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�ƉƉůŝĐĂƟŽŶ�ŽĨ�ŶĞƵƌŽƚƌŽƉŚŝĐ�ĂŶĚ�ƉƌŽĂŶŐŝŽŐĞŶŝĐ�ĨĂĐƚŽƌƐ�
ĂƐ�ƚŚĞƌĂƉǇ�ĂŌĞƌ�ƉĞƌŝƉŚĞƌĂů�ŶĞƌǀŽƵƐ�ƐǇƐƚĞŵ�ŝŶũƵƌǇ

<ĂŵŝůůĂ�&ĂƌŝƚŽǀŶĂ�/ĚƌŝƐŽǀĂϭ͕�Ύ͕��ůŝŶĂ�<ĂǌǇŵŽǀŶĂ��ĞŝŶĂůŽǀĂ1͕�
'ĂůŝŶĂ��ŶĚƌĞĞǀŶĂ�DĂƐŐƵƚŽǀĂ1͕��ůĞǆĞǇ��ŶĚƌĞĞǀŝĐŚ��ŽŐŽǀ�:ƌ͘ 2͕��ŝŶǌŝĂ��ůůĞŐƌƵĐĐŝϯ͕�
sĂůĞƌŝŝĂ�zƵƌŝĞǀŶĂ�^ǇƌŽŵŝĂƚŶŝŬŽǀĂ1͕�/ůŶƵƌ�/ůĚƵƐŽǀŝĐŚ�^ĂůĂĨƵƚĚŝŶŽǀ1͕�
�ŬĂƚĞƌŶĂ��ǀŐĞŶŝĞǀŶĂ�'ĂƌĂŶŝŶĂ1͕��ŝŶĂ�/ǀĂŶŽǀŶĂ��ŶĚƌĞĞǀĂ1͕��ĚŝůĞƚ��ďĚƵůůĂĂƚŽǀŝĐŚ�<ĂĚǇƌŽǀ4͕ 
�ůďĞƌƚ��ŶĂƚŽůĞǀŝĐŚ�ZŝǌǀĂŶŽǀϭ͕�Ύ͕�ZƵƐůĂŶ�&ĂƌŝĚŽǀŝĐŚ�DĂƐŐƵƚŽǀϭ͕�Ϯ

�ďƐƚƌĂĐƚ��
The intrinsic ability of peripheral nerves to regenerate after injury is extremely limited, 
especially in case of severe injury. This often leads to poor motor function and permanent 
disability. Existing approaches for the treatment of injured nerves do not provide 
appropriate conditions to support survival and growth of nerve cells. This drawback can 
be compensated by the use of gene therapy and cell therapy-based drugs that locally 
provide an increase in the key regulators of nerve growth, including neurotrophic factors 
and extracellular matrix proteins. Each growth factor plays its own specific angiotrophic 
or neurotrophic role. Currently, growth factors are widely studied as accelerators of 
nerve regeneration. Particularly noteworthy is synergy between various growth factors, 
that is essential for both angiogenesis and neurogenesis. Fibroblast growth factor 2 and 
vascular endothelial growth factor are widely known for their proangiogenic effects. At 
the same time, fibroblast growth factor 2 and vascular endothelial growth factor stimulate 
neural cell growth and play an important role in neurodegenerative diseases of the 
peripheral nervous system. Taken together, their neurotrophic and angiogenic properties 
have positive effect on the regeneration process. In this review we provide an in-depth 
overview of the role of fibroblast growth factor 2 and vascular endothelial growth factor in 
the regeneration of peripheral nerves, thus demonstrating their neurotherapeutic efficacy 
in improving neuron survival in the peripheral nervous system.
<ĞǇ�tŽƌĚƐ͗ fibroblast growth factor 2; growth factors; nerve growth factor; peripheral 
nerve injury; peripheral nervous system; vascular endothelial growth factor  
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/ŶƚƌŽĚƵĐƟŽŶ�
Peripheral neuropathies represent an important clinical 
ƉƌŽďůĞŵ͘��ƉƉƌŽǆŝŵĂƚĞůǇ�ϱϬй�ŽĨ�ĂĚƵůƚ�ƉĂƟĞŶƚƐ�ǁŝƚŚ�ĚŝĂďĞƚĞƐ�
develop peripheral neuropathies of varying severity during 
ƚŚĞŝƌ�ůŝĨĞƟŵĞ�;,ŝĐŬƐ�ĂŶĚ�^ĞůǀŝŶ͕�ϮϬϭϵͿ͘��ĞƐƉŝƚĞ�ƚŚĞ�ƉƌĞǀĂůĞŶĐĞ�
ŽĨ�ƚŚĞ�ĚŝƐĞĂƐĞ͕�ƚŚĞƌĞ�ŝƐ�ŶŽ�ƵŶŝǀĞƌƐĂůůǇ�ĞīĞĐƟǀĞ�ƚƌĞĂƚŵĞŶƚ�ĨŽƌ�
the most severe forms that develop due to axonotmesis and 
neurotmesis. Currently, one of the most effective methods 
ŽĨ�ƚƌĞĂƚŵĞŶƚ�ŽĨ�ŶĞƵƌŽƚŵĞƐŝƐ� ŝƐ�ƐƵƌŐŝĐĂů�ƌĞĐŽŶƐƚƌƵĐƟŽŶ�ŽĨ�ƚŚĞ�
damaged nerve. The surgical intervention always carries an 
ĂĚĚŝƟŽŶĂů�ƌŝƐŬ�ĨŽƌ�ƚŚĞ�ƉĂƟĞŶƚ͕�ŝŶĐůƵĚŝŶŐ�ƉŽƐƐŝďůĞ�ĚĞǀĞůŽƉŵĞŶƚ�
of infection and exacerbation of diseases of other organs. 
However, even with surgical treatment, successful re-
ŝŶŶĞƌǀĂƟŽŶ�ŽĨ�ƚŚĞ�ƚĂƌŐĞƚ�ŽƌŐĂŶƐ�ŝƐ�ĂĐŚŝĞǀĞĚ�ŽŶůǇ�ŝŶ�ůĞƐƐ�ƚŚĂŶ�
50% of cases (Grinsell and Keating, 2014). As a result, the 
number of studies focusing on the use of gene therapy and 
tissue engineering for treatment of peripheral neuropathies 
has increased significantly in recent years. Combined 
with gene therapy, tissue engineering provides promising 

applications for the treatment of traumatic nerve injuries 
(Moimas et al., 2013). The promising results stem from the 
ŵŽĚƵůĂƟŽŶ�ŽĨ�ĨĂǀŽƌĂďůĞ�ĐŽŶĚŝƟŽŶƐ�ĨŽƌ�ĚŝƌĞĐƚĞĚ�ĂǆŽŶ�ŐƌŽǁƚŚ�
and angiogenesis. In addition, one of the advantages of 
gene therapy can be systemic delivery of the drug when the 
ĚĂŵĂŐĞ�ŽĨ�ƚŚĞ�ƉĞƌŝƉŚĞƌĂů�ŶĞƌǀŽƵƐ�ƐǇƐƚĞŵ�;WE^Ϳ�ŝƐ�ŵƵůƟƉůĞ�Žƌ�
ŝƚƐ�ůŽĐĂůŝǌĂƟŽŶ�ŝƐ�ĚŝĸĐƵůƚ�ƚŽ�ƐƉĞĐŝĨǇ͘

Cells and microenvironment, as well as “scaffolding”, are 
the key factors forming the basis of therapeutic application 
of tissue engineering and regenerative medicine (Tabata, 
2009). The microenvironment plays an important role, while 
it provides a complex of bioactive molecules and factors 
regulating self-renewal and differentiation of stem cells. 
Among microenvironmental factors, biochemical signals 
(growth factors, cytokines, and extracellular components, such 
ĂƐ�ǀĞƐŝĐůĞƐͿ�ĂŶĚ�ďŝŽƉŚǇƐŝĐĂů�ƐŝŐŶĂůƐ�;ŵĞĐŚĂŶŝĐĂů�ĚĞĨŽƌŵĂƟŽŶ͕�
damage, loss of bonds) can be identified. Growth factors 
;'&ƐͿ�ĂƌĞ�ŽĨ�ƉĂƌƟĐƵůĂƌ�ŝŵƉŽƌƚĂŶĐĞ�ďĞĐĂƵƐĞ�ŽĨ�ƚŚĞŝƌ� ŝŶŇƵĞŶĐĞ�
on signaling pathways and regeneration potential (Tayalia 
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Academy, Kazan, Russia
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and Mooney, 2009). Physiological signals modulated by 
GFs are essential for controlling cellular processes such as 
chemotaxis, proliferation and differentiation. The number 
of studies reporting on the isolation, identification, and 
practical application of GFs is growing exponentially, as they 
are actively used to promote regeneration in the peripheral 
nervous system (Allen et al., 2015; Zhao et al., 2015; Krishnan 
and David, 2017) (dĂďůĞ�ϭ). When placed inside the conduit’s 
microenvironment, GFs can improve axon growth and make 
the whole channel application more efficient (Dalamagkas 
et al., 2016). These results therefore suggest that superior 
outcomes in nerve regeneration may be obtained using GFs 
alone or in combination with conduit application instead of 
ĂƵƚŽŐƌĂŌƐ�;tŽŽĚ�Ğƚ�Ăů͕͘�ϮϬϬϵ͖�ZŽĂŵ�Ğƚ�Ăů͕͘�ϮϬϭϰͿ͘�

&ŝŐƵƌĞ�ϭ ̘ ^ĐŚĞŵĂƟĐ�ƌĞƉƌĞƐĞŶƚĂƟŽŶ�ŽĨ�ŶĞƌǀĞ�ŐƌŽǁƚŚ�ĨĂĐƚŽƌ�ĚĞůŝǀĞƌǇ�
ƐǇƐƚĞŵƐ�ĂŶĚ�ǀĞĐƚŽƌ�ƚǇƉĞƐ͘

ŝŶĨŽƌŵĂƟŽŶ�ŽŶ�ŶĞƵƌĂů�ĂƌĐŚŝƚĞĐƚƵƌĞ͕�ƚǇƉĞ�ŽĨ�ŝŶũƵƌǇ͕ �ŶĞƌǀĞ�ĐĞůůƐ͕�
ƐĐĂīŽůĚ�ŵĂƚĞƌŝĂůƐ͕�ŶĞƵƌĂů�ŐƌŽǁƚŚ�ĨĂĐƚŽƌƐ�ƚŽ�ĂĚĚ�ĂŶĚ�ŽƉƟŵŝǌĞ�
the mechanical properties of the conduit. 3D Biorinated 
WĞƌŝƉŚĞƌĂů�EĞƌǀĞ�dƵďĞƐ�ƐĞƌǀĞ�ĂƐ�ŶĞƌǀĞ�ŐƌĂŌƐ�ƚŽ�Įůů�ŝŶ�ƚŚĞ�ŐĂƉƐ�
in destroyed nerve bodies, making the peripheral nerve canals 
alive (Soman and Vijayavenkataraman, 2020). Over the past 
decades, strategies have been developed involving the use of 
ďŝŽƉŽůǇŵĞƌƐ͕�ĐĞůůƐ͕�ŐƌŽǁƚŚ�ĨĂĐƚŽƌƐ�ĂŶĚ�ƉŚǇƐŝĐĂů�ƐƟŵƵůŝ͕�ǁŚŝĐŚ�
have led to the development of various nerve conductors 
(NGCs), from simple hollow tubes to complex pipelines 
involving one or more landmarks (Sarker et al., 2018).

dĂďůĞ�ϭ�̘ 'ƌŽǁƚŚ�ĨĂĐƚŽƌƐ�ŝŶǀŽůǀĞĚ�ŝŶ�ƉĞƌŝƉŚĞƌĂů�ŶĞƌǀĞ�ƌĞŐĞŶĞƌĂƚŝŽŶ

'ƌŽǁƚŚ�
ĨĂĐƚŽƌ ^ŽƵƌĐĞ &ƵŶĐƚŝŽŶ

WĞĂŬ�
ĐŽŶĐĞŶƚƌĂƚŝŽŶ�
ĚƵƌŝŶŐ�
ƌĞŐĞŶĞƌĂƚŝŽŶ� ZĞĨĞƌĞŶĐĞ

NGF ͻ�^ĐŚǁĂŶŶ�ĐĞůůƐ�
ͻ�EĞƵƌŽŶƐ�ŽĨ�
dorsal root 
ganglion 
ͻ�DŽŶŽĐǇƚĞƐͬ
Macrophages 
ͻ�>ǇŵƉŚŽĐǇƚĞƐ�
ͻ�&ŝďƌŽďůĂƐƚƐ

Neural 
regeneration, 
cell survival

7 d post-injury Hattori et al., 
1996
Lee et al., 1998
Bracci-Laudiero 
et al., 2005
Campbell, 2008
Skaper, 2017
Li et al., 2020a

VEGF-A ͻ�sĂƐĐƵůĂƌ�
endothelial 
cells
ͻ�DĂĐƌŽƉŚĂŐĞƐ�

Angiogenesis 2 d post-injury Hobson et al., 
2000
Cattin et al., 2015
Nishida et al., 
2018

FGF-2 ͻ�^ĐŚǁĂŶŶ�ĐĞůůƐ Mitogenic and 
neuroprotective 
activities

7 d post-injury, 
in the dorsal 
root ganglion

Grothe et al., 
2001

ͻ�&ŝďƌŽďůĂƐƚƐ 21 d post-
injury, in the 
proximal nerve 
stump

Ornitz and Itoh, 
2001 
Duobles et al., 
2008

IGF-1 ͻ�^ĐŚǁĂŶŶ�ĐĞůůƐ
ͻ�DĂĐƌŽƉŚĂŐĞƐ
ͻ�^ĞŶƐŽƌǇ�
neurons
ͻ�DŽƚŽƌ�
neurons
ͻ�^ŬĞůĞƚĂů�
muscle

Neurogenesis, 
cell survival, 
neurite growth

7 d post-injury Hansson et al., 
1986
Cheng et al., 1996
Apel et al., 2010
Sakowski and 
Feldman, 2012
Zhu et al., 2018

GDNF ͻ�^ĐŚǁĂŶŶ�ĐĞůůƐ Prevention of 
the apoptosis of 
motor neurons 
induced by 
axotomy

7 d post-injury Naveilhan et al., 
1997
Frostick et al., 
1998
Barras et al., 2009

NT-3 ͻ�^ĐŚǁĂŶŶ�ĐĞůůƐ
ͻ�^ŬĞůĞƚĂů�
muscle

Cell survival, 
axonal 
outgrowth, 
dendritic 
growth

First, level 
of NT-3 
declines. Then 
it increases 
in 14 d post-
injury in case 
of axonotmesis 
̍�ĂŶĚ�ŝŶ�Ϯϴ�
d post-injury 
in case of 
neurotmesis

Chan et al., 2001
Omura et al., 
2005

FGF-2: Fibroblast growth factor 2; GDNF: glial cell line-derived neurotrophic 
factor; IGF-1: insulin-like growth factor 1; NGF: nerve growth factor; NT-3: 
neurotrophin-3; VEGF-A: vascular endothelial growth factor A.

To this end, new techniques have been studied based on 
ĚĞůŝǀĞƌǇ�ŽĨ�ĂĐƟǀĞ�ŵŽůĞĐƵůĞ�;ĂĸŶŝƚǇͲďĂƐĞĚ�ĚĞůŝǀĞƌǇͿ�;tŽŽĚ�Ğƚ�
Ăů͕͘�ϮϬϬϵͿ͘�dŽ�ĚĞůŝǀĞƌ�ƚŚĞƌĂƉĞƵƟĐ�ĐŽŵƉŽƵŶĚƐ�Žƌ�ƚŽ�ĐƌĞĂƚĞ�ƚŚĞ�
microenvironment for more efficient regeneration, a huge 
variety of hydrogels, microspheres, acellular matrices, three-
dimensional “scaffolding”, and fibrin glues of biological and 
ƐǇŶƚŚĞƟĐ�ŽƌŝŐŝŶ�ĂƌĞ�ƵƐĞĚ͕�ĂƐ�ǁĞůů�ĂƐ�ǀĂƌŝŽƵƐ�ƚǇƉĞƐ�ŽĨ�ǀĞĐƚŽƌƐ�
for delivery (&ŝŐƵƌĞ�ϭ). The design of neural conduits requires 

Implantation of artificial NGC used to bridge the damaged 
area can provide the appropriate biochemical and biophysical 
ůĂŶĚŵĂƌŬƐ�ŶĞĞĚĞĚ�ƚŽ�ƐƟŵƵůĂƚĞ�ƌĞŐĞŶĞƌĂƟŽŶ�ĂŶĚ�ƌĞƐƚŽƌĞ�WE^�
function. Improved canal design and fabrication techniques 
ŚĂǀĞ�ŵĂĚĞ�ŝƚ�ƉŽƐƐŝďůĞ�ƚŽ�ĨĂďƌŝĐĂƚĞ�ĂƵƚŽŐƌĂŌͲůŝŬĞ�ƐƚƌƵĐƚƵƌĞƐ�Ăƚ�
NGC (Li, 2019).

Many delivery systems have been designed to provide 
custom delivery kinetics for one or more growth factors. 
However, selection of the optimal method for delivering 
'&Ɛ�ŝƐ�ƉƌŽďůĞŵĂƟĐ�ƐŝŶĐĞ�ƚŚĞǇ�ĂƌĞ�ƐĞŶƐŝƟǀĞ�ƚŽ�ĞŶǀŝƌŽŶŵĞŶƚĂů�
conditions and can easily lose therapeutic efficacy (Atienza-
ZŽĐĂ�Ğƚ�Ăů͕͘�ϮϬϭϴ͖�^ƵďďŝĂŚ�ĂŶĚ�'ƵůĚďĞƌŐ͕�ϮϬϭϵͿ͘�EĞǁ�ĞīĞĐƟǀĞ�
methods of treatment of peripheral nervous system injuries 
ĂƌĞ�ůŝŬĞůǇ�ƚŽ�ŝŶĐůƵĚĞ�ĂƌƟĮĐŝĂůůǇ�ĐƌĞĂƚĞĚ�ƟƐƐƵĞƐ�ĂŶĚ�ďŝŽŵĂƚĞƌŝĂůƐ�
ƚŚĂƚ�ĐĂŶ�ĐĂƵƐĞ�ƟƐƐƵĞ�ŵŝĐƌŽĞŶǀŝƌŽŶŵĞŶƚ͕�ǁŚŝĐŚ�ŝŶĐůƵĚĞƐ�ďŽƚŚ�
biochemical and mechanical properties that contribute to 
ƌĞŐĞŶĞƌĂƟŽŶ�;tŝůĐŽǆ�Ğƚ�Ăů͕͘�ϮϬϮϬͿ͘�dŚĞƌĞĨŽƌĞ͕�ŝƚ�ŝƐ�ĞƐƐĞŶƟĂů�ƚŽ�
evaluate the physicochemical nature of GF and biomaterials 
ƵƐĞĚ�ƚŽ�ĚĞǀĞůŽƉ�ďŝŽŵŝŵĞƟĐ�ĚĞůŝǀĞƌǇ�ƐǇƐƚĞŵƐ�ǁŚĞŶ�'&ͲďĂƐĞĚ�
therapy of traumatic injuries is considered (Subbiah and 
Guldberg, 2019).  

^ĞĂƌĐŚ�^ƚƌĂƚĞŐǇ�ĂŶĚ�^ĞůĞĐƟŽŶ��ƌŝƚĞƌŝĂ��
Studies cited in this review published from 1973 to 2021 
were searched on the PubMed, Scopus, and Google Scholar 
database using the following keywords: fibroblast growth 
factor 2, growth factors, nerve growth factor, peripheral nerve 
injury, peripheral nervous system, vascular endothelial growth 
factor.

<ĞǇ�'ƌŽǁƚŚ�&ĂĐƚŽƌƐ�ŝŶ�ƚŚĞ�EĞƌǀŽƵƐ�^ǇƐƚĞŵ�
There are several major families of growth factors which 
act within the nervous system (dĂďůĞ�ϭ). Some of them, e.g. 
neurotrophins, are abundant only in the nervous system, 
while others, like fibroblast growth factor (FGF), vascular 
endothelial growth factor (VEGF), insulin-like growth factor 
receptor-1, act on a number of cell types over the body, 
in addition to the nervous system (Landreth et al., 1999). 
Neurotrophins are highly conserved small proteins that 
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ĚŝŵĞƌŝǌĞ�ƚŽ�ĨŽƌŵ�ďŝŽůŽŐŝĐĂůůǇ�ĂĐƟǀĞ�ŝƐŽĨŽƌŵƐ�;>ĞǁŝŶ�ĂŶĚ��ĂƌĚĞ͕�
ϭϵϵϲͿ͘�EĞƵƌŽƚƌŽƉŚŝŶ�ĨĂŵŝůǇ� ŝŶĐůƵĚĞƐ�ĮǀĞ�ĚŝīĞƌĞŶƚ�ŵĞŵďĞƌƐ͗�
Nerve growth factor (NGF), brain-derived neurotrophic factor 
(BDNF), neurotrophin 3 (NT3), neurotrophin 4/5 (NT4/5), and 
neurotrophin 6 (NT6) (Landreth et al., 1999). 

NGF is the prototype of the neurotrophin family and is 
absolutely essential for the survival of sympathetic neurons 
and a subset of sensory neurons during development. NGF 
is one of the earliest and most studied neurotrophic factors, 
ǁŚŝĐŚ�ŚĂƐ�ŵĂŶǇ�ďŝŽůŽŐŝĐĂů�ĨƵŶĐƟŽŶ�ŝŶĐůƵĚŝŶŐ�ƉƌŽƚĞĐƟŽŶ�ĂŶĚ�
promotion of the nerve growth (Lewin and Barde, 1996; 
�ƵƌĂŝŬĂŶŶƵ�Ğƚ�Ăů͕͘�ϮϬϭϵͿ͘�E'&�ŝƐ�ƐǇŶƚŚĞƐŝǌĞĚ�ŝŶ�ƟƐƐƵĞƐ�ƚŚĂƚ�ĂƌĞ�
ŝŶŶĞƌǀĂƚĞĚ�ďǇ�ŝŶŶĞƌǀĂƚĞĚ�ƚĂƌŐĞƚ�ƟƐƐƵĞƐ�͕�ŝŶ�ŝŵŵƵŶĞ�ĐĞůůƐ�ĂŶĚ�
components of PNS and central nervous system (CNS) (Aloe 
Ğƚ�Ăů͕͘�ϮϬϭϮͿ͘�E'&�ƐƟŵƵůĂƚĞƐ�ĐĞůů�ŵĞƚĂďŽůŝƐŵ͕�ŵŽƌƉŚŽůŽŐŝĐĂů�
differentiation of target cells, contributing to the extensive 
axonal and dendritic growth (Sofroniew et al., 2001). One 
of the recent trends in peripheral nerve reconstruction 
research is the development of tissue engineering scaffolds 
that facilitate release and bioactivity rates of nerve growth 
factors. Thus, novel thiolated gellan gum modified with 
laminin and loaded NGF developed by Li et al. (2020b) 
demonstrated excellent biocompatibility and the ability to 
ƐƟŵƵůĂƚĞ�ƚŚĞ�ŐƌŽǁƚŚ͘�dŚĞŝƌ�ƐƚƵĚǇ�ŽĨ�ƚŚŝŽůĂƚĞĚ�ŐĞůůĂŶ�ŐƵŵ�ŐĞů�
loaded with NGF has promising applications in peripheral 
ŶĞƌǀĞ�ƌĞĐŽŶƐƚƌƵĐƟŽŶ�ĂŶĚ�ƐŚŽǁƐ�ŚŝŐŚ�ƉŽƚĞŶƟĂů�ŽĨ�ĂƉƉůŝĐĂƟŽŶ�
of tissue engineering-based scaffolds (Li et al., 2020b). The 
development of an effective nerve allograft treated with a 
dual preparation containing acrolimus and nerve growth 
ĨĂĐƚŽƌ�ŚĂƐ�ďĞĞŶ�ƐŚŽǁŶ�ƚŽ�ďĞ�ŚŝŐŚůǇ�ĞīĞĐƟǀĞ�ŝŶ�ƐƟŵƵůĂƟŶŐ�ƚŚĞ�
ŐƌŽǁƚŚ�ŽĨ�ŶĞƌǀĞ�ĐĞůůƐ�ƵŶĚĞƌ�ĐŽŶĚŝƟŽŶƐ�ŽĨ�ŚǇƉŽǆŝĂ�ĐĂƵƐĞĚ�ďǇ�
nerve damage (Yin et al., 2019).

Ligands of NGF and GDNF families of neurotrophic factors 
ĂůƐŽ�ƉůĂǇ�ĂŶ�ŝŵƉŽƌƚĂŶƚ�ƌŽůĞ�ŝŶ�ƚŚĞ�ƌĞŐĞŶĞƌĂƟŽŶ�ŽĨ�WE^�;WŝŝƌƐŽŽ�
et al., 2010). It was found that exogenous administration of 
BDNF enhances myelination in the PNS, compared to the 
ƌĞŵŽǀĂů�ŽĨ�ĞŶĚŽŐĞŶŽƵƐ���E&�ƚŚĂƚ�ŝŶŚŝďŝƚƐ�ŵǇĞůŝŶĂƟŽŶ�ŝŶ�ŵŝĐĞ�
(Chan et al., 2001; Tolwani et al., 2004). Furthermore, BDNF 
is indispensable for re-myelination of the injured peripheral 
nerves in rodents  (Zhang et al., 2000). Expression of members 
of NGF and GDNF families in the damaged nerve is regulated 
ƐƉĞĐŝĮĐĂůůǇ�ĨŽƌ�ĞĂĐŚ�ŐĞŶĞ�ŝŶ�ƚŚĞ�ĐŽƵƌƐĞ�ŽĨ�ƟŵĞ��;DĞǇĞƌ�Ğƚ�Ăů͕͘�
1992; Funakoshi et al., 1993). Administration of exogenous 
FGF21 promotes functional and morphological recovery in 
a rat model of sciatic nerve injury, manifested as improved 
ŵŽƚŽƌ�ĂŶĚ�ƐĞŶƐŽƌǇ�ĨƵŶĐƟŽŶ͕� ŝŶĐƌĞĂƐĞĚ�ĂǆŽŶĂů�ƌĞŵǇĞůŝŶĂƟŽŶ͕�
ĂŶĚ�ƌĞͲŐƌŽǁƚŚ�ĂŶĚ�ĂĐĐĞůĞƌĂƚĞĚ�ƉƌŽůŝĨĞƌĂƟŽŶ�ŽĨ�^ĐŚǁĂŶŶ�ĐĞůůƐ�
(Lu et al., 2019b).

Functional recovery of nerves is highly dependent on the 
ƐǇŶĞƌŐŝƐƟĐ�ŝŶƚĞƌĂĐƟŽŶ�ďĞƚǁĞĞŶ�ĂŶŐŝŽŐĞŶĞƐŝƐ�ĂŶĚ�ŶĞƵƌŽŐĞŶĞƐŝƐ�
processes after injury. Cross-talk between vascularization 
ĂŶĚ�ŶĞƌǀĞ�ƌĞŐĞŶĞƌĂƟŽŶ�ŝŶ�ƚŚĞ�WE^�ƉůĂǇƐ�ĂŶ�ŝŵƉŽƌƚĂŶƚ�ƌŽůĞ�ŝŶ�
ƚŚĞ�ƌĞĐŽǀĞƌǇ�ŽĨ�ƚŚĞ�WE^͘�ZĞŐĞŶĞƌĂƟǀĞ�ƐƚƌĂƚĞŐŝĞƐ�ƚŚƌŽƵŐŚ�ƚŚĞ�
ƐǇŶĞƌŐŝƐƟĐ�ĚĞůŝǀĞƌǇ�ŽĨ�ŵƵůƟƉůĞ�ďŝŽĐŚĞŵŝĐĂů�ƐŝŐŶĂůƐ�ĂƌĞ�ŐĂŝŶŝŶŐ�
ŝŶĐƌĞĂƐŝŶŐ�ĂƩĞŶƟŽŶ͕�ĞƐƉĞĐŝĂůůǇ�ĐŽŵďŝŶĂƟŽŶ�ŽĨ�ƉƌŽͲĂŶŐŝŽŐĞŶŝĐ�
factors and neurotrophic factors (Lu et al., 2019a). 

VEGF and FGF affect angiogenesis and neurogenesis and 
may act synergistically with other neurotrophic factors. 
Thus, synergistic effect of NGF and VEGF was shown in the 
study of Li et al. (2020a), where GFs included into porcine 
decellularized neural matrix (pDNM) hydrogel improved 
ĨƵŶĐƟŽŶĂů�ŶĞƌǀĞ�ƌĞĐŽǀĞƌǇ�ĂŌĞƌ�in situ�ĂĚŵŝŶŝƐƚƌĂƟŽŶ�;>ŝ�Ğƚ�Ăů͕͘�
2020a). Moreover, dual delivery of VEGF and NGF plasmids 
as gene therapy can enhance sciatic nerve regeneration 
;&ĂŶŐ�Ğƚ�Ăů͕͘�ϮϬϮϬͿ͘� /Ŷ�ƚŚĞ�ĞĂƌůǇ�ƐƚĂŐĞƐ�ŽĨ�ƐĐŝĂƟĐ�ŶĞƌǀĞ�ŝŶũƵƌǇ͕  
these GFs not only enhance nerve regeneration, but also 
facilitate vascular penetration, and after 12 weeks promote 

nerve regeneration and functional recovery in rats (Rao et 
al., 2020). In addition, a three-dimensional neurovascular 
microenvironment for endothelial and nerve cell growth can 
be mimicked by self-assembling nanofiber peptide hydrogel 
with dual-presenting VEGF-and BDNF-mimetic peptide 
epitopes  (Lu et al., 2019a).

Despite the fact that there are growth factors that have 
ďĞĞŶ�ĂƐƐŽĐŝĂƚĞĚ�ǁŝƚŚ�ƌĞŐĞŶĞƌĂƟŽŶ�ŝŶ�ƚŚĞ�WE^�ĨŽƌ�Ă�ůŽŶŐ�ƟŵĞ�
and their synergism has been well studied, growth factors 
associated with angiogenesis and wound healing, such as 
VEGF and FGF, also have neurotrophic effects, and their 
ƐǇŶĞƌŐŝƐŵ�ǁŝůů�ďĞ�ĚŝƐĐƵƐƐĞĚ�ĨƵƌƚŚĞƌ�ŝŶ�ƚŚĞ�ĂƌƟĐůĞ͘

'ƌŽǁƚŚ�&ĂĐƚŽƌƐ�ŝŶ�EĞƌǀĞ�ZĞŐĞŶĞƌĂƟŽŶ��
Among wide gamut of growth factors, neurotrophic factors 
demonstrate cytoprotective and regenerative effects on 
the nervous system. These are widely used as therapeutics 
to prevent the progression of damage in peripheral nerves 
(Hernandez-Morato et al., 2016). Neurotrophic GFs affect 
inflammatory and proliferative processes and the course of 
wound healing (Shi et al., 2013). Among them, FGF-2 and 
s�'&�ĂƌĞ�ƚŚĞ�ŵŽƐƚ�ŝŶǀĞƐƟŐĂƚĞĚ�;�ŚĂŶŐ�Ğƚ�Ăů͕͘�ϮϬϬϮͿ͘�

The process of regeneration of nerve fibers is complex 
and multifactorial. Usually, endogenous factors released 
after injury are not enough for effective repair, especially 
in case of severe combined injuries. Due to this, functional 
impairment of the central nerve system occurs after spinal 
ĐŽƌĚ�ŝŶũƵƌǇ͕ �ƐƚƌŽŬĞ͕� ŝƐĐŚĞŵŝĂ͕�ƚƌĂƵŵĂƟĐ�ŝŶũƵƌǇ�ĂŶĚ�ĂƐƐŽĐŝĂƚĞĚ�
ĂǆŽŶĂů�ĚŝƐĐŽŶŶĞĐƟŽŶ͘�dŚĞ�ŽƵƚĐŽŵĞ�ŝƐ�ĚŝīĞƌĞŶƚ�ŝŶ�ƚŚĞ�WE^͕�ĂƐ�
long-distance axon regeneration and substantial functional 
ƌĞĐŽǀĞƌǇ�ĐĂŶ�ŚĂƉƉĞŶ�ŝŶ�ƚŚĞ�ĂĚƵůƚ�;,ƵĞďŶĞƌ�ĂŶĚ�^ƚƌŝƩŵĂƩĞƌ͕ �
2009). However, the prognosis for such injuries is hard to 
be improved without additional therapeutic or surgical 
ŝŶƚĞƌǀĞŶƟŽŶƐ͘�&Žƌ�ĨƵůů�ĨƵŶĐƟŽŶĂů�ƌĞĐŽǀĞƌǇ͕ �ƌĞŐĞŶĞƌĂƟŶŐ�ĂǆŽŶƐ�
must restore their connections with skeletal muscle fibers, 
ƐŵŽŽƚŚ�ŵƵƐĐůĞ�ĂŶĚ�ĞƉŝƚŚĞůŝĂů�ĐĞůůƐ�;�ŽůĞƫ�Ğƚ�Ăů͕͘�ϮϬϭϯͿ͘�dŚĞ�
ƉƌŽĐĞƐƐ�ŽĨ�ƌĞŐĞŶĞƌĂƟŽŶ�ŽĨ�ƚŚĞ�ŶĞƌǀĞ�ĮďĞƌ�ŝƐ�ŝŶĞǆƚƌŝĐĂďůǇ�ůŝŶŬĞĚ�
with wallerian degeneration through complex interaction 
of a large number of biologically active substances and cells 
involved in their synthesis (Deumens et al., 2010). Therefore, 
the delivery of neurotrophic factors to the damaged area is 
considered to be one of the most promising approaches to 
ƐƟŵƵůĂƚĞ�ŶĞƵƌŽƌĞŐĞŶĞƌĂƟŽŶ�;�ŚĂŶŐ�Ğƚ�Ăů͕͘�ϮϬϬϮ͖�DĂƐŽŶ�Ğƚ�Ăů͕͘�
ϮϬϭϭͿ͘�,ŽǁĞǀĞƌ͕ �ƐƚƵĚŝĞƐ�ŽŶ�ƚŚĞ�ƐƟŵƵůĂƟŽŶ�ŽĨ�ƉŽƐƩƌĂƵŵĂƟĐ�
regeneration in peripheral nerves using direct gene therapy 
ĂƌĞ�ůŝŵŝƚĞĚ�;&Ƶ�Ğƚ�Ăů͕͘�ϮϬϬϳ͖��ƐĂŬŝ�Ğƚ�Ăů͕͘�ϮϬϭϭͿ͘�/ŶĚĞĞĚ͕�ĞīĞĐƟǀĞ�
delivery of therapeutic doses of GFs in the nervous system 
ĐĂŶ�ďĞ�ĚŝĸĐƵůƚ�ĚƵĞ�ƚŽ�ƚŚĞ�ƐƉĞĐŝĂů�ĨĞĂƚƵƌĞƐ�ŽĨ�ŶĞƵƌŽĂŶĂƚŽŵǇ�
(Langert and Brey, 2018).

The delivery of GFs can be performed by using recombinant 
proteins as well as gene and gene-cell therapies. Together 
with nerve guidance conduits, they act through releasing 
molecules that enhance axonal growth and accelerate 
ƌĞŐĞŶĞƌĂƟŽŶ�ĂŶĚ�ƌĞĐŽǀĞƌǇ�ŽĨ�ĨƵŶĐƟŽŶƐ�;�ĂƌďĂůůŽͲDŽůŝŶĂ�ĂŶĚ�
Velasco, 2015). Therefore, their delivery to the PNS has the 
potential to be used for treatment of various diseases, such 
ĂƐ�ŶĞƵƌŽƉĂƚŚŝĐ�ƉĂŝŶ�;�ůŽĞ�Ğƚ�Ăů͕͘�ϮϬϭϮͿ͕�ƚƌĂƵŵĂƟĐ�ŶĞƌǀĞ�ŝŶũƵƌǇ�
(Boldyreva et al., 2018), and acute or chronic pain (Llorian-
Salvador and Gonzalez-Rodriguez, 2018).

�ŝŽůŽŐǇ�ŽĨ�&ŝďƌŽďůĂƐƚ�'ƌŽǁƚŚ�&ĂĐƚŽƌ�Ϯ
The basic fibroblast growth factor, bFGF or FGF2, was first 
discovered in pituitary extracts (Armelin, 1973) and then 
identified in bovine brain extracts as a component causing 
fibroblast proliferation (Gospodarowicz, 1974). FGF2 
belongs to a large family of growth factors that includes 
23 members (Imamura, 2014), which share common 
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functional and structural features (Ornitz and Itoh, 2001). 
FGFs use paracrine or endocrine signaling in developmental 
and pathophysiological processes, including metabolism 
regulation, angiogenesis, wound healing, embryonic 
development and regulation of endocrine secretion (Aimi 
et al., 2015; Owen et al., 2015). Through FGF receptors 
(FGFRs) binding, FGF2 regulates a broad spectrum of 
biological functions, including cellular proliferation, survival, 
migration, and differentiation. FGF-2 stimulates proliferation 
ŽĨ�ĮďƌŽďůĂƐƚƐ͕�ǀĂƐĐƵůĂƌ�ĞŶĚŽƚŚĞůŝĂů�ĐĞůůƐ�ĂŶĚ�ŬĞƌĂƟŶŽĐǇƚĞƐ� in 
vitro, as well as new vessels formation, tissue granulation, 
epidermal regeneration in vivo. In addition, it regulates 
ŚŽŵĞŽƐƚĂƟĐ�ƉƌŽĐĞƐƐĞƐ�ŝŶ�ƚŚĞ�ŶĞƌǀŽƵƐ�ƐǇƐƚĞŵ�;EĞĚĞĂƵ�Ğƚ�Ăů͕͘�
2008). FGF2 is one of the central factors that are essential 
for the development of CNS and PNS. During embryonic 
development, high levels of FGF-2 are detected from 
neurulation onwards and either FGF1 or FGF2 can induce 
ƉƌŽůŝĨĞƌĂƟŽŶ�ŽĨ�ŶĞƵƌĂů�ĐƌĞƐƚ�ĐĞůůƐ�in vitro (Murphy et al., 1994). 
Moreover, expression of FGF-2 and its receptors is temporally 
ĂŶĚ�ƐƉĂƟĂůůǇ�ƌĞŐƵůĂƚĞĚ�ĚƵƌŝŶŐ�ĚĞǀĞůŽƉŵĞŶƚ�ĂŶĚ�ŶĞƵƌŽŐĞŶĞƐŝƐ�
in specific brain regions (Powell et al., 1991). /Ŷ�ǀŝǀŽ, FGF-
Ϯ�ĞǆƉƌĞƐƐŝŽŶ�ŝƐ�ĂĐƟǀĂƚĞĚ�ďŽƚŚ�Ăƚ�ƚŚĞ�ƐŝƚĞ�ŽĨ� ŝŶũƵƌǇ�ĂŶĚ�ŝŶ�ƚŚĞ�
ďŽĚŝĞƐ�ŽĨ�ŶĞƵƌŽŶƐ�ĂŌĞƌ�ŶĞƌǀĞ�ĚĂŵĂŐĞ͘�/ƚ�ĂůƐŽ�ŝŶƚĞƌĂĐƚƐ�ǁŝƚŚ�
ŝƚƐ�ƌĞĐĞƉƚŽƌƐ�ŽŶ�^ĐŚǁĂŶŶ�ĐĞůůƐ͕�ƐƟŵƵůĂƟŶŐ�ƚŚĞŝƌ�ƉƌŽůŝĨĞƌĂƟŽŶ�
(Allodi et al., 2014).

/Ŷ� ǀŝƚƌŽ research initially indicated that the bFGF was 
ďŝŽůŽŐŝĐĂůůǇ�ĂĐƟǀĞ͕�ĂƐ� ŝƚ�ĐŽƵůĚ�ŝŶĚƵĐĞ�ůĞŶŐƚŚĞŶŝŶŐ�ŽĨ�ŶĞƵƌŝƚĞƐ�
ĂŌĞƌ�ŝƚƐ�ƌĞůĞĂƐĞ�ĨƌŽŵ�ƐǇŶƚŚĞƟĐ�ŐƵŝĚĂŶĐĞ�ĐŚĂŶŶĞůƐ͘���ƐƚƵĚǇ�ŽĨ�
rat sciatic nerve repair demonstrated increased expression 
of FGF-2 and its receptors in the dorsal root ganglia at the 
ƉƌŽǆŝŵĂů�ĂŶĚ�ĚŝƐƚĂů�ƐƚƵŵƉƐ�ŽĨ�ƚŚĞ�ƉĞƌŝƉŚĞƌĂů�ŶĞƌǀĞ�ĂŌĞƌ�ŝŶũƵƌǇ͕ �
four weeks after implantation of nerve guidance channels 
ĐŽŶƚĂŝŶŝŶŐ�ď&'&�ĂŶĚ�ĐŽŶŶĞĐƟŶŐ�ƚŚĞ�ƚǁŽ�ƐƚƵŵƉƐ�ŽĨ�ƚŚĞ�ŶĞƌǀĞ�
by keeping nerve bundles with both myelinated and non-
myelinated axons (Aebischer et al., 1989). Therefore, it was 
ĚĞŵŽŶƐƚƌĂƚĞĚ�ƚŚĂƚ�ůŽĐĂůůǇ�ĂƉƉůŝĞĚ�ď&'&�ŵĞĚŝĂƚĞĚ�ƌĞŐĞŶĞƌĂƟǀĞ�
effects on damaged sensory neurons and supported axonal 
growth (Grothe and Nikkhah, 2001). It was also shown that 
neurotrophic factors stimulate the recovery of peripheral 
nerves and act during the early regeneration of the sciatic 
nerve, regulating the proliferation of Schwann cells. Indeed, 
a study using FGF-2 deficient mice indicated that FGF-2 is 
ŝŵƉŽƌƚĂŶƚ�ĨŽƌ�ĂǆŽŶĂů�ŵĂƚƵƌĂƟŽŶ�ĂŶĚ�ƌĞŵǇĞůŝŶĂƟŽŶ�ŽŶĞ�ǁĞĞŬ�
ĂŌĞƌ�ƐĐŝĂƟĐ�ŶĞƌǀĞ�ĐƌƵƐŚ�;:ƵŶŐŶŝĐŬĞů�Ğƚ�Ăů͕͘�ϮϬϬϰͿ͘�>ĂƚĞƌ�ŝƚ�ǁĂƐ�
also shown that the level of FGFR1/2 in sensory neurons rises 
after peripheral nerve injury and differentiation of Schwann 
cells and axons is induced. FGF-2 induces proliferation of 
Schwann cells and inhibits myelination through FGFR1/2 
(Haastert et al., 2009). 

Considering its importance in neural development, the role 
of FGF-2 has also been investigated in neurodegenerative 
diseases, including Alzheimer’s disease, multiple sclerosis, 
WĂƌŬŝŶƐŽŶ Ɛ͛�ĚŝƐĞĂƐĞ�ĂŶĚ�ƚƌĂƵŵĂƟĐ�ďƌĂŝŶ�ŝŶũƵƌǇ�;tŽŽĚďƵƌǇ�ĂŶĚ�
Ikezu, 2014). 

�ŝŽůŽŐǇ�ŽĨ�sĂƐĐƵůĂƌ��ŶĚŽƚŚĞůŝĂů�'ƌŽǁƚŚ�&ĂĐƚŽƌ
s�'&�ŝƐ�Ă�ƉŽƚĞŶƚ�ĂŶŐŝŽŐĞŶŝĐ�ĨĂĐƚŽƌ�ƚŚĂƚ�ǁĂƐ�ĮƌƐƚ�ĚĞƐĐƌŝďĞĚ�ĂƐ�
ĞƐƐĞŶƟĂů�ĨĂĐƚŽƌ�ĨŽƌ�ŐƌŽǁƚŚ�ŽĨ�ǀĂƐĐƵůĂƌ�ĞŶĚŽƚŚĞůŝĂů�ĐĞůůƐ͘�s�'&�
functions via interaction with VEGF receptor 1 (VEGFR-1), 
VEGF receptor 2 (VEGFR-2), VEGF receptor 3 (VEGFR-3), 
and co-receptors neuropilin-1 and neuropilin-2 (Muratori et 
al., 2018). Diverse biochemical properties of VEGF and its 
ĐŽŽƉĞƌĂƟŽŶ�ǁŝƚŚ�ŽƚŚĞƌ�'&Ɛ�ĚĞĮŶĞƐ�ǁŚĞƚŚĞƌ�s�'&�ĨƵŶĐƟŽŶƐ�
to stimulate proliferation or angiogenesis (Maharaj and 
D’Amore, 2007). Its predominant physiological role is to 
accelerate accumulation of endothelial cells in the blood 
vessel network during vasculo- and angiogenesis (Pereira 

Lopes et al., 2011). New research on both CNS and PNS 
emphasize the importance of VEGF in neuronal survival and 
ƉƌŽůŝĨĞƌĂƟŽŶ�;�ƵŵƉŝĐŚ�Ğƚ�Ăů͕͘�ϮϬϭϱͿ͘�

There are many examples of neurons and glial cells of 
the PNS and CNS which are stimulated by VEGF, such 
as Schwann cells, dorsal root ganglia cells, hippocampal 
neurons, oligodendrocytes or Purkinje cells (Dumpich et 
al., 2015). For example, it has been shown that VEGF is 
ŶĞĐĞƐƐĂƌǇ�ĨŽƌ�ƚŚĞ�ĚĞǀĞůŽƉŵĞŶƚ�ŽĨ�ǀŝƐƵĂů�ĐŚŝĂƐŵ͘�/Ŷ�ĂĚĚŝƟŽŶ͕�
a recent study demonstrated the positive effect of VEGF-B 
in neuroregeneration (Guaiquil et al., 2014). Evidence of 
the VEGF importance in the nervous system comes mostly 
from studies on the CNS. However, its role in the PNS may be 
ĚŝīĞƌĞŶƚ�ĨƌŽŵ�ƚŚĂƚ�ŝŶ�ƚŚĞ��E^͕�ĂƐ��E^�ŚĂƐ�Ă�ůŝŵŝƚĞĚ�ĐĂƉĂĐŝƚǇ�
for regeneration in contrast to the PNS, where damage is 
often accompanied by partial or full recovery of nerves 
(Zochodne, 2012). 

Studies conducted on PNS have shown that VEGF-induced 
growth is enhanced after damage and it may play a role in 
neuroprotection. Indeed, VEGF has considerable effect on 
ƚŚĞ�ŐƌŽǁƚŚ�ŽĨ�ƉĞƌŝƉŚĞƌĂů�ƚƌŝŐĞŵŝŶĂů�ŶĞƵƌŽŶƐ�ŝŶŶĞƌǀĂƟŶŐ�ƚŚĞ�
cornea and dorsal root ganglion neurons (Yu et al., 2008). 
In addition, VEGF is responsible for the directed growth of 
axons of the dorsal root ganglia, invasion of Schwann cells 
and neovascularization after sciatic nerve damage (Sondell 
et al., 1999). However, it is not yet known if VEGF has also a 
ŶĞƵƌŽƉƌŽƚĞĐƟǀĞ�ĞīĞĐƚ�ŽŶ�ƐĞŶƐŽƌǇ�ŶĞƵƌŽŶƐ� in vivo. Although 
VEGF therapy has already shown therapeutic potential in 
ƉĞƌŝƉŚĞƌĂů�ŶĞƵƌŽƉĂƚŚŝĞƐ͕�ƚŚĞƐĞ�ĞīĞĐƚƐ�ĂƌĞ�ŵĂŝŶůǇ�ĂƐƐŽĐŝĂƚĞĚ�
with its stimulating effect on blood vessels, and not with 
direct neuroprotective properties (Kirchmair et al., 2007). 
/ŶĚĞĞĚ͕�Ă�ƐƚƵĚǇ�ĞǆĂŵŝŶŝŶŐ�ƚŚĞ�ĞīĞĐƚ�ŽĨ�s�'&�ŽŶ�ƐĐŝĂƟĐ�ŶĞƌǀĞ�
regeneration demonstrated a positive relationship between 
increased vascularization and enhanced nerve regeneration 
(Hillenbrand et al., 2015). 

VEGF may also support and increase the growth of 
regenerating nerve fibers, probably through a combination 
of angiogenic, neurotrophic and neuroprotective effects 
mediated by multiple factors secreted by activated 
macrophages (Caillaud et al., 2019). Using crush injury and 
end-to-end injury damage models, it has been shown for 
the first time that VEGF induces peripheral neuritogenesis 
;DƵƌĂƚŽƌŝ�Ğƚ�Ăů͕͘�ϮϬϭϴͿ͘��ŝīĞƌĞŶƟĂů�ĞǆƉƌĞƐƐŝŽŶ�ŽĨ�s�'&�ƵŶĚĞƌ�
ĐŽŶĚŝƟŽŶƐ�ŽĨ�ƌĞŐĞŶĞƌĂƟŽŶ�ĂŶĚ�ĚĞŐĞŶĞƌĂƟŽŶ�ĂŌĞƌ�ĚĂŵĂŐĞ�ƚŽ�
the peripheral nerve has been demonstrated using median 
ŶĞƌǀĞ�ĐƌƵƐŚ�ŝŶũƵƌǇ�ĂŶĚ�ŵĞĚŝĂŶ�ŶĞƌǀĞ�ƚƌĂŶƐĞĐƟŽŶ�ĨŽůůŽǁĞĚ�ďǇ�
end-to-end microsurgical suturing. Using this model, it was 
shown that increased expression of VEGF165 accelerates 
Schwann cells migration, which is the main stimulus for the 
promotion of neurite outgrowth (Muratori et al., 2018). 
An increase in the level of VEGF can also promote axon 
regeneration and functional reinnervation by stimulating 
axon growth and proliferation of Schwann cells (Haninec 
et al., 2012). Moreover, the positive effect of VEGF on 
the angiogenesis and intraneural revascularization during 
ƉĞƌŝƉŚĞƌĂů�ŶĞƌǀĞ�ƌĞŐĞŶĞƌĂƟŽŶ�ŚĂƐ�ďĞĞŶ�ĚĞŵŽŶƐƚƌĂƚĞĚ�ďǇ�ƚŚĞ�
enhancement of oxygen and nutrients supply that is needed 
to form Bühngner bands with Schwann cells. However, the 
ŵŽůĞĐƵůĂƌ�ŝŶƚĞƌĂĐƟŽŶƐ�ďĞƚǁĞĞŶ�^ĐŚǁĂŶŶ�ĐĞůůƐ͕�ŵĂĐƌŽƉŚĂŐĞƐ͕�
ĂŶĚ�ŶĞŽͲǀĂƐĐƵůĂƌ�ĞŶĚŽƚŚĞůŝĂů�ĐĞůůƐ�ŶĞĞĚƐ�ĨƵƌƚŚĞƌ�ŝŶǀĞƐƟŐĂƟŽŶ�
(Caillaud et al., 2019). Saffari et al. (2020a, b) described 
ĂƉƉůŝĐĂƟŽŶ�ŽĨ�ƚŚĞ�ƐƵƉĞƌĮĐŝĂů� ŝŶĨĞƌŝŽƌ�ĞƉŝŐĂƐƚƌŝĐ�ĂƌƚĞƌǇ�ĨĂƐĐŝĂů�
flap to achieve vascularization to the nerve graft site in 
an experimental model and they found that it enhances 
ƌĞǀĂƐĐƵůĂƌŝǌĂƟŽŶ�ŽĨ�ƚƌĂŶƐƉůĂŶƚĞĚ�ŶĞƌǀĞ�ĂůůŽŐƌĂŌƐ͘
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^ǇŶĞƌŐǇ�ďĞƚǁĞĞŶ�&ŝďƌŽďůĂƐƚ�'ƌŽǁƚŚ�&ĂĐƚŽƌ�Ϯ�
ĂŶĚ�sĂƐĐƵůĂƌ��ŶĚŽƚŚĞůŝĂů�'ƌŽǁƚŚ�&ĂĐƚŽƌ
The expression levels of FGF-2 and VEGF are interrelated. 
Synergy between these two growths factors has been 
demonstrated by the evidence that FGF-2 increases 
endogenous synthesis of VEGF and VEGF itself is necessary 
for FGF-2-induced expression of placental growth factor 
in vascular smooth muscle cells (Couper et al., 1997). In 
addition, VEGF-A and FGF-2 are well-studied pro-angiogenic 
molecules that are used for therapeutic angiogenesis (Kano 
et al., 2005). The combination of VEGF-A and FGF-2 has a 
ƉŽǁĞƌĨƵů�ƐǇŶĞƌŐŝƐƟĐ�ĞīĞĐƚ�ŽŶ�ƚŚĞ�ĨŽƌŵĂƟŽŶ�ŽĨ�ŶĞǁ�ǀĞƐƐĞůƐ�ŝŶ�
ĞǆƉĞƌŝŵĞŶƚĂů�ĐŽŶĚŝƟŽŶƐ�ďŽƚŚ in vivo and in vitro͘� /Ŷ�ĂĚĚŝƟŽŶ�
to the combination of VEGF-A and FGF-2, VEGF-A and 
platelet-derived growth factor BB (PDGF BB) (Richardson et 
al., 2001) and FGF-2 and PDGF-BB (Cao et al., 2003) have a 
ƐƚƌŽŶŐ�ƐǇŶĞƌŐŝƐƟĐ�ĞīĞĐƚ�ŽŶ�ŝŶĚƵĐƟŽŶ�ŽĨ�ŶĞŽǀĂƐĐƵůĂƌŝǌĂƟŽŶ�ŝŶ�
experimental animal models in vivo. However, the mechanisms 
that underlie these synergisms are not fully understood. 
/Ŷ�ǀŝƚƌŽ�experiments have shown that, in addition to direct 
ŵŝƚŽŐĞŶŝĐ�ĞīĞĐƚƐ͕�s�'&Ͳ��ĂŶĚ�&'&ͲϮ�ĞŶŚĂŶĐĞ�ƚŚĞ�ŝŶƚĞƌĐĞůůƵůĂƌ�
transmission of PDGF-B signals in a specific way dependent 
on the cell types. Indeed, VEGF-A enhances the expression of 
endothelial PDGF-B, while FGF-2 enhances the PDGF receptor 
mural (PDGFR) expression. Co-stimulation using VEGF-A 
and FGF-2 causes enhanced formation of neovascular cells 
ĐŽŵƉĂƌĞĚ�ƚŽ�ƐƟŵƵůĂƟŽŶ�ǁŝƚŚ�Ă�ƐŝŶŐůĞ�ĂŐĞŶƚ͘�dŚƵƐ͕�ĞŶŚĂŶĐĞĚ�
signaling of endogenous PDGF-B-PDGFR is necessary for the 
synergistic effect of VEGF-A and FGF-2 on angiogenesis in 
adults (Kano et al., 2005). Several studies have shown that 
FGF2 can induce neovasculogenesis in an indirect way through 
ĂĐƟǀĂƟŽŶ�ŽĨ�ƚŚĞ�s�'&ͬs�'&Z�ƌĞĐĞƉƚŽƌ�ƐǇƐƚĞŵ͘�&Žƌ� ŝŶƐƚĂŶĐĞ͕�
Ă�ƐƚƵĚǇ�ďǇ�zĂŶĂŐŝƚĂ�Ğƚ�Ăů͘�;ϮϬϭϰͿ�ƐŚŽǁĞĚ�Ă�ĐŽŽƉĞƌĂƟǀĞ�ĞīĞĐƚ�
of FGF-2 and VEGF on periodontal ligament cells, where 
intercellular interactions between PDL cells and endothelial 
ĐĞůůƐ�ĐĂŶ�ƐƟŵƵůĂƚĞ�ĂŶŐŝŽŐĞŶĞƐŝƐ͘

�ŝŽŵĂƚĞƌŝĂůƐ�ĨŽƌ��ĞůŝǀĞƌǇ�ĂŶĚ�ZĞůĞĂƐĞ�ŽĨ�'ƌŽǁƚŚ�
&ĂĐƚŽƌƐ
Advanced technologies that ensure delivery and release of 
GFs at the site of injury are critical for achieving effective 
regeneration. The biomaterials used to deliver and release 
growth factors are of great variety. A wide range of 
biomaterials has been studied to find the most effective 
substrate for FGF production and release both in vitro and/
or in vivo͕� ŝŶĐůƵĚŝŶŐ�ƐǇŶƚŚĞƟĐ�ĂŶĚ�ŶĂƚƵƌĂů�ƉŽůǇŵĞƌƐ�ĂŶĚ�ĞǀĞŶ�
tissue matrices. Initiatory synthetic nerve guidance conduits 
were initially made of silicone. Currently, biodegradable 
materials  such as al iphatic  polyesters,  col lagen,  or 
ƉŽůǇƵƌĞƚŚĂŶĞƐ�ĂƌĞ�ƵƐĞĚ�;WĮƐƚĞƌ�Ğƚ�Ăů͕͘�ϮϬϬϳͿ͘�dŚĞƐĞ�ƐƵďƐƚƌĂƚĞƐ�
can be combined with cells that actively secrete GFs to 
ƉƌŽŵŽƚĞ�ƌĞƉĂŝƌ�ĂŶĚ�ƌĞŐĞŶĞƌĂƟŽŶ͘��&Žƌ�ŝŶƐƚĂŶĐĞ͕�&'&ͲϮ�ĚĞƌŝǀĞĚ�
ĨƌŽŵ�ŵĂƌƌŽǁ�ŵŽŶŽŶƵĐůĞĂƌ�ĐĞůůƐ�ƉƌŽŵŽƚĞƐ�ƚŚĞ�ƌĞŐĞŶĞƌĂƟŽŶ�ŽĨ�
ƚŚĞ�ƉĞƌŝƉŚĞƌĂů�ŶĞƌǀĞ͕�ƐƟŵƵůĂƟŶŐ�ƚŚĞ�ƐƵƌǀŝǀĂů�ĂŶĚ�ƉƌŽůŝĨĞƌĂƟŽŶ�
ŽĨ�ŐůŝĂů�ĐĞůůƐ�ŝŶ�Ă�ŵŽĚĞů�ŽĨ�ƐĐŝĂƟĐ�ŶĞƌǀĞ�ĚĂŵĂŐĞ�ǁŝƚŚ�ĐŽŵƉůĞƚĞ�
transection of the sciatic nerve, followed by connecting the 
proximal and distal sections inside a silicone tube (Ribeiro-
Resende et al., 2012). This work supports the hypothesis 
that various molecules derived from the bone marrow work 
ƚŽŐĞƚŚĞƌ�ĚƵƌŝŶŐ�ƚŚĞ�ƌĞŐĞŶĞƌĂƟŽŶ�ŽĨ�ƉĞƌŝƉŚĞƌĂů�ŶĞƌǀĞ͕�ůĞĂĚŝŶŐ�
to the decrease of neuron death and the increase of axonal 
growth. Pfister et al. (2007) proposed application of nerve 
guidance conduits with integrated delivery systems for growth 
factors or growth factor producing cells in order to make nerve 
regeneration more effective. The delivery can be mediated 
by viral bacterial plasmids. Solovyeva et al. (2014) studied the 
ĞīĞĐƚ�ŽĨ�ƉůĂƐŵŝĚ��E��ĞŶĐŽĚŝŶŐ�ƚŚĞ�ƉƌŽͲĂŶŐŝŽŐĞŶŝĐ�'&Ɛ�s�'&�
and FGF2 on cytokine production by human adipose tissue-

derived stem cells. Genetic modification of adipose tissue-
derived stem cells with the recombinant plasmid pBud-VEGF-
FGF2 results in increased secretion of IL-8 and MCP-1, both 
involved in wound healing. 

��ĐŽŵƉůĞŵĞŶƚĂƌǇ�ƚĞĐŚŶŽůŽŐǇ�ŝƐ�ďĂƐĞĚ�ŽŶ�ƚŚĞ�ƵƐĞ�ŽĨ�ƐĐĂīŽůĚƐ�
as prototype of extracellular matrix. Different materials are 
ƵƐĞĚ�ĨŽƌ�ƚŚĞŝƌ�ŵĂŶƵĨĂĐƚƵƌŝŶŐ͕� ŝŶĐůƵĚŝŶŐ�ŶĂƚƵƌĂů�ĂŶĚ�ƐǇŶƚŚĞƟĐ�
polymers, as well as ceramics. Methods of delivery of factors 
that are most important for PNS recovery vary greatly and are 
constantly being improved (dĂďůĞ�Ϯ). 

dĂďůĞ�Ϯ�̘ �ĞůŝǀĞƌǇ�ŵĞƚŚŽĚƐ�ĨŽƌ�'&Ɛ�ƚŚĂƚ�ĂƌĞ�ƚŚĞ�ŵŽƐƚ�ŝŵƉŽƌƚĂŶƚ�ĨŽƌ�
ƌĞŐĞŶĞƌĂƚŝŽŶ�ŽĨ�WE^

'ƌŽǁƚŚ�
ĨĂĐƚŽƌ DĂŝŶ�ƚĂƌŐĞƚ

�ƉƉůŝĐĂƚŝŽŶ�
ŝŶ�ƚŝƐƐƵĞ�
ĞŶŐŝŶĞĞƌŝŶŐ �ĞůŝǀĞƌǇ�ŵĞƚŚŽĚ ZĞĨĞƌĞŶĐĞ

VEGF Vascular 
endothelial 
cells

Angiogenesis ɴͲƚƌŝĐĂůĐŝƵŵ�
phosphate scaffolds
Collagen-binding 
domain
L-lactic acid 
nanofibrous scaffold
Magnetic 
nanoparticles 

Sweet et al., 
2015
Ma et al., 
2014
Xia and Lv, 
2018
Giannaccini 
et al., 2017

FGF-2 Wide range 
of cells and 
tissues

Nerve growth 
Angiogenesis
Cell 
proliferation

Collagen-binding 
domain 
Collagen scaffolds 
incorporated with 
growth factors

Pokholenko 
et al., 2013
Cui et al., 
2014

NGF Sensory 
and motor 
neurons

Neurite 
extension in 
PNS

L-lactic acid 
nanofibrous scaffold
Magnetic 
nanoparticles 

Xia and Lv, 
2018
Giannaccini 
et al., 2017

IGF Inflammatory 
cells, sensory 
and motor 
neurons

Nerve growth Gelatin-based nerve 
guidance conduits 

Chen et al., 
2006

GDNF Motor 
neurons

Axon 
regeneration

Heparinated poly 
(ethylene glycol) 
microsphere 
scaffolds

Roam et al., 
2015

PDGF Endothelial 
cell

Wound 
healing
Angiogenesis

ɴͲdƌŝĐĂůĐŝƵŵ�
phosphate scaffolds

Sweet et al., 
2015

BDNF Motor 
neurons, 
synapses

Survival, 
differentiation 
and 
proliferation 
of neurites for 
many types of 
neurons

Xenotransplantation Yu et al., 2016

BDNF: Brain-derived neurotrophic factor; FGF-2: Fibroblast growth factor 
2; GDNF: glial cell line-derived neurotrophic factor; IGF: insulin-like growth 
factor; NGF: nerve growth factor; NT-3: neurotrophin-3; PDGF: platelet-
derived growth factor; VEGF: vascular endothelial growth factor.

/ŵƉůĂŶƚĂƟŽŶ�ŽĨ�ƐĐĂīŽůĚƐ�ĂůůŽǁƐ�ƋƵŝĐŬůǇ�ĐŽǀĞƌŝŶŐ�ŽĨ�ƚŚĞ�ĚĞĨĞĐƚ�
and recovery of the function of damaged nerves (Whitaker 
et al., 2001). It is important to emphasize that endogenous 
ĞǆƉƌĞƐƐŝŽŶ�ŽĨ�'&Ɛ�ƚŽŐĞƚŚĞƌ�ǁŝƚŚ�ĞǆŽŐĞŶŽƵƐ�ƐƵƉƉůĞŵĞŶƚĂƟŽŶ�
in the nerve regenerative environment can further improve 
outcome. Most studied growth factors used in this context 
include NGFs, FGFs, BDNF, GDNF, ciliary neurotrophic factor, 
VEGF, and NT-3. All of them are known to have different 
affinities to specific ECM proteins (Pabari et al., 2011). 
Wagner et al. (2018) synthesized biodegradable scaffolds 
ĨƌŽŵ�ƉŽůǇĐĂƉƌŽůĂĐƚŽŶĞ�ĨƵŵĂƌĂƚĞ�ĨŽƌ�ƟƐƐƵĞ�ŝŶŐƌŽǁƚŚ�ƚŚƌŽƵŐŚ�
ůĂƌŐĞ�ŝŶƚĞƌĐŽŶŶĞĐƚĞĚ�ƉŽƌĞƐ͘��Ɛ�Ă�ƌĞƐƵůƚ͕�ƐĐĂīŽůĚƐ�ƐĞĞĚĞĚ�ǁŝƚŚ�
microspheres containing VEGF or VEGF with BMP-2 or FGF-
Ϯ�ŚĂǀĞ�Ă�ƐŝŐŶŝĮĐĂŶƚůǇ�ŚŝŐŚĞƌ�ůĞǀĞů�ŽĨ�ǀĂƐĐƵůĂƌ�ŝŶŐƌŽǁƚŚ͘�dŚƵƐ͕�
ƚŚŝƐ�ŵĞƚŚŽĚ�ŽĨ�ĚĞůŝǀĞƌǇ�ŽĨ�ŐƌŽǁƚŚ�ĨĂĐƚŽƌƐ�ƐŚŽǁƐ�ƉŽƚĞŶƟĂů�ĨŽƌ�
ƟƐƐƵĞ�ƌĞŐĞŶĞƌĂƟŽŶ�ŝŶ�ǀĂƌŝŽƵƐ�ƚǇƉĞƐ�ŽĨ�ƟƐƐƵĞƐ�;tĂŐŶĞƌ�Ğƚ�Ăů͕͘�
2018).
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Application of functionalized materials for neural scaffolds 
together with GFs can considerably improve outcome. 
,ŽǁĞǀĞƌ͕ �ƚŚĞ�ŽƉƟŵĂů�ŵĞƚŚŽĚ�ŽĨ�ŝŶĐŽƌƉŽƌĂƟŽŶ�ŶĞĞĚƐ�ĨƵƌƚŚĞƌ�
investigation (Du et al., 2018). Giannaccini et al. (2017) 
ĚĞŵŽŶƐƚƌĂƚĞĚ�ƚŚĂƚ�ƐǇŶƚŚĞƟĐ�E'��ƉƌŽǀŝĚĞ�ƉŚǇƐŝĐĂů�ŐƵŝĚĂŶĐĞ�ƚŽ�
ƚŚĞ�ƌĞŐĞŶĞƌĂƟŶŐ�ƐƚƵŵƉ�ĂŶĚ�ůŝŵŝƚ�ƐĐĂƌ�ƟƐƐƵĞ�ŝŶĮůƚƌĂƟŽŶ�Ăƚ�ƚŚĞ�
site of injury. VEGF and NGF on magnetic nanoparticles can 
ŝŵƉƌŽǀĞ�ƚŚĞ�ƌĂƚĞƐ�ŽĨ�ƌĞŐĞŶĞƌĂƟŽŶ�ĂŶĚ�ƚŚŝƐ�ĐĂŶ�ďĞ�ĐŽŶƐŝĚĞƌĞĚ�
as a realistic alternative to autografts (Giannaccini et al., 
2017).

'ƌŽǁƚŚ�&ĂĐƚŽƌƐ�ĂŶĚ�dŚĞƌĂƉŝĞƐ�ĨŽƌ�EĞƌǀĞ�
ZĞŐĞŶĞƌĂƟŽŶ
Several models have been developed for the study of GFs and 
ƚŚĞŝƌ�ĞīĞĐƚƐ�ŽŶ�ƌĞƉĂƌĂƟǀĞ�ƉƌŽĐĞƐƐĞƐ͘��ĞůŝǀĞƌǇ�ŽĨ�'&Ɛ�ŝƐ�ƵƐĞĚ�
for increasing the expression of these genes in the damaged 
area. One of the possible options is GFs injections into a 
damaged nerve or conduit using microcapsules or minipumps 
designed to provide constant or prolonged concentration of 
ƚŚĞ�ƐŽůƵƟŽŶ�ŝŶ�ƚŚĞ�ƟƐƐƵĞ͘�dƌĂŶƐƉůĂŶƚĂƟŽŶ�ŽĨ�ĐĞůůƐ�ƐĞĐƌĞƟŶŐ�ƚŚĞ�
ŶĞĐĞƐƐĂƌǇ�ĨĂĐƚŽƌƐ�Žƌ�ƚŚĞ�ƵƐĞ�ŽĨ�ƉůĂƐŵŝĚƐ�ƉƌŽŵŽƟŶŐ�ƉƌŽĚƵĐƟŽŶ�
of neurotrophic and angiogenic substances are also widely 
used (Pfister et al., 2007; Masgutov et al., 2018). Notably, 
regenerating nerves can get into neuroma, a phenomenon 
ŝŶĚŝĐĂƟŶŐ�ƚŚĞ�ĞīĞĐƚ�ŽĨ�͞ĐĂŶĚǇ�ƐƚŽƌĞ͟�ůŝŶŬĞĚ�ƚŽ�ůŽĐĂů�ĞůĞǀĂƟŽŶ�
of GF concentration causing trapping of regenerating axons 
(Eggers et al., 2013). 

Peripheral nerve injury is a major neurological disorder 
that can cause multiple motor and sensory impairment. 
Guaiqui et al. (2014) showed that VEGF-B stimulates nerve 
ƌĞŐĞŶĞƌĂƟŽŶ�ĂŶĚ�ŝŵƉƌŽǀĞƐ�ƚŚĞ�ƌĞƐƚŽƌĂƟŽŶ�ŽĨ�ƟƐƐƵĞ�ƐĞŶƐŝƟǀŝƚǇ�
as well as the ability of nerves to improve healing and 
regeneration of innervated tissue. Indeed, VEGF-B induces 
strong lengthening and branching of neurons and requires 
ƐƉĞĐŝĮĐ�ƚƌĂŶƐŵĞŵďƌĂŶĞ�ƌĞĐĞƉƚŽƌƐ͕�ĂƐ�ǁĞůů�ĂƐ�ƚŚĞ�ĂĐƟǀĂƟŽŶ�ŽĨ�
complex intracellular signaling (Guaiquil et al., 2014).

�ƚ�ƚŚĞ�ƐĂŵĞ�ƟŵĞ͕�ŝƚ�ǁĂƐ�ƐŚŽǁŶ�ƚŚĂƚ�ŝŶũĞĐƟŽŶƐ�ŽĨ�&'&ͲϮ�ƵƐŝŶŐ�
retroviral delivery lead to a significant improvement in the 
ƌĞŐĞŶĞƌĂƟŽŶ�ŽĨ�ŶĞƌǀĞƐ�ĂŶĚ�ƌĞͲŝŶŶĞƌǀĂƟŽŶ�;�ůůŽĚŝ�Ğƚ�Ăů͕͘�ϮϬϭϰͿ͘�
,ĞƉĂƌŝŶͲďĂƐĞĚ�ƌĞůĞĂƐĞ�ŽĨ�ď&'&�ŝŶ�ƚŚĞ�ƌĂƚ�ƐĐŝĂƟĐ�ŶĞƌǀĞ�ŵŽĚĞů�
ƐŚŽǁĞĚ�ŚŽǁ�&'&�ĂīĞĐƚƐ�ĨƵŶĐƟŽŶĂů�ƌĞĐŽǀĞƌǇ�ĂŶĚ�ƌĞŐĞŶĞƌĂƟŽŶ�
of the peripheral nerve. /Ŷ�ǀŝǀŽ, the coacervate improves 
the bioavailability of bFGF, thus improving both motor and 
ƐĞŶƐŽƌǇ�ŶĞƌǀĞ�ĨƵŶĐƟŽŶ͘�/ƚ�ĐĂŶ�ĂůƐŽ�ƐƉĞĞĚ�ƵƉ�ƌĞŐĞŶĞƌĂƟŽŶ�ĂŶĚ�
ƐƟŵƵůĂƚĞ�ƚŚĞ�ƉƌŽůŝĨĞƌĂƟŽŶ�ŽĨ�^ĐŚǁĂŶŶ�ĐĞůůƐ�;>ŝ�Ğƚ�Ăů͕͘�ϮϬϭϳͿ͘�

Recent studies  revealed that  VEGF also st imulates 
neurogenesis, neuronal patterning, neuroprotection 
and glial growth. VEGF is an important participant in the 
neuroregeneration due to the close relationship between 
nerve fibers and blood vessels (Hobson et al., 2000). 
Application of VEGF significantly increases the permeability 
of blood vessels with an increase in axon regeneration and 
migration of Schwann cells after axotomy. Reinnervation of 
ƚŚĞ�ƚĂƌŐĞƚͲŽƌŐĂŶ�ŝƐ�ĨĂĐŝůŝƚĂƚĞĚ�ďǇ�s�'&͕ �ƚŚƵƐ�ĚĞŵŽŶƐƚƌĂƟŶŐ�Ă�
mutual relationship between increased vascularization and 
ĞŶŚĂŶĐĞĚ�ŶĞƌǀĞ�ƌĞŐĞŶĞƌĂƟŽŶ�;,ŽďƐŽŶ�Ğƚ�Ăů͕͘�ϮϬϬϬͿ͘

Furthermore, del ivery of a plasmid vector with the 
VEGF gene into the rat sciatic nerve transection area 
improves regeneration and contributes to the recovery 
of motor function (Fu et al., 2007). At the same time, 
ĂůůŽƚƌĂŶƐƉůĂŶƚĂƟŽŶ�ŽĨ�&'&ϮͲƚƌĂŶƐĨĞĐƚĞĚ�^ĐŚǁĂŶŶ�ĐĞůůƐ�ĂƐ�ƉĂƌƚ�
of a silicone conduit implanted in a defect of the rat sciatic 
nerve supports the regeneration of myelin fibers (Haastert 
Ğƚ�Ăů͕͘�ϮϬϬϵͿ͘�hƐŝŶŐ�ƚŚĞ�ƌĂƚ�ƐĐŝĂƟĐ�ŶĞƌǀĞ�ŝŶƐĞƌƟŽŶ�ŵŽĚĞů͕�ƚŚĞ�
effectiveness of local injection of the plasmid pBud-VEGF-
FGF2, expressing both factors at the same time, was also 
ĞǀĂůƵĂƚĞĚ͘��ŝƌĞĐƚ�ŝŶũĞĐƟŽŶ�ŽĨ�ƚŚŝƐ�ƉůĂƐŵŝĚ�ŝŶƚŽ�ƚŚĞ�ĐĞŶƚƌĂů�ĂŶĚ�
ƉĞƌŝƉŚĞƌĂů�ƐƚƵŵƉƐ�ŽĨ�ƚŚĞ�ŶĞƌǀĞ͕�ĂƐ�ǁĞůů�ĂƐ�ŝŶƚŽ�ƚŚĞ�ĂƵƚŽŐƌĂŌ͕�

stimulates the regeneration and recovery of motor function 
(Masgutov et al., 2011). VEGF treatment of cultured neurons 
autonomously of blood vessels increases neurite survival and 
ŝƚƐ�ŐƌŽǁƚŚ͘�s�'&�ĂůƐŽ�ƐƵƉƉŽƌƚƐ�ƚŚĞ�ŵŝŐƌĂƟŽŶ�ŽĨ�ŶĞƵƌŽŶƐ�ŝŶ�ƚŚĞ�
embryonic brain and supports co-growth of axons and arteries 
in developing skin (Rosenstein et al., 2010). In addition, 
intramuscular overexpression of VEGF using AAV-VEGF vectors 
considerably reduces the progression of muscle atrophy in a 
rat nerve injury model (Moimas et al., 2013). 

Shen et al. (2020) also evaluated the regenerative capacity 
of peripheral nerves after nerve injury. They observed the 
ĚǇŶĂŵŝĐ�ĐŚĂŶŐĞƐ�ŽĨ�ŐĞŶĞƐ�ŝŶ�>ϰʹϲ�ĚŽƌƐĂů�ƌŽŽƚ�ŐĂŶŐůŝŽŶ�ĂŌĞƌ�
ƌĂƚ�ƐĐŝĂƟĐ�ŶĞƌǀĞ�ĐƌƵƐŚ�ƵƐŝŶŐ�ƚƌĂŶƐĐƌŝƉƚŽŵĞ�ƐĞƋƵĞŶĐŝŶŐ͘�dŚĞŝƌ�
data showed that many growth factors, including nerve 
growth factor, brain neurotrophic factor, fibroblast growth 
ĨĂĐƚŽƌ�Ϯ͕�ĂŶĚ�ĂŵƉŚŝƌĞŐƵůŝŶ͕�ĂƌĞ�ŝŶǀŽůǀĞĚ�ŝŶ�ƟƐƐƵĞ�ƌĞŵŽĚĞůŝŶŐ�
and biological processes associated with axonal growth. Their 
experiment outlines the pattern of expression of growth 
ĨĂĐƚŽƌƐ�ŝŶ�ƚŚĞ�ĚŽƌƐĂů�ƌŽŽƚ�ŐĂŶŐůŝĂ�ĂŌĞƌ�ƉĞƌŝƉŚĞƌĂů�ŶĞƌǀĞ�ŝŶũƵƌǇ�
(Shen et al., 2020).

As mentioned above, damage of the PNS can include 
polyneuropathy, followed by deterioration of innervation 
and blood circulation of the target organ. In that case, the 
infiltration of a neurotrophic ulcer in the heel region at 
equidistant points with equal doses of the pBud-VEGF165-
FGF2 plasmid, combined with vacuum therapy and classical 
ƐƵƌŐŝĐĂů�ƚĞĐŚŶŝƋƵĞƐ͕��ĚĞŵŽŶƐƚƌĂƚĞĚ�Ă�ƐƵĐĐĞƐƐĨƵů�ƌĞƉĂƌĂƟŽŶ�ŽĨ�
ƚŚĞ�ƵůĐĞƌ�ĂŌĞƌ�ϱ�ŵŽŶƚŚƐ�;DƵůůŝŶ�Ğƚ�Ăů͕͘�ϮϬϭϯͿ͘

�ŽŶĐůƵƐŝŽŶƐ�ĂŶĚ�&ƵƚƵƌĞ��ŝƌĞĐƟŽŶƐ�
/ŶƐƵĸĐŝĞŶƚ� ůĞǀĞůƐ�ŽĨ�'&Ɛ� ŝŶĐƌĞĂƐĞ�ƚŚĞ�ƉƌŽďĂďŝůŝƚǇ�ŽĨ�ŶĞƵƌŽŶƐ�
undergoing apoptosis and compromise regeneration of PNS 
after injury. Therefore, the application of exogenous GFs 
is considered to be an effective therapy for the treatment 
of acute peripheral nerve injuries, as GFs support the 
ƌĞŐĞŶĞƌĂƟŽŶ�ŽĨ�ĂǆŽŶƐ�ĂŶĚ�ĨŽƌŵĂƟŽŶ�ŽĨ�ŶĞǁ�ŵǇĞůŝŶ�ƐŚĞĂƚŚƐ͘

It is important to acknowledge that the combination of 
classical surgical methods for restoring peripheral nerves and 
methods of direct therapy with growth factors both accelerate 
axonal growth, stimulate nerve revascularization and the 
migration of Schwann cells. Due to the variable changes in 
nerves during different types of PNI, the aim of peripheral 
ƚƌĞĂƚŵĞŶƚ�ŝƐ�ƚŽ�ŵĂŝŶƚĂŝŶ�ƚŚĞ�ƉƌŽͲƌĞŐĞŶĞƌĂƟǀĞ�ĐĂƉĂĐŝƚǇ�ŽĨ�ƚŚĞ�
de-axonised distal nerve and to promote recipient axonal 
regeneration. This is confirmed by numerous experimental 
studies demonstrating improvement of post-traumatic 
ƌĞƐƚŽƌĂƟŽŶ�ŽĨ�ĨƵŶĐƟŽŶ�ĂŶĚ�ƌĞŝŶŶĞƌǀĂƟŽŶ�ŽĨ�ĚĂŵĂŐĞĚ�ƟƐƐƵĞ͘�
Efficient use of GFs at appropriate sites in PNS can improve 
the regenerative capacity of tissue after trauma, despite 
their delivery still remaining a clinical challenge. Therefore, 
ŝƚ�ŝƐ�ŽĨ�ƵƚŵŽƐƚ�ŝŵƉŽƌƚĂŶĐĞ�ƚŽ�ĚĞĮŶĞ�ƚŚĞ�ďĞƐƚ�ŵĞƚŚŽĚƐ�ĨŽƌ�'&�
ĚĞůŝǀĞƌǇ�ĂŶĚ�ƚŽ�ĮŶĚ�ŽƉƟŵĂů�ĐŽŶĚŝƟŽŶƐ�ĨŽƌ�ƚŚĞŝƌ�ŵŽƐƚ�ĞīĞĐƟǀĞ�
ƚŚĞƌĂƉĞƵƟĐ�ƵƐĞ͘

�ƵƚŚŽƌ�ĐŽŶƚƌŝďƵƟŽŶƐ͗ DĂŶƵƐĐƌŝƉƚ�ĐŽŶĐĞƉƚ͕�ƉƌĞƉĂƌĂƟŽŶ͕�ƌĞǀŝĞǁ͕�ĂŶĚ�
ůŝƚĞƌĂƚƵƌĞ�ƐĞĂƌĐŚ͗�</͕�D'͕���͕�s^͕�/^͕�'�͕���͕��<͕�ZD͖��ĚŝƟŶŐ͗���͕���͕��Z͘�
�ůů�ĂƵƚŚŽƌƐ�ĂƉƉƌŽǀĞĚ�ƚŚĞ�ĮŶĂů�ŵĂŶƵƐĐƌŝƉƚ͘
�ŽŶŇŝĐƚƐ�ŽĨ�ŝŶƚĞƌĞƐƚ͗�dŚĞ�ĂƵƚŚŽƌƐ�ĚĞĐůĂƌĞ�ŶŽ�ĐŽŶŇŝĐƚƐ�ŽĨ�ŝŶƚĞƌĞƐƚ͘�
&ŝŶĂŶĐŝĂů�ƐƵƉƉŽƌƚ͗���Z�ǁĂƐ�ƐƵƉƉŽƌƚĞĚ�ďǇ�ƐƚĂƚĞ�ĂƐƐŝŐŶŵĞŶƚ�ϬϲϳϭͲϮϬϮϬͲ
ϬϬϱϴ�ŽĨ�ƚŚĞ�DŝŶŝƐƚƌǇ�ŽĨ��ĚƵĐĂƟŽŶ�ĂŶĚ�^ĐŝĞŶĐĞ�ŽĨ�ZƵƐƐŝĂŶ�&ĞĚĞƌĂƟŽŶ͘�//^�
ĂŶĚ�'�D�ǁĞƌĞ�ƐƵƉƉŽƌƚĞĚ�ďǇ�ƚŚĞ�ZƵƐƐŝĂŶ�&ŽƵŶĚĂƟŽŶ�ĨŽƌ��ĂƐŝĐ�ZĞƐĞĂƌĐŚ�
ŐƌĂŶƚ�ϭϴͲϱϰͲϰϱϬϮϯ�/ŶĚͺĂ͘�dŚŝƐ�ǁŽƌŬ�ŝƐ�ƉĂƌƚ�ŽĨ�<ĂǌĂŶ�&ĞĚĞƌĂů�hŶŝǀĞƌƐŝƚǇ�
^ƚƌĂƚĞŐŝĐ��ĐĂĚĞŵŝĐ�>ĞĂĚĞƌƐŚŝƉ�WƌŽŐƌĂŵ�;ƚŽ�//^Ϳ͘
�ŽƉǇƌŝŐŚƚ�ůŝĐĞŶƐĞ�ĂŐƌĞĞŵĞŶƚ͗�dŚĞ��ŽƉǇƌŝŐŚƚ�>ŝĐĞŶƐĞ��ŐƌĞĞŵĞŶƚ�ŚĂƐ�
ďĞĞŶ�ƐŝŐŶĞĚ�ďǇ�Ăůů�ĂƵƚŚŽƌƐ�ďĞĨŽƌĞ�ƉƵďůŝĐĂƟŽŶ͘�
WůĂŐŝĂƌŝƐŵ�ĐŚĞĐŬ͗ �ŚĞĐŬĞĚ�ƚǁŝĐĞ�ďǇ�ŝdŚĞŶƟĐĂƚĞ͘�
WĞĞƌ�ƌĞǀŝĞǁ͗��ǆƚĞƌŶĂůůǇ�ƉĞĞƌ�ƌĞǀŝĞǁĞĚ͘�
KƉĞŶ�ĂĐĐĞƐƐ�ƐƚĂƚĞŵĞŶƚ͗�dŚŝƐ�ŝƐ�ĂŶ�ŽƉĞŶ�ĂĐĐĞƐƐ�ũŽƵƌŶĂů͕�ĂŶĚ�ĂƌƟĐůĞƐ�
ĂƌĞ�ĚŝƐƚƌŝďƵƚĞĚ�ƵŶĚĞƌ�ƚŚĞ�ƚĞƌŵƐ�ŽĨ�ƚŚĞ��ƌĞĂƟǀĞ��ŽŵŵŽŶƐ��ƩƌŝďƵƟŽŶͲ
EŽŶ�ŽŵŵĞƌĐŝĂůͲ^ŚĂƌĞ�ůŝŬĞ�ϰ͘Ϭ�>ŝĐĞŶƐĞ͕�ǁŚŝĐŚ�ĂůůŽǁƐ�ŽƚŚĞƌƐ�ƚŽ�ƌĞŵŝǆ͕�
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ƚǁĞĂŬ͕�ĂŶĚ�ďƵŝůĚ�ƵƉŽŶ�ƚŚĞ�ǁŽƌŬ�ŶŽŶͲĐŽŵŵĞƌĐŝĂůůǇ͕�ĂƐ�ůŽŶŐ�ĂƐ�ĂƉƉƌŽƉƌŝĂƚĞ�
ĐƌĞĚŝƚ�ŝƐ�ŐŝǀĞŶ�ĂŶĚ�ƚŚĞ�ŶĞǁ�ĐƌĞĂƟŽŶƐ�ĂƌĞ�ůŝĐĞŶƐĞĚ�ƵŶĚĞƌ�ƚŚĞ�ŝĚĞŶƟĐĂů�
ƚĞƌŵƐ͘
KƉĞŶ�ƉĞĞƌ�ƌĞǀŝĞǁĞƌ͗��ďƵ�ZĂĨĞĞ�DĂůŝŬ͕�/ŶĚŝĂŶ�sĞƚĞƌŝŶĂƌǇ�ZĞƐĞĂƌĐŚ�
/ŶƐƟƚƵƚĞ͕�/ŶĚŝĂ͘�
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