 551�562
neoplasias and aging, 562�567
oxidative stress and carcinogenesis in aging,
550�551

antioxidant defense in, 193�196
in Asia and Oceania, 78
autophagy role in, 364�366
cancer therapeutics and, 564�567
carbohydrate metabolism and, 185�186
challenging traditional views for mitochondrial-

derived oxidative stress, 178�181
changes of mitochondrial function and structure

associated with, 181�185
and chronic diseases, 664
clinical trials and treating disease, 715�717
combining or sequencing therapies, 715�716
safety; risk/benefit ratio, 715
translational geroscience network, 716�717

deceleration, 589
demographic changes and, 31�32
early programming of aging-related diseases,

414�419
aging-related neoplasia, 416�417
cardiovascular aging, 417�418
cognitive decline and dementia, 415�416
inflammaging, 414�415
physical frailty, 418�419

and emergence of demographic model, 57�58
environmental health in later life, 10�17
epigenetic alterations and, 334�341
and gender, Cabo Verde, 61�62
genomic instability, 702�705
altered intercellular communication, 705
cellular senescence, 704
deregulated nutrient sensing, 703
epigenetic alterations, 702
loss of proteostasis, 703
mitochondrial dysfunction, 703�704
stem cell exhaustion, 705

756 Index



telomere attrition, 702
geographies of global trend, 3�10
global patterns and projections, 3�8
multiscale intraregional variations of aging
process, 8�10

population aging estimates, 5t
predicted population growth, 6f
sustainable development goals region, 7t

global stressors in changing world, 17�21
climate change and health in old age, 18�19
discrimination as health issue for older
persons, 21

migrations and health in old age, 19�21
welfare state and neoliberalism, 17�18

hallmarks of, 551�562, 582
health span versus lifespan, 705�707
inducing functional and morphologic cardiac

alterations, 525�526
lipid metabolism and, 186�187
and longevity, 177�181
aging-related alterations, 177f

matrix adhesive proteins with, 536
for medicine, 578�579
aging-physiological age-related dysregulation-
frailty, 578f

metabolic angle on, 185�188
mitochondrial free radical theory of, 196�199
mitochondrial morphology and dynamics in,

184�185
myths and realities, 707�715
behavioral/dietary interventions, 714�715
modified set of Koch’s postulates for proving
intervention acts, 708f

pharmacological interventions, 712�714
senolytics, 707�712

neoplasias and, 562�567
oxidative stress
and aging, 188�208
and carcinogenesis in, 550�551

pillars, 257, 701�702
population, 560
potential strategies against aging to increase

longevity, 208�224
metabolic control-related approaches,
208�216

mitochondria-related antioxidant approaches,
216�224

and poverty, Cabo Verde, 60�61

process, 628, 663�664, 705�707
multiscale intraregional variations of, 8�10
sustainable development goals region, 9t

protein metabolism and, 187�188
reactive oxygen species

as cause of, 192�193
reactive oxygen species-induced damage with,
199�202

research, 625�626
ML applications for, 628�629

and risk of cancer, 548�549
role of factors associated with, 390�391

genetic and epigenetic aspects, 391�393
oxidative stress, 390�391

society, 603
support with socially assistive robots

cluster users into distinguishable profiles, 618
social robotics heading, 608�614
social robotics tools for demanding societies,
605

team of robots, 614�615
user’s attributes from distributed,
asynchronous data, 616�617

telomere-associated DDR foci accumulate
during, 303�306

transgenerational passage of aging clock,
419�421

unitary theory of fundamental aging processes,
705

“Aging under glass”, 311, 320�321
AGS. See American Geriatric Society (AGS)
AHA. See Active Healthy Ageing (AHA)
AIMs. See Autosomal ancestry informative markers

(AIMs)
ALIX. See Apoptosis-linked gene 2-interacting

protein X (ALIX)
Alkaline phosphatase (Alpl), 391�393
Allergic Rhinitis and its Impact on Asthma

(ARIA), 42
ALP. See Autophagy-lysosome (ALP)
α-ketoglutarate, 714
α-synuclein, 463�464
17-α-Estradiol, 304, 712�714
Alpl. See Alkaline phosphatase (Alpl)
ALR. See Autophagic lysosome reformation (ALR)
ALS. See Amyotrophic lateral sclerosis (ALS)
ALT. See Alternative telomere lengthening (ALT)
Altered intercellular communication, 705

757Index



Alternative telomere lengthening (ALT), 553�554
Alzheimer’s disease (AD), 127, 301�302, 343,

366, 416, 455, 503, 667�668, 704
American Association of Diabetes Educators

(AADE), 73�74
American Diabetes Association (ADA), 73�74
American Geriatric Society (AGS), 448�449
5-aminoimidazole-4-carboxamide ribonucleotide

(AICAR), 216
5'-AMP-activated protein kinase (AMPK), 199
AMPK. See Adenosine monophosphate-activated

protein kinase (AMPK)
Amyloid imaging, molecular tracers of, 463�466
Amyotrophic lateral sclerosis (ALS), 275, 455
Anabolic fluxes, 187
Andalusia reference site, 38�39
Andalusian Public Health System, 39
Androgen receptor (AR), 564
Angiotensin II receptor blockers (ARBs), 507
Angiotensin-2 (Ang-2), 417�418
Angiotensin-converting enzyme inhibitors

(ACEIs), 507
Animal models
of frailty, 504�506
resilience metrics in, 171�172

Anopheles genus, 124
Anti-aging interventions, senolytics and senostatics

as, 322�326
AntiOxBEN2, 222
AntiOxCIN4, 222
Antioxidant defense in aging, 193�196
AOPP. See Advanced oxidation protein products

(AOPP)
APD. See Automated fashion (APD)
ApoE. See Apolipoprotein E (ApoE)
Apolipoprotein E (ApoE), 503
APOE ε4 allele, 465

Apoptosis, 385�386, 393�395
Apoptosis-linked gene 2-interacting protein X

(ALIX), 266
Apurinic/apyrimidinic endodeoxyribonuclease 1

(APEX1), 286�287
Aquaporin-1 (AQP1), 471�472
Aquaporin-4 (AQP4), 471
AR. See Androgen receptor (AR)
Arabidopsis, 337�338
ARBs. See Angiotensin II receptor blockers

(ARBs)

ARF. See ADP-ribosylation factor (ARF)
ARIA. See Allergic Rhinitis and its Impact on

Asthma (ARIA)
ARIC. See Atherosclerosis risk in communities

(ARIC)
Artificial neural networks, 608
ASH-2 Trithorax complex proteins, 336�337
Asia and Oceania region, 77
active aging in, 77�78
methodology, 78�80
bias assessment, 79
data extraction, 80
data sources and search strategies, 78�79
population aging in, 78
study selection, 79

results, 81�104
exergaming/active video games, 81�84
health wearables and activity trackers, 85
smartphones, 85�96
web-based programs, 96�104

Astrocytes, 457�459
AT. See Adipose tissue (AT)
Ataxia telangiectasia (A-T), 277
Ataxia telangiectasia mutated protein (ATM

protein), 277, 391�393
Atherosclerosis, 672�673
Atherosclerosis risk in communities (ARIC),

672�673
ATP-dependent chromatin remodeling, 337�338
Atrial fibrillation (AF), 631
detection, 632

Automated fashion (APD), 138
Autophagic lysosome reformation (ALR),

371�372
Autophagosomes, 360�361
Autophagy, 318�319, 360�364, 385�386
aging and, 361f
autophagy-directed drugs, 369
regulation, 363
role in aging, 364�366

Autophagy related proteins (ATG proteins), 363
ATG5 gene, 319
Atg7 gene, 319
ATG12 gene, 319

Autophagy-lysosome (ALP), 557
Autosomal ancestry informative markers (AIMs),

54�55
Aβ deposition, 465, 468

758 Index



B
B cell CLL/Lymphoma-2 (Bcl-2), 364�365
B cell lymphomas, 341�342
B cell specific Moloney murine leukemia virus

integration site 1 (Bmi1), 390�391
B-lymphocyte, 123
Balanced random forest method, 639
“Barber”, 124
Barker hypothesis, 407�408
Base excision repair (BER), 275
Bayesian approaches, 613�614
BBB. See Blood brain barrier (BBB)
BCAA. See Branched chain amino acids (BCAA)
Bcl-xL, 592
BDNF. See Brain derived eurotrophic factor

(BDNF)
Beclin-1, 368
Beers criteria, 448�449
Behavior
adherence, 437�439
nonadherence, 435

Behavioral/dietary interventions, 714�715
caloric restriction/fasting/food clocking, 714
exercise, 714�715

Benzo[a]-pyrene diolepoxide-I-DNA adducts
(BPDE-I-DNA), 202

BER. See Base excision repair (BER)
Bereavement care, 656�658
β-amyloid (Aβ), 457�459, 464
β-amyloid precursor protein (APP), 472
β-galactosidase, 549�550
β-hydroxybutyrate, 714
β-N-acetylglucosamine residue, 472
Big data, 609
“Big-five” traits, 608
Biological age, 344, 683
Biological aging, 625�626
emerging predictors of, 687�689
epigenetic clocks, 687�688
gut microbiome, 689
metabolomics and proteomics, 688�689
multidimensional frailty as of
aging in innate and adaptive immune systems,
580t

immunosenescence and inflammaging in
context of frailty, 581�583

relevance of mechanisms of aging for
medicine, 578�579

two facets of immunosenescence and
inflammaging, 579�581

pillars/hallmarks of, 164
transcriptomics, 688

Biomarkers, 456�457, 463�464, 625�626
Biomedical process, 649
Biomedicine, 161�162
Birth rates, 161
(1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-

heptadiene-3,5-dione), 211
“Black-box” algorithms, 640
Blood brain barrier (BBB), 457�459
Blood cells, 497�498
Blood pressure (BP), 525�526, 629�631
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Cellular quality control mechanisms in aging
aging, 359�360
autophagy, 360�364
autophagy role in aging, 364�366
eternal youth, 366�370
partners in crime, 373�374
rabbit hole, 370�373

760 Index



Cellular secretome, 311�312
Cellular senescence, 297, 322�323, 391�393,

412�413, 549�550, 704
during aging
building blocks of senescent phenotype,
314�320

cell senescence complex stress response,
311�314

senolytics and senostatics as anti-aging
interventions, 322�326

in vivo, 320�322
mechanisms responsible for induction of,

259�260
Centenarians, 596
morbidity compression in, 587�589

Central nervous system (CNS), 126, 185�186,
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pandemic), 67, 77, 96, 123, 141, 725�726

community perspective, 727�731
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