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Abstract

Context: The purpose of the present study was to investigate the context of research into the physiological roles of VEGF and the
most important potential mechanisms that may lead to a temporary decrease in serum VEGF, as well as to perform a desirable con-
clusion and provide more relevant data from previous research.

Methods: In this study, articles were searched in specialized databases and 40 related articles were selected based on inclusion and
exclusion criteria. Then the effect of physical activity on VEGF and HIF-1 signaling was investigated.

Results: Exercise and physical activity by stimulating and activating VEGF and HIF-1 signals may induce generating new arteries and
angiogenesis.

Conclusions: The present study showed that physical activity increases capillary density by increasing the level of diffusion, increas-
ing the time of exchange between blood and tissue, and decreasing the oxygen diffusion distance. As a result, capillary dilatation
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and capacity increase and ultimately it improves athletes’ performance.

1. Context

Substantial biochemical and physiological changes oc-
cur in the human body following physical activity to im-
prove performance (1). Increased capillary density or an-
giogenesis is one of the most important adaptations at the
skeletal and cardiac muscle levels (2). Proliferation, differ-
entiation, and migration of capillary endothelial cells are
required for the formation of new vessels, either by bud-
ding or dividing of existing capillaries (3).

Angiogenesis, on the one hand, increases oxygenation
to the skeletal muscle and provides an efficient context,
and on the other hand, reduces the incidence of myocar-
dial infarction, stroke, and hypertension (4); and is one of
the main criteria for success in sports competitions, espe-
cially endurance activities and increasing maximum oxy-
gen consumption (VO,na). Increasing the capillary den-
sity by elevating the level of diffusion, increasing the time
of exchange between blood and tissue, and decreasing the
oxygen diffusion distance, rises the arterial-venous blood
oxygen difference and increases VO,max (5).

Studies show that physical activity stimulates the pro-
cess of angiogenesis through a set of growth factors. The
most important growth factor involved in angiogenesis
is vascular endothelial growth factor (VEGF) (6). This fac-

tor is a 45-kDa glycoprotein that is secreted in response
to stimuli such as hypoxia and shear stress, and performs
its signaling through binding to its receptors in endothe-
lial cells. Afterwards, VEGF provides angiogenesis through
the up-regulation of anti-apoptotic components of DNA
synthesis, destruction of basement membrane, and phos-
phorylation of endothelial adhesion components between
cells and tight junctions.

As shown in Figure 1, upon release of VEGF and bind-
ing to its specific receptor at the endothelial cells surface
through phosphorylation, it activates the Raf, p38MAPK,
and PI3K pathways, which provides the basis for vascu-
lar endothelial cells proliferation, migration, permeability
and survival, respectively, and it eventually causes vascu-
lar formation (7). VEGF also increases capillaries dilatation
and their reception capacity, and by preventing platelet
aggregation, reduces clot formation and vascular obstruc-
tion. Taken together, these factors increase blood flow and
oxygen transport to the target tissue. VEGF causes the for-
mation of apertures in the capillaries endothelium and in-
creases vascular leakage, thereby increasing the duration
of blood supply to the capillaries and the exchange of res-
piratory gases (2).
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Figure 1. How VEGF affects vascular endothelial cells

2. VEGF Kinase Receptors

VEGF R1 (Flt-1), VEGF R2 (KDR/Flk-1) and VEGF R3 (Flt-4).
VEGF R1 (Flt-1) plasma soluble form binds to VEGF plasma
and is of particular importance as a functional regulator of
angiogenesis. VEGF regulates inflammatory responses, an-
giogenesis, and vasculogenesis through VEGF R1 and VEGF
R2 mediators (8).

According to Figure 2, one of the most important stim-
uli that appears to be involved in altering VEGF levels
is physical activity. Increased VEGF expression following
physical activity is mediated through several mechanisms.
HIF increases in the body under hypoxia and ischemia due
to physical activity. This factor increases VEGF expression
by affecting part of the VEGF gene (9).

According to Figure 3 During physical activity, tis-
sue blood flow increases and it applies hydrodynamic-
frictional force to the vessel wall, and in long term, re-
sults in structural changes, particularly increased diame-
ter and vascular hypertrophy. However, its sharp increase
rises the expression of vasodilators, especially nitric oxide
(NO) and prostacyclins and prostanoids. Vasodilators reg-
ulate vascular function through 4 message delivery path-
ways, namely MEK/Raf/Ras[ERK, C-Src, HSP-90, HIF-1 path-

ways, triggering eNOS activation and ultimately NO pro-
duction, thereby affecting vascular function (10).

Exercise training by activating the AKt kinase pathway
and increasing eNOS levels increase VEGF gene expression
in the cardiac muscle (11). Increasing the intensity of exer-
cise increases the accumulation of lactate and adenosine
in the body (12). Adenosine increases CAMP concentration
and consequently increases VEGF expression through acti-
vation of the Az receptor. On the other hand, adenosine
has been shown to be involved in the release of cellular
VEGE. Stretching and muscle contraction also lead to the ac-
tivation of a large number of cells, including skeletal mus-
cle myocytes, satellite cells, interstitial fibroblasts, vascu-
lar smooth muscle cells, pre-sites, endothelial cells, and
VEGF release into the interstitial space and bloodstream

(13).

3. VEGF, Training and Physical Aactivity

VEGF response varies according to different training
guidelines: Veryintense and short-term trainings are likely
to make no difference in VEGF and ultimately angiogene-
sis.
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Figure 2. VEGF family and its receptors

Studies have shown that the higher the intensity of ac-
tivity, the better the secretion of some hormones, includ-
ing cortisol. A slight increase in cortisol concentration
prevents VEGF secretion from endothelial cells (14). High-
intensity activity through the involvement of the hypoxia
process affects the rate of transcription and translation
of VEGF mRNA, and these changes ultimately increase the
level of VEGF in the bloodstream (12). Also, since the level
of VEGF gene expression in response to hypoxia in slow-
twitch fibers is higher than that in fast-twitch fibers, it is
possible that invocation of the types of fibers may also con-
tribute to the level of serum VEGF in response to the activ-
ity.

Studies examining the long-term impact of resistance
training did not find a significant change in VEGF lev-
els. However, studies investigating the effect of endurance
training have shown increases in VEGF levels. For example,
the results of a study that examined the effect of 8-week en-
durance training on VEGF levels in rats indicated a signifi-
cant increase in VEGF levels.

Physiological-structural changes induced by VEGF on
VO,max increase due to adaptation of endurance training
through increased vascular leakage, increased capillary
dilatation and reception capacity and prevented platelet
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aggregation, clot formation and vascular obstruction, in-
crease blood flow and oxygen transport to the target tissue,
and in the long term, lead to increased tissue capillary.

Figure 4 shows pathways that trigger VEGF activa-
tion through endurance and strength training. AKT and
gp130[JAK pathways trigger VEGF activation in the skele-
tal muscle during strength training, and endurance train-
ing activates VEGF activation through three pathways of
Enos/Nnos, hypoxia and increased calcium, and these
three pathways activate their own particular pathways,
and ultimately affect VEGF (15).

In another study, the effects of gender and physical ac-
tivity on resting VEGF levels and submaximal training were
investigated. The results of this study showed no differ-
ences between the two sexes. Although the possible mech-
anisms are not well known, men have more muscle mass to
secrete VEGF. On the other hand, women have 2 to 3 times
more estrogen and leptin hormones thatincrease the VEGF
gene. Therefore, no difference was observed between men
and women at rest and submaximal training.

Furthermore, since the training pressure has been low,
oxygen has been present in the tissues, which in turn de-
activated HIF-1 alpha -one of the key regulators of VEGF
gene expression in the skeletal muscle- which ultimately
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Figure 3. Effect of physical activity on vascular function

reduced VEGF expression in the skeletal muscle.
According to Figure 5 Another factor affecting angio-
genesis is mechanical forces. During resistance training,
muscle contraction and stretch increase and the blood
flow increases by 10 to 20 times, increasing muscle tension,
and as a result of these mechanical forces, endothelial cells

become stretched and the blood flow increases and vasodi-
lation occurs. On the other hand, as shown in Figure 4,
these forces increase calcium, and this increase by rising
NOS and COX induces dilation (16).

As shown in Figure 6, training through directly in-
creasing PGC-1 alpha activity and indirect activation of hy-
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Figure 5. Effect of hemodynamic forces and vasodilatation

poxic conditions and anemia by directly increasing PGC-1
alpha activity and hypoxia leads to increased VEGF and ul-
timately angiogenesis.

According to Figure 7 During exercise training, reactive
oxygen species (ROS) also increase, which increase VEGF
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through the AMPK and P38MAPK pathways, one of whose
consequences is the formation of angiogenesis (15).
Angiogenesis occurs during physical activity from a va-
riety of pathways, but if a person becomes inactive for any
reason, based on the following figure, the conditions re-
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Figure 7. The role of ROS on angiogenesis

turn to their original state and, with continued inactivity,
the vessels become smaller and their functions decrease
(17).

According to Figure 8 The most likely mechanisms that
lead to a temporary decrease in serum VEGF may be the fol-
lowing:

1) Increased binding of VEGF to its receptors in the en-
dothelium, which ultimately stimulates the process of an-
giogenesis in local tissues such as the heart and skeletal
muscle.

2) Binding of VEGF to other proteins, such as heparin
sulfate and EPC, whose increase protects excessive blood
vessel leakage against increased VEGFE.

Hypoxia is another major drive of the angiogenesis
process. Under hypoxia, there is a remarkable increase in
the expression and content of HIF-1 protein expressed in a
variety of mammalian tissues and in the skeletal muscle in
particular. This protein is composed of two subunits, HIF-
1c and HIF-13, which HIF-1 has a short half-life (approx-
imately 5 minutes) and is extremely sensitive to oxygen,
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Figure 8. Effect of physical activity and inactivity on vascular structure and function

while HIF-15 is not very sensitive to high levels of oxygen.

Under normoxic conditions, HIF-1« is degraded by hy-
droxylation (loss of OH factor). When the oxygen level is
high, there is little amount of HIF-1cx that disappears with
VHL protein command and cannot bind to HIF-13, but un-
der hypoxic conditions, HIF-1oc degradation is blocked be-
cause hydroxylation is inhibited. Thus, the HIF-1«w pro-
tein accumulates under hypoxic conditions and this in-
crease in density provides the basis for the binding of HIF-
1a and HIF15 and the formation of the HIF-1 complex. Hy-
poxia is involved in the gene expression of angiogenic fac-
tors through regulation of HIF-1 elevation, thereby promot-
ing tissue vascularization. On the other hand, one of the
strongest stimuli to initiate the angiogenesis process is hy-
poxia, which regulates the VEGF transcription process.

According to Figure 9 research on exercise has shown
that combining hypoxia with physical activity results in
increased VEGF protein content and expression. Some re-
searchers have reported an increase in HIF-1av expression
by performing one bout of endurance training. There-
fore, it may be an important factor involved in adaptation
responses to endurance training. Also, some researchers
have found that during endurance training, the first re-
sponse to adaptation to hypoxic stress in the muscles is
HIF-1 transcription, which regulates glycolysis and angio-
genesis in response to low levels of oxygen in tissues. On
the other hand, changes such as increased capillary den-
sity, pulmonary ventilation, cardiopulmonary function,
mitochondrial volume, fatty acids intake, oxidative fibers
utilization, hexokinase enzyme activity, liver regeneration
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and decreased lactate production may be affected by the
regulatory role of HIF-1.
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Figure 9. How HIF-1 is activated by hypoxia

Some researchers consider HIF-1 alpha a key factor in
the response of the skeletal muscles and tissues such as the
lungs to endurance training. In thisregard, a study showed
that 8 weeks of training in the hypoxia-normobaric condi-
tions increased serum VEGF protein levels 44%, while, in
the same period, the levels in the normobaric group in-
creased only 17%. Thus, the results showed that although
endurance training improved VO, and VEGF, endurance
training under hypoxia could accelerate this improve-
ment. On the other hand, extraverted activity can affect
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the angiogenesis process by reducing the hypoxia process
compared to introverted activity. Inflammatory responses
to extravascular activity by altering the expression of extra-
cellular matrix-derived proteases and precursor proteins
such as matrix metalloproteinases induce capillary dila-
tion, endothelial cell activation, and destruction of the cap-
illary basement membrane.

Continuation of these conditions causes major
changes in the expression of angiogenesis regulating
factors including VEGF and ultimately changes in angio-
genesis and capillary density. On the other hand, a study
examined the effect of exercise training on the hypoxia
induced levels of neonatal lungs of pregnant rats. The
results showed that HIF-1 levels in the neonatal lungs
increased while neonatal weight remained unchanged;
this suggests that regular endurance training during
pregnancy can be considered as an appropriate activity
to help the fetus grow. There was also a study on elderly
subjects that showed a significant increase in HIF-1 levels
following a long-term training program.

4. Conclusions

Exercise and physical activity by stimulating and ac-
tivating VEGF and HIF-1 signals can cause generating new
veins and angiogenesis, which can in turn, result in cell
survival in different tissues and success in sports compe-
titions, especially endurance sports. These activities in-
crease the capillary density by increasing the diffusion
level, increasing the time of exchange between blood and
tissue, and reducing the oxygen diffusion distance, in-
crease the arterial-venous blood oxygen difference and
VO,max; on the other hand, VEGF enhances capillary di-
latation and reception capacity, which results in increased
blood flow and oxygen transport to the target tissue and
ultimately improves the performance of athletes (5).
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