BRONCHIAL ASTHMA AND BILIRUBIN
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Abstract. Currently, data are accumulating on the antioxidant properties of bilirubin and its protective role in various
diseases. This review considers the dose-dependent effect of bilirubin on its cytoprotective and antioxidant properties,
the relationship between the level of bilirubin and the pathophysiological manifestations of bronchial asthma, in the
pathogenesis of which chronic inflammation induced by oxidative stress plays a significant role. The article also focuses
on the potential therapeutic use of bilirubin in the treatment of bronchial asthma.
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List of Abbreviations

BA — Bronchial asthma

OS - Oxidative stress

FRP — Free radical processes

AOA - Antioxidant activity

ROS — Reactive oxygen species

PPARa — Peroxisome Proliferator Activated
Receptor Alpha

lammatory process in BA is played by oxidative
stress (OS), which is characterized by increased
free radical processes (FRP) with insufficient
activity of antioxidant defense (AOA) (Michae-
loudes et al., 2022; Nadeem et al., 2014; Lewis
etal., 2014).

The respiratory tract, which represents the
body's first line of defense against the effects of

FABP1 — Fatty Acid-Binding Protein 1

HO-1 — Hemoxygenase-1

CO — Carbon monoxide

NLRP 3 — Nod-like receptor family pyrin
domain-containing protein 3

5-LOX — 5-lipoxygenase

BRNPs — Bilirubin nanoparticles

Bronchial asthma (BA) is characterized by
variable limitation of expiratory air flow. Re-
current episodes of bronchial obstruction in
asthma have been associated with chronic air-
way inflammation (Reddel et al., 2022). A key
role in the initiation and activation of the inf-

atmospheric pollutants, contains a large number
of both enzymatic and non-enzymatic antioxi-
dant systems (Sackesen et al., 2008). Various
low molecular weight substances can act as
non-enzymatic antioxidants.

Bilirubin is one of the endogenous low mo-
lecular weight metabolites with an antioxidant
effect (Vitek et al., 2023). Bilirubin has long
been considered a nonfunctional waste product
of heme catabolism. An increase in its content
in the body was previously traditionally re-
garded as a negative phenomenon and was in-
terpreted either as a manifestation of pathology
(in diseases of the liver and biliary tract), or as
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a potentially dangerous factor (in “kernicterus”
caused by Rh incompatibility of mother and
child) due to the cytotoxic effect on many tis-
sues (Vitek et al., 2023).

However, in recent years, there have been
more and more studies showing the possible
protective effect of bilirubin in a number of
pathological conditions (Vitek, 2017; Wagner
etal., 2015).

Bilirubin exchange

Bilirubin is a bright yellow pigment that is
an important metabolite (conversion product)
of heme and is formed during hemolysis of old
and defective red blood cells in macrophages of
the spleen and liver. A small amount of biliru-
bin is also formed by macrophages of the red
bone marrow, which absorb the defective red
blood cells formed there with ineffective eryth-
ropoiesis.

There are two fractions of bilirubin depend-
ing on their physicochemical properties. The
predominant form of bilirubin that circulates in
the blood serum is indirect or free bilirubin. The
combination of bilirubin with highly polarizing
glucuronic acid makes it soluble in water,
which ensures its transfer to bile and filtration
in the kidneys. This form is called conjugated,
bound, or direct bilirubin.

Currently, as a result of the identified antiox-
idant properties of bilirubin, data on its protec-
tive effect on a number of diseases are accumu-
lating (Vitek et al., 2023; Vitek, 2017; Wagner
et al., 2015; Stocker et al., 1987). The antioxi-
dant properties of bilirubin are based on its struc-
ture. Bilirubin includes 4 pyrrole rings and con-
tains an extended system of conjugated double
bonds and an active hydrogen atom. This metab-
olite can combine with the lone pair of electrons
of oxygen radicals and, by absorbing the formed
ROS, prevent oxidation. One molecule of biliru-
bin can break off more than two oxidation chains
due to the formation of conversion products with
inhibitory properties, and can protect cells from
a 10,000-fold excess of H202 (Stocker et al.,
1987; Baranano et al., 2002).

The antioxidant and protective properties of
bilirubin are also determined by its concentra-
tion in biological media. Its optimal level in
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blood serum is currently the subject of debate.
The physiological range of serum bilirubin is
conventionally defined as 5-17 pmol/L. How-
ever, serum concentrations of this metabolite
below 10 pmol/L are associated with a higher
risk of various diseases, which further increases
when the concentration decreases to
5-7 umol/L. It may be necessary to establish the
health risks of these lower serum bilirubin con-
centrations, despite the fact that they are within
the physiological range (Viteket al., 2023;
Creeden et al., 2021). Thus, Creeden et al. pro-
posed cut-off values for normobilirubinemia
ranging from 10 to 25 umol/L depending on
age, sex, and race, and for hypobilirubinemia
<10 umol/L (Creeden et al., 2021). On the other
hand, the negative impact on health may be as-
sociated somewhat with its own low concentra-
tion of bilirubin, as much as with exposure to
infectious agents capable of reducing the con-
centration of bilirubin in the blood serum. Thus,
it is known that H. pylori infection is an inde-
pendent risk factor for a decrease in serum bili-
rubin concentration and a less favorable lipid
profile (Zhao et al., 2019).

It is also known that the concentration of bil-
irubin in the blood serum in women is lower
than in men, which may be due to a lower num-
ber of red blood cells in women, as well as the
influence of estrogens and androgens (Scherb-
inina, 2007; Muraca & Fevery, 1984).

At the same time, abnormal and slightly ele-
vated concentrations of bilirubin in the blood
serum can protect against oxidative stress, con-
tribute to the suppression of autoimmune and
degenerative processes, and correct metabolic
disorders. In addition, bilirubin has been shown
to participate differently in the regulation of
signaling pathways, depending on concentra-
tion, by binding to nuclear receptors (Peroxi-
some Proliferator Activated Receptor Alpha,
PPARa) (Creeden et al., 2021).

Currently, at least two direct targets of the
bilirubin receptor have been identified: one at
physiological levels (nuclear transcription
factors PPARa), and the other at higher patho-
logical concentrations causing an intracellu-
lar calcium signaling response (Viteket al.,
2023).
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It is worth noting that specific nuclear PPAR
receptors are currently considered as the main
regulators of both cellular and energy homeo-
stasis of the whole organism (Hong et al.,
2019). Thus, it is likely that normal bilirubin
levels are indirectly involved in the regulation
of the body's energy state.

Perhaps the intracellular concentration of
bilirubin is more important. For example, 7
ng/mg bilirubin acts as an antioxidant, while in-
tracellular concentrations above 25 ng/mg are
associated with pro-oxidant and cytotoxic ef-
fects (Bianco et al., 2020). Bianco A. et al.
showed that intracellular bilirubin concentra-
tions varied significantly among hepatocyte,
neuronal, cardiac endothelial, and tubular epi-
thelial cell lines, with the highest intracellular
bilirubin concentration observed in neuronal
cells and the lowest in hepatocytes (Bianco et
al., 2020). The authors also determined the
threshold of intracellular concentration ac-
ceptable for various cell types which deter-
mines the switching between the antioxidant
and prooxidant effects of bilirubin (Bianco et
al., 2020). The vulnerability of neurons may be
associated with lower activity of mitochondrial
enzymes that oxidize bilirubin, as well as re-
duced expression of bilirubin transporters
across the cell membrane, which normally limit
the intracellular accumulation of pigment. It
should be noted that bilirubin enters cells either
through a specific carrier molecule or through
passive diffusion. The contribution of each
mechanism depends on the concentration of bil-
irubin (Mediavill et al., 1999). It is important to
note that intracellular bilirubin is capable of
binding to Fatty Acid-Binding Protein 1
(FABP1) (Levi et al., 1969). FABP has been
proven to target fatty acids or other hydropho-
bic agonists (bilirubin) on nuclear transcription
factors PPAR (PPAR-a, PPAR-6 and PPAR-y)
(Tan et al., 2002).

The role of enzyme systems in the produc-
tion of bilirubin

Bilirubin production is associated with one
of the enzymatic antioxidants, the hemooxy-
genase-1 (HO-1) system. A number of authors
believe that HO-1 plays a crucial protective role

in the lungs against OS (Ryter, 2022). Hemox-
ygenase-1 (HO-1) is the main enzyme that de-
composers heme into free iron (Fe2+), biliver-
din and carbon monoxide (CO). This enzyme
reduces bileverdin to bilirubin and physiologi-
cally regenerates bilirubin in the catalytic cycle,
providing antioxidant cytoprotection. The en-
hancement provided by this cycle may explain
the ability of low nanomolar concentrations of
bilirubin to overcome 10,000 times higher con-
centrations of oxidants.

Perhaps, bilirubin provides physiological
antioxidant activity to different types of intra-
cellular molecules. Bilirubin, which has high
lipophilicity, is closely related to cell mem-
branes, where it can prevent lipid peroxidation
and protect membrane proteins (Baranano,
2002; Ryter, 2022). According to Lv J. et al.,
heme oxygenase-1 attenuates apoptosis of air-
way epithelial cells and allergic airway inflam-
mation through negative regulation of the ex-
pression of Nod-like receptor family pyrin do-
main-containing protein 3 (NLRP 3), a patho-
gen recognition receptor that forms a caspase-1
activating complex, known as the NLRP3 in-
flammasome (Lv et al., 2018)

Heme-induced HO-1 and its products, bili-
rubin and CO, also eliminated RXRa/p/y-medi-
ated apoptosis of epithelial cells of the respira-
tory tract by binding RXRa/p/y (nuclear retin-
oid receptors) in a manner independent of enzy-
matic activity (Lv et al., 2018).

It should be noted that the product of heme
oxygenase-1, bilirubin, stabilizes mitochondrial
membranes. Specific doses of bilirubin can be
considered as a mitochondria-targeted drug
against inflammasome-related diseases (Li et
al., 2022). Suppression of inflammasome acti-
vation is carried out both by hemeoxygenase-1
directly and by its product, bilirubin.

It has been shown that genetically reduced
hemoxygenase 1 activity (encoded by the
HMGL1 gene), leading to a decrease in bilirubin
levels, was associated with impaired respiratory
function and a higher risk of developing respir-
atory diseases (Fredenburgh, 2007).

Polymorphisms of the HMOX1 gene affect-
ing the expression of HO-1 contribute to the de-
velopment of new-onset bronchial asthma in
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children, while the S allele of HMOX-1 has a
protective effect in asthma (Li et al., 2022). It is
possible that heme oxygenase 1 polymorphisms
can alter the production of not only bilirubin,
but also other metabolites that affect respiratory
function.

Bilirubin and asthma

A number of studies have demonstrated the
role of serum bilirubin in protecting respiratory
tissues from environmental stressors (Shapira,
2021; Ryter et al., 2007). In the study Turi et
al., higher bilirubin concentrations within the
normal physiological range have been shown to
be associated with protection against the devel-
opment of childhood asthma (Turi et al., 2021).
The authors suggested that the relationship be-
tween bilirubin levels and the risk of develop-
ing asthma follows a parabolic relationship,
with moderately low and extremely high biliru-
bin levels causing an increased risk of develop-
ing asthma. However, the pathogenetic mech-
anisms associated with bilirubin levels and the
reduction in the risk of developing bronchial
asthma are not clear. Perhaps the protective ef-
fect of bilirubin is due to the fact that unconju-
gated bilirubin inhibits many members of the
secretory phospholipase A2 (sPLA2) enzyme
family (including sPLA2IIA) in a dose-de-
pendent manner at physiologically relevant
concentrations. Inhibition of sPLAZ2IIA in
vitro is irreversible and does not depend on the
concentration of the substrate. Unconjugated
bilirubin is also an inhibitor of 5-lipoxygenase
(5-LOX) (Jamil et al., 2005; Joshi et al., 2016).
The above-mentioned effects of bilirubin can
lead to a decrease in the production of arachi-
donic acid and leukotriene B4, which reduces
the migration and chemotaxis of monocytes
and leukocytes, as well as the production of su-
peroxide generated by neutrophils in the res-
piratory tract. There was also a significant neg-
ative correlation between the levels of uncon-
jugated bilirubin in plasma and lysophosphati-
dylcholine 18:2 (LPC 18:2) and lysophospha-
tidic acid 18:2 (LPA 18:2). sPLA2 cleave
membrane phospholipids to form LPC 18:2,
which are then hydrolyzed by autotaxin to
form LPA 18:240 (Aoki et al., 2008). These
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factors are activated in human bronchial lav-
age fluid during allergic inflammation (Georas
et al., 2007), contributing to airway damage,
fibrosis, and increased vascular permeability
(Tager et al., 2008).

It should be noted that the perinatal period is
characterized by the development of hyperbili-
rubinemia, which may have a protective value
in relation to the likelihood of developing bron-
chial asthma in the future (Petersen & Sub-
barao, 2021). At the same time, low bilirubin
levels are associated with the development of
an "allergic march" (Jung & Hwang, 2022). Ac-
cording to other researchers (Kuzniewicz et al.,
2018), on the contrary, moderately elevated bil-
irubin levels in the neonatal period (9-17.9
mg/dl or 154-306 mmol/l) are associated with
the development of asthma in the subsequent
period. This pattern turned out to be reproduci-
ble in various populations: in Sweden, Taiwan,
China, and the historical and modern cohort in
the United States (Kuzniewicz et al., 2018). The
authors consider the most likely explanation of
this phenomenon to be the presence of a dis-
torting factor, for example, a genetic predispo-
sition to both moderate hyperbilirubinemia and
asthma, including the presence of polymor-
phisms in the glutathione-S-transferase gene.
At the same time, more severe hyperbiliru-
binemia (more than 18 mg/dl) is caused by
other etiological factors, such as hemolytic dis-
ease of newborns due to Rh conflict or AVO,
glucose-6-phosphate  dehydrogenase  defi-
ciency, sepsis. The authors also do not exclude
the presence of two conflicting mechanisms of
the effect of unconjugated bilirubin on the de-
velopment of bronchial asthma in the future:
bilirubin is both a causal and protective factor,
and at a level >18 mg/dl (307 mmol/l) the pro-
tective mechanism overcomes the causal one. It
was also possible that the effect on the develop-
ment of asthma in the future was not hyperbili-
rubinemia as such, but the methods of its ther-
apy, in particular phototherapy, however, this
assumption is refuted in the study of Tham et
al. (Tham et al., 2019). These authors found no
evidence of a link between phototherapy of ne-
onatal hyperbilirubinemia and allergic sensiti-
zation.
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In addition to the cytoprotective and antiox-
idant effects of free bilirubin, its immunosup-
pressive property has been shown (Jangi et al.,
2013). It is capable of suppressing the produc-
tion of pro-inflammatory interleukins, in partic-
ular interleukin-2 (Haga et al., 1996). Intracel-
lular accumulation of free bilirubin inhibits IL-
2 production by lymphocytes at concentrations
of 8-12 mg/dl in a dose-dependent manner. It
should be noted that inhibition of interleukin-2
production by unconjugated bilirubin can shift
the T1 to T2 balance, and the predominance of
the T2 phenotype is associated with the devel-
opment of allergies and asthma. Higher concen-
trations of free bilirubin also inhibit other pro-
inflammatory cytokines, including IFN-gamma
and TNF-alpha (Liu, 2008). At the same time,
very high levels of free bilirubin in the brain
promote the release of TNF-alpha and IL-1 by
astrocytes and the activation of phagocytosis in
microglial cells. Thus, free bilirubin can have
both an immunosuppressive effect at a physio-
logical or moderately elevated level, and a pro-
inflammatory effect at very high levels in the
brain and in other organs and tissues (Silva &
Vaz, 2010).

Plasma bilirubin levels may also be nega-
tively associated with obesity, which in turn
negatively affects the development and
course of asthma in children (Kipp et al.,
2023). In a number of studies, it has been
shown that in patients with asthma, as the
concentration of bilirubin in blood serum in-
creased within the normal range, the values of
respiratory function increased statistically
significantly (Boriskina et al., 2023; Curjuric
et al., 2014). Thus, these results may indicate
the protective role of slightly elevated biliru-
bin values on bronchial patency in adoles-
cents with asthma.

In addition, bilirubin levels are positively
associated with muscle mass, as demon-
strated in patients with sarcopenia (Wang et
al., 2021). It is also possible that bilirubin
may improve physical performance (Flack et
al., 2023). An increase in muscle mass and
physical performance should undoubtedly
improve the biomechanics of the act of
breathing.

Therapeutic potential of bilirubin-based
medicines

Taking into account the revealed protective
properties of bilirubin in upper-normal values
on the respiratory system, in recent years there
has been interest in the development of medi-
cines for the treatment of respiratory diseases
based on bilirubin nanoparticles (BRNPs)
(Chen et al.,, 2020). Bilirubin nanoparticle
drugs have been shown to attenuate T2-medi-
ated lung inflammation and experimental
asthma symptoms in mouse models (Kim et al.,
2017). Itis believed that these medicines can be
powerful ROS scavengers and an immunomod-
ulatory agent for the treatment of lung diseases.
In addition, these drugs demonstrate good
safety in animal experiments, since the amount
of bilirubin used in nanopreparations is small
and does not create its toxic concentration. In-
deed, recent studies in animal models have
shown that the delivery of bilirubin to certain
cellular targets using nanoparticles can have
beneficial anti-inflammatory effects in chronic
diseases (Chen et al., 2020).

Keum et al. demonstrated that BRNPs have
the potential to be used as a new therapy for the
treatment of pulmonary fibrosis (Keum et al.,
2021). In a mouse model of pulmonary fibrosis,
it was shown that BRNPS, localized in inflamed
areas of lung tissue with progressive fibrosis,
internalize in phagocytic inflammatory cells
and alveolar epithelial cells, and by reducing
the total level of ROS in the lungs, slow down
the progression of the disease. As shown in this
work, the removal of excess ROS using BRNP
prevents the transmission of apoptotic signals
and the release of chemokines penetrating into
immune cells, as well as a significant decrease
in the differentiation of epithelial cells and fi-
broblasts into myofibroblasts (Keum et al.,
2021). Bilirubin nanoparticle drugs are also
suggested to have potential as a therapeutic op-
tion for preventing pulmonary fibrosis associ-
ated with Covid-19 infection.

In addition, there is evidence that medi-
cines that induce hemoxygenase 1 or inhibit
UDP-glucuronyltransferase Al can increase
the level of unconjugated bilirubin in blood
serum to 1.0-3.5 mg/dl (Vitek et al., 2023).
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Strategies targeting modification of HO-1
activity, including genetic or chemical mod-
ulation of HO-1 expression, demonstrate
therapeutic potential in inflammatory condi-
tions (Ryter, 2022).

Conclusion

Currently, data are accumulating on the pro-
tective effect of bilirubin on a number of dis-
eases due to its antioxidant properties. There is
little information about the effect of upper-nor-
mal serum bilirubin concentrations in protect-
ing the respiratory tract from environmental
stressors and from the development of asthma
in childhood. The relationship between biliru-
bin levels and asthma risk has been shown to
follow a parabolic relationship, with moder-
ately low and extremely high bilirubin levels
causing a greater risk of developing asthma.
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