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Abstract
Background: Monitoring cardiac, metabolic, neurological, and aging responses to stressors is critical. This study aimed to investigate the effect of swimming training on HIF-1α and vascular endothelial growth factor (VEGF) levels in heart tissue of rats exposed
to chronic stress.
Methods: To this end, 30 male Wistar rats (age: 10 - 12 weeks, weight: 220 ± 20 g) were randomly divided into five equal groups of six
rats as follows: (1) Con (no treatment for 10 weeks); (2) CS + ST (4 weeks of stress, 4 weeks of swimming); (3) ST (4 weeks of swimming);
(4) CS (4 weeks of stress); (5) CS-time (4 weeks of stress, 6 weeks of no treatment). Anxiety-like behaviors were measured by an open
field test. Heart tissue was immunohistochemically assessed for HIF-1α expression using a polyclonal antibody. Vascular endothelial
growth factor protein levels were also determined using western blot analysis. To analyze the data, Kolmogorov-Smirnov, One-way
ANOVA, and Tukey’s post hoc tests were used, and P ≤ 0.05 was considered statistically significant.
Results: The results showed that chronic mild stress (CMS) significantly decreased the HIF-1α expression in heart tissue in CS and
CS-time groups (P < 0.05). Furthermore, the result revealed that swimming training significantly increased the level of HIF-1α expression in heart tissue in ST and CS + ST groups (P < 0.05). Although swimming training increased HIF-1α levels in the CS + ST group
after a period of four weeks of CMS, these increases were smaller than those observed in ST and control groups (P < 0.05). The results
from the One-way ANOVA test also demonstrated that the CMS significantly downregulated the VEGF expression in heart tissue in
CS and CS-time groups, whereas swimming training significantly increased its level in ST and CS + ST groups (P < 0.05). Although
swimming training increased VEGF levels in the CS + ST group after a period of four weeks of CMS, these increases were smaller than
those detected in ST and control groups.
Conclusions: Although chronic mild stress had the potential to reduce hypoxia-induced factors in heart tissue, swimming training
modified these factors.
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1. Introduction
Stress involves two-way communication between the
brain and the cardiovascular, immune, and other systems
via neural and endocrine mechanisms. A hallmark of
the stress response is the activation of the autonomic
nervous system and hypothalamic-pituitary-adrenal (HPA)
axis, and the “fight-or-flight” response is the classical way
of envisioning the behavioral and physiological response
to a threat from a dangerous situation, be it a predator, a
mugger, an accident, or natural disaster (1). Many mood
disorders, including depression and anxiety, which are
widespread psychiatric neuropsychiatric conditions, are
also associated with stress (2). Hence, not surprisingly, exposure to chronic stress can lead to a broad variety of adverse physiological and psychological effects (3). Significant limitations of the current treatments (i.e., a high num-

ber of nonresponsive patients, high rate of relapse) is suggestive of the scientists’ failure to gain sufficient scientific knowledge of these devastating illnesses as well as
to develop efficacious therapeutic strategies (4). Various
pharmacological and non-pharmacological methods (e.g.,
physical activity) have been developed and recommended
for treating anxiety and depression (3). However, the organism needs the normal stress hormone response to survive such situations, and inadequate or excessive adrenocortical and autonomic function is deleterious for health
and survival (1). Therefore, some of the most important
challenges when dealing with stress are the amount, duration, and intensity of it as well as how to recover from it.
On the other hand, HIF-1α functions as a master regulator for the expression of genes involved in the hypoxia
response of most mammalian cells (5, 6). In fact, HIF-1α
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initiates transcription of various hypoxia-adaptive genes,
such as angiogenesis, glycolysis, and erythropoiesis, after
the formation of a heterodimer with HIF-1β . Vascular endothelial growth factor (VEGF) along with it, is the most potent endothelial-specific mitogen, which recruits endothelial cells into hypoxic foci and avascular areas and stimulates their proliferation (7). Nevertheless, it is clearly expressed in various tissues such as the brain, kidney, liver,
heart, and skeletal muscle in mice kept in a normoxic condition (21% O2 ), whereas it is undetectable in the lungs (8).
These findings indicate that there is a clear PO2 gradient between the lungs and other tissues, and that with the exception of relatively well-oxygenated lungs, low PO2 and HIF1α
play physiologically essential roles in the homeostasis of
various tissues (7).
Evidence accumulated during the past seven years has
assigned HIF-1α a critical role in mediating cardioprotection (9). The role of HIF-1 in mediating cardioprotection
was first recognized by Cai et al. in 2003 (10). Intermittent
systemic hypoxia occurs in many common physiological
and pathophysiological conditions in human life, which
could be caused by environmental factors (e.g., high altitude) or by various cardiopulmonary disorders (e.g., heart
failure, chronic obstructive pulmonary disease, and sleep
apnea) and hematological diseases (e.g., anemia) (11). In
fact, intermittent exposures to hypoxia are much more frequent than chronic exposure to hypoxia (9).
Interestingly, a few well-controlled protocols of intermittent hypoxia can induce protective effects against myocardial infarction in rodents via a signaling mechanism
that depends on inducible nitric oxide synthase (iNOS) (1113). Since the iNOS gene has the hypoxia responsive elements (HRE) in its promoter region, and HIF-1 is essential
for the hypoxic regulation of iNOS gene expression in cardiomyocytes (14). It is logical to speculate a role for HIF1 in intermittent hypoxia-induced cardioprotection. This
concept was experimentally introduced by Cai et al., who
demonstrated that the cardioprotective effect of intermittent hypoxia depended on HIF-1α gene dosage in wildtype mice, indicated by better left ventricular contractile
function and significantly smaller infarct size following
ischemia-reperfusion in the animals pretreated with intermittent hypoxia (10).
Hypoxia caused by exercise conditions may alter HIF-1α
expression in cardiac cells (15). The study on acute exercise
has shown that several components of the HIF-1 pathway,
involving VEGF and erythropoietin (EPO) , are activated in
response to acute changes in oxygen demand in human
skeletal muscle (16), suggesting that oxygen-sensitive pathways could facilitate the adaptation to physical activity by
increasing capillary growth. Sylviana et al., examining the
effect of force swimming exercise on the expression of PGC1α and HIF-1α gene expression in cardiac muscle of mice
2

found that the ST group increased the expression of PGC1α but decreased the expression of HIF-1α in mice cardiac
muscle in response to chronic hypoxia condition (15). Furthermore, the effects of endurance training on the activity of the HIF pathway in human skeletal muscle appear
to be higher than those under resting conditions, indicating that combining exercise training may improve some
aspects of muscle O2 transport and/or metabolism. On
the other hand, increased levels of reactive oxygen species
(ROS) due to physical exercise induce the expression of
peroxisome proliferator-activated receptor-γ coactivator
1α (PGC-1α), which regulates mitochondrial biogenesis in
multiple cell types, resulting in increases in VEGF expression and subsequent angiogenesis, and strongly suggesting HIF-1α-independent regulation of VEGF and angiogenesis. Taking into account the relationship among exercise, HIF-1α pathway, including VEGF, PGC-1α, and ROS (7),
therefore, the present study aimed to examine the effect of
swimming training on HIF-1α and VEGF levels in heart tissue of rats exposed to chronic stress.
2. Methods
A total of 30 male Wistar rats (age: 10 - 12 weeks, weight:
220 ± 20 g) were obtained from the Animal Centre of Medical Sciences (Shahid Beheshti University). The environment was maintained in a dark light cycle (12-h light cycle and 12 hours of dark cycle), humidity 40 - 50%, temperature of 22°C, and complete state of silence without any
noise pollution and stressors. Rats were fed a pellet rodent diet ad libitum and had free access to water. To avoid
the possible effect of rats with anxiety on healthy rats, they
were housed in separated cages and places. The laboratory
and training environments were washed and cleaned on a
daily basis (17). All procedures implemented to study the
animals were in accordance with the National Institutes
of Health guide for the care and use of laboratory animals
(18). The rats were randomly divided into five equal groups
of six rats, including as follow: (1) animals performing no
exercise and receiving no stress (Con); (2) animals exposed
to chronic stress followed by performing swimming training (CS + ST); (3) animals exposed to chronic stress (CS); (4)
animals receiving swimming training (ST); (5) animals exposed to chronic stress followed by a period of recovery
time with neither training nor exposure to stress (CS-time).
The open field test (OFT) was performed 48 h after administrating the treatments.
2.1. Swimming Training and Chronic Mild Stress (CMS) Protocols
Rats in the training groups performed 60 min of swimming per day, for five days a week, lasting for four weeks
(19). All training sessions were performed under red light
Gene Cell Tissue. 2022; 9(4):e116825.

Fathi I

(as it causes the least amount of stress) at 6 pm, which is
the best training time in the mice’s normal activity rhythm
(20). To alleviate stress without promoting adaptation to
exercise, all rats were adapted to water prior to initiating
the experiment. Rats were exposed to mild chronic stress
for 21 days, which included 2 h of paired caging, 18 h of free
access to food followed by 1.5 h of restricted access to food
(0.2 g pellet), 18 h of water deprivation followed by 1.5 h of
empty bottle exposure, 21 h of the wet cage (300 mL of water added per 100 g of bedding), 36 h of continuous lighting and 3 h of 45° cage tilting. This stress program was pursued for four weeks (21).

2.2. Open Field Test
Locomotor activity was measured in an apparatus comprising a wooden platform enclosed by four white wooden
walls (100 cm, 100 cm, 50 cm). The floor was divided by
red lines into 25 equal squares (20 cm, 20 cm), and a central square was drawn using a black marker. The open field
was placed inside a light- and sound-attenuated room. Rats
were routinely tested during the first half of the dark phase
of their light/dark cycle. The animals in three experimental
groups were given a single i.p. dose of citicoline containing
50, 100, or 150 mg/kg of citicoline 30 min before starting
the test. Those animals in two control groups were treated
with diazepam at a dose of 2 mg/kg or with normal saline
30 min before starting the experiments. The test was performed following previously described procedures. Briefly,
each rat was placed in a corner square of the open field apparatus, and its behavior was recorded for 5 min using a
camera (Panasonic, Japan) placed above the apparatus (22).

2.4. Western Blotting
The tissues were lysed in lysis buffer (20 mM Tris, 150
mM NaCl, 0.25% NP-40, 1 mM phenylmethylsulfonylfluoride, and 1 × protease inhibitors). Fifty micrograms of protein were analyzed using (4 - 16%) gradient SDS-PAGE under denaturing conditions and electrotransferred to nitrocellulose membranes (Sigma). Nonspecific protein binding was blocked by incubating the membranes with blocking solution (PBS and 5% non-fat dried milk) for 60 min, at
room temperature. Polyclonal antibodies specified (VEGF
primary antibody, Cat No. GTX102643, GENETEX, USA) for
VEGF (1: 250 in PBS containing 5% non-fat dried milk) were
applied to the membrane and incubated overnight at 4°C.
After washing the membranes with TBST for 5 min, they
were incubated with anti-horse/rabbit or anti-goat/rabbit
immunoglobulin G (IgG)-horse radish peroxidase (HRP)
(Dingguo Changsheng Biotech, Beijing, China) for 1 h.
The membranes were all washed with TBST four times
for 5 min. Bound antibody chemiluminescence was detected using chemiluminescence kits (Thermo Scientific,
Germany). The optical density was determined using a
scanning densitometer and analyzed using Quantity One
software (Bio-Rad). The b-Actin was used as the internal
control.

2.5. Statistics
All statistics were performed using SPSS 20.0 software,
and the results were presented as the mean±standard
error of the mean (mean ± SEM). To analyze the data,
Kolmogorov-Smirnov, One-way ANOVA, and Tukey’s post
hoc tests were used, and P ≤ 0.05 was considered statistically significant.

2.3. Immunohistochemistry for Detection of HIF-1α Expression
Briefly, formalin-fixed tissue sections (3 µm thick) were
deparaffinized in xylene and rehydrated through graded
concentrations of ethanol. Antigen retrieval was then performed undergoing microwave treatment (3 cycles of 5
min. each). After incubation with the primary antibodies, positivity was revealed by using a commercially available immunodetection system followed by Mayer’s hematoxylin counterstaining for 3 min. Slides were then rinsed
with ammonia water, washed in tap water, and covered using Glycergel. Positive controls (according to the manufacturer’s protocol) were included in the study. Sections
stained with the same protocol through omitting the primary antibodies were used as negative controls (antibody:
Anti-HIF1α, Cat No. GTX127309, rabbit, Thermo scientific,
GENETEX, USA; Antigen retrieval: MW [MW (350 W, three
times for 5 min. each) in 0.01 M citrate buffer, pH 6]; Dilution in TBS: 1/20; Incubation: Overnight).
Gene Cell Tissue. 2022; 9(4):e116825.

3. Results
3.1. Anxiety-Like Behaviors (Confirmation of Stress Induction)
Anxiety-like behaviors were significantly different
among the five group conditions (P < 0.001). Post-hoc
analyses showed that compared to the CON, the total
distance [F (4, 25) = 78.77, P < 0.001], average speed [F (4,
25) = 187.06, P < 0.001], and wall time [F (4, 25) = 69.85, P
< 0.001] were significantly shorter in the CS (P < 0.001)
and in the CS-time condition (P < 0.001). Furthermore,
post-hoc analyses demonstrated that compared to the
CON, corner time [F (4, 25) = 125.82, P < 0.001] and number
of excrements [F (4, 25) = 11.38, P < 0.001] were significantly
longer in the CS (P < 0.001) and in the CS-time condition
(P < 0.001).
3

Fathi I

3.2. Detecting HIF-1α Protein by Immunohistochemistry Technique in Heart Tissue of Rats Subjected to CMS in Response to
Swimming Training
This study aimed to investigate the modulation of HIF1α protein expression in heart tissue of rats subjected to
chronic mild stress (CMS) by western blot (Figure 1). Our
results revealed that HIF-1α levels were significantly different among the five group conditions [F (4, 25) = 20.8, P
< 0.0001]. Tukey’s multiple comparison test showed that
chronic mild stress significantly decreased the HIF-1α expression in heart tissue (in CS and CS-time groups) (P <
0.05). Moreover, the result determined that swimming
training significantly increased the level of HIF-1α expression in heart tissue (in ST and CS + ST groups) (P < 0.05)
(Figure 1). Although swimming training after a period of
four weeks of CMS (in the CS + ST group) increased HIF-1α
levels, these increases were smaller than those observed in
the ST and control groups (P < 0.05). Even though swimming training increased HIF-1α levels in the CS + ST group,
no significant difference was detected between the control
and CS + ST groups in this regard (Figure 1).
3.3. Investigating the Changes VEGF Protein Expression by Western Blotting in Heart Tissue of Rats Subjected to CMS in Response to Swimming Training
According to the One-way ANOVA test, significant differences were detected among five groups of rats in terms
of the levels of VEGF [F (4, 25) = 163.2, P < 0.0001] in the
heart tissue (Figure 2). Tukey’s multiple comparison test
showed that chronic mild stress significantly downregulated the VEGF expression in heart tissue in CS and CS-time
groups, whereas swimming training has significantly increased the level of it in ST and CS + ST groups (P < 0.05)
(Figure 2). Although swimming training increased VEGF
levels in the CS + ST group after four weeks of CMS, these
increases were smaller than those observed in the ST and
control groups (P < 0.05) (Figure 2).
4. Discussion
Chronic stress has been regarded as one of the major physical and mental health issues (4). Chronic stressinduced anxiety disorders are highly-prevalent and modern social diseases in which oxidative stress plays an important role. Developing an effective treatment for anxiety
disorders specifically requires identifying the underlying
mechanisms governing these disorders (23). In this study,
the effect of swimming training on HIF-1α and VEGF levels in heart tissue of rats subjected to CMS was examined.
Our study findings revealed that CMS may have considerably decreased HIF-1α levels in the CS-time and CS groups;
however, swimming training increased HIF-1α levels in the
4

CS+ST and ST groups, which were consistent with the results from some other studies (6, 24). In addition, swimming training significantly increased the HIF-1α levels in ST
group in compared to the CS + ST and control conditions.
HIF1α is a transcription factor regulated by cellular oxygen
concentration that initiates gene regulation of vascular development, redox homeostasis, and cell cycle control (25).
In fact, HIF-1α functions as a master regulator for the expression of genes involved in the hypoxia response of most
mammalian cells (5), and contributes to important adaptive mechanisms that occur when oxygen and ROS homeostasis become unbalanced. It has been shown that preconditioning it by exposure to a stressor prior to a hypoxic
event reduces the damage that would otherwise occur (25).
Furthermore, there has been growing evidence that HIF1α protein stability is regulated by oxygen-independent
mechanisms (24). For example, acute exercise is accompanied by the regional and systemic reduced partial pressure
of oxygen as well as acidosis, oxidative stress, and heat,
all of which are stimulatory factors of HIF-1α (26). The reduction in oxygen availability due to exercise requires the
changes in cells’ metabolism to adapt to the catabolic and
anabolic reactions that rely on the availability of ATP normally supplied by mitochondrial oxidative phosphorylation (OXPHOS) (27). HIF-1α signaling reduces cell dependence on oxygenated energy products by downregulating
OXPHOS (28). A study found that after exercise training,
the slow isoform I of both heavy and light myosin subunits increased and the fast isoform IIa decreased, suggesting chronic hypoxia results in a fast-to-slow muscle fiber
transition, which could lead to a faster activation of mitochondrial oxidative metabolism (29). In fact, both hypoxia and exercise are able to increase HIF-1α accumulation (6). A recent study has shown that the skeletal muscle HIF-1α protein content is 120% higher after hypoxia exposure, and is further induced by exercise (30). Compared
to resting in normoxia, exercise in hypoxia raises the HIF1α protein expression approximately 2.5-fold (30). When
the oxygen supply is insufficient, HIF-1α target genes improve oxygen transport by EPO-mediated erythropoiesis
and VEGF-induced angiogenesis mechanisms and mediate
skeletal muscle adaptions to endurance training through
optimized glucose transport and glycolytic enzyme activity. Finally, exercise could increase PGC-1α mRNA expression (31), which induces mitochondrial biogenesis.
Moreover, reactive oxygen species (ROS) are produced
from mitochondrial respiration by leakage of electrons
from the electron transport chain to oxygen. This process
is accelerated during exercise as a result of the increased
mitochondrial activity (32). ROS stabilize HIF-1α possibly
by interfering with the activity of Fe2+-dependent proline
hydroxylases. ROS may also activate the MAPK or PI-3K/Akt
pathway, which enhances the transcriptional activity of
Gene Cell Tissue. 2022; 9(4):e116825.

Fathi I

Figure 1. Immunohistochemistry analysis of HIF-1α protein levels in Con, CS + ST, ST, CS and CS + R groups [data are expressed as mean ± SD; Non-identical letters are significant
to each other; *P < 0.05; CS + ST, chronic mild stress; CS, chronic mild stress; ST, swimming training; CS time, chronic mild stress-time (or recovery)].

HIF-1α through its phosphorylation. Finally, mechanical
stress may increase ROS production that can influence HIF1α activation (33). In normoxia/rest, moreover, low HIF-1α
levels were found, lending support to the idea that HIF-1α
is hydroxylated by a prolyl hydroxylase recognized by von
Hippel-Lindau tumor suppressor protein (VHL) as well as a
ubiquitin-protein ligase, and targeted for degradation by
the proteasome. However, the exercise increases oxygen
consumption and reduces oxygen tension to levels that inhibit prolyl hydroxylase, resulting in accumulation of the
HIF-1α protein and translocation into the nucleus. In the
nucleus, HIF-1α and ARNT (HIF-1β ) dimerized and activated
target genes such as VEGF and erythropoietin (EPO). In addition, no further activation of HIF-1 was observed when

Gene Cell Tissue. 2022; 9(4):e116825.

oxygen delivery to the exercising muscle was reduced (16).
On the other hand, our findings indicated that swimming training increased VEGF levels in the CS + ST and
ST groups, though CMS was able to considerably decrease
their levels in the CS + CS-time and CS groups. In addition, swimming training significantly increased the VEGF
levels in ST group in compared to the CS + ST group;
however, there was no significant difference between the
given group and the control group in this regard. Previous studies on exercise have shown that several components of the HIF-1 pathway, involving VEGF and erythropoietin, are activated in response to acute changes in oxygen demand in human skeletal muscle, suggesting that
oxygen-sensitive pathways could be relevant factors con5
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Figure 2. Western blot analysis of VEGF protein levels in Con, CS + ST, ST, CS, and CS + R groups [data are expressed as mean ± SD; Non-identical letters are significant to each
other; *P < 0.05; CS + ST, chronic mild stress; CS, chronic mild stress; ST, swimming training; CS time, chronic mild stress-time (or recovery)].

tributing to the adaptation to physical activity by increasing capillary growth. On the other hand, increased levels of reactive oxygen species (ROS) due to physical exercise induce the expression of PGC-1α, which regulates
mitochondrial biogenesis in multiple cell types, resulting in increases in VEGF expression and subsequent angiogenesis and strongly suggesting the HIF-1α-independent
regulation of VEGF and angiogenesis (7). In fact, Exercise induces a range of adaptations, including upregulation of angiogenesis that, in turn, contributes to exercise adaptations (34). Several studies have investigated
the changes associated with angiogenesis after exercise
and found that the VEGF mRNA expression increases in rat
skeletal muscle eight weeks after moderate-intensity incremental treadmill exercise (35). Some others studies have
also demonstrated that blood VEGF and ANGP-1 are significantly increased after eight weeks of resistance train-
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ing and that moderate-intensity resistance training might
lead to higher angiogenesis compared to high-intensity
resistance training (36). The interstitial content of VEGF
protein has been shown to increase after a session of
moderate-intensity exercise (60 min of exercise at ~ 64%
of VO2max) and a session of SIE (24 × 1 min, at 117% of
VO2max, separated by 1.5 min of passive rest); however, the
increase caused by moderate-intensity exercise is greater
than that produced by SIE (37). In human skeletal muscle,
endurance exercise has been discovered to decrease the
protein content of anti-angiogenic regulators, together
with an increased capillarity in the muscle (38).
4.1. Conclusions
It was concluded that chronic mild stress had the potential to decrease HIF-1α and VEGF levels considerably,
while swimming training had the capacity to increase HIFGene Cell Tissue. 2022; 9(4):e116825.
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1α and VEGF levels (in ST and CS + ST groups). Seemingly, HIF-1α influenced the training-induced VEGF expression or, alternatively, HIF-1α and VEGF expressions were coregulated at the transcriptional level in heart tissue. Overall, the cumulative effects of swimming training on the levels of hypoxic factors may have represented the underlying
kinetic basis for the cellular adaptations associated with
modulating the negative effects of stress.
Footnotes
Authors’ Contribution: Iman Fathi developed the original idea and protocol, abstracted and analyzed data, wrote
the manuscript, and was a guarantor.
Conflict of Interests: The authors declare that they have
no conflict of interest.
Ethical Approval: This study was approved and registered by the Ethical and Graduate Study Committee of Shiraz University under the code number: 941bbc6a-c3b1-4f5ebfe1-70e8862a28f4.
Funding/Support: This study received no financial support.
References
1. McEwen BS. Physiology and neurobiology of stress and adaptation:
Central role of the brain. Physiol Rev. 2007;87(3):873–904. [PubMed:
17615391]. https://doi.org/10.1152/physrev.00041.2006.
2. Kessler RC, Berglund P, Demler O, Jin R, Merikangas KR, Walters EE. Lifetime prevalence and age-of-onset distributions of
DSM-IV disorders in the National Comorbidity Survey Replication. Arch Gen Psychiatry. 2005;62(6):593–602. [PubMed: 15939837].
https://doi.org/10.1001/archpsyc.62.6.593.
3. Safari MA, Koushkie Jahromi M, Rezaei R, Aligholi H, Brand S. The
Effect of Swimming on Anxiety-Like Behaviors and Corticosterone
in Stressed and Unstressed Rats. Int J Environ Res Public Health.
2020;17(18). [PubMed: 32937768]. [PubMed Central: PMC7558513].
https://doi.org/10.3390/ijerph17186675.
4. Shepard R, Coutellier L. Changes in the Prefrontal Glutamatergic
and Parvalbumin Systems of Mice Exposed to Unpredictable Chronic
Stress. Mol Neurobiol. 2018;55(3):2591–602. [PubMed: 28421533].
https://doi.org/10.1007/s12035-017-0528-0.
5. Shirato K, Kizaki T, Sakurai T, Ogasawara JE, Ishibashi Y, Iijima T,
et al. Hypoxia-inducible factor-1alpha suppresses the expression of
macrophage scavenger receptor 1. Pflugers Arch. 2009;459(1):93–103.
[PubMed: 19641936]. https://doi.org/10.1007/s00424-009-0702-y.
6. Semenza GL. Regulation of mammalian O2 homeostasis by hypoxiainducible factor 1. Annu Rev Cell Dev Biol. 1999;15:551–78. [PubMed:
10611972]. https://doi.org/10.1146/annurev.cellbio.15.1.551.
7. Ohno H, Shirato K, Sakurai T, Ogasawara J, Sumitani Y, Sato S, et al. Effect of exercise on HIF-1 and VEGF signaling. J Sports Med Phys Fitness.
2012;1(1):5–16. https://doi.org/10.7600/jpfsm.1.5.
8. Stroka DM, Burkhardt T, Desbaillets I, Wenger RH, Neil DA, Bauer C,
et al. HIF-1 is expressed in normoxic tissue and displays an organspecific regulation under systemic hypoxia. FASEB J. 2001;15(13):2445–
53. [PubMed: 11689469]. https://doi.org/10.1096/fj.01-0125com.
9. Tekin D, Dursun AD, Xi L. Hypoxia inducible factor 1 (HIF1) and cardioprotection. Acta Pharmacol Sin. 2010;31(9):1085–
94. [PubMed:
20711226]. [PubMed Central:
PMC4002308].
https://doi.org/10.1038/aps.2010.132.

Gene Cell Tissue. 2022; 9(4):e116825.

10. Cai Z, Manalo DJ, Wei G, Rodriguez ER, Fox-Talbot K, Lu H, et
al. Hearts from rodents exposed to intermittent hypoxia or
erythropoietin are protected against ischemia-reperfusion
injury. Circulation. 2003;108(1):79–85. [PubMed:
12796124].
https://doi.org/10.1161/01.CIR.0000078635.89229.8A.
11. Xi L, Serebrovskaya TV. Intermittent Hypoxia. 615. New York, USA: Nova
Science Publishers, Inc; 2009.
12. Belaidi E, Beguin PC, Levy P, Ribuot C, Godin-Ribuot D. Prevention of
HIF-1 activation and iNOS gene targeting by low-dose cadmium results in loss of myocardial hypoxic preconditioning in the rat. Am
J Physiol Heart Circ Physiol. 2008;294(2):H901–8. [PubMed: 18083903].
https://doi.org/10.1152/ajpheart.00715.2007.
13. Ding HL, Zhu HF, Dong JW, Zhu WZ, Yang WW, Yang HT, et al. Inducible
nitric oxide synthase contributes to intermittent hypoxia against
ischemia/reperfusion injury. Acta Pharmacol Sin. 2005;26(3):315–22.
[PubMed: 15715927]. https://doi.org/10.1111/j.1745-7254.2005.00046.x.
14. Jung F, Palmer LA, Zhou N, Johns RA. Hypoxic regulation of inducible nitric oxide synthase via hypoxia inducible factor-1 in cardiac myocytes. Circ Res. 2000;86(3):319–25. [PubMed: 10679484].
https://doi.org/10.1161/01.res.86.3.319.
15. Sylviana N, Helja N, Qolbi HH, Goenawan H, Lesmana R, Syamsunarno
MRA, et al. Effect of Swimming Exercise to Cardiac PGC-1 α and HIF1 α Gene Expression in Mice. Asian J Sports Med. 2018;9(4). e65079.
https://doi.org/10.5812/asjsm.65079.
16. Ameln H, Gustafsson T, Sundberg CJ, Okamoto K, Jansson E, Poellinger
L, et al. Physiological activation of hypoxia inducible factor-1 in human skeletal muscle. FASEB J. 2005;19(8):1009–11. [PubMed: 15811877].
https://doi.org/10.1096/fj.04-2304fje.
17. Touitou Y, Smolensky MH, Portaluppi F. Ethics, standards,
and procedures of animal and human chronobiology research. Chronobiol Int. 2006;23(6):1083–96. [PubMed: 17190696].
https://doi.org/10.1080/07420520601055308.
18. Louhimies S. Directive 86/609/EEC on the protection of animals used for experimental and other scientific purposes.
Altern Lab Anim. 2002;30(Suppl 2):217–9. [PubMed: 12513679].
https://doi.org/10.1177/026119290203002S36.
19. Liu W, Sheng H, Xu Y, Liu Y, Lu J, Ni X. Swimming exercise
ameliorates depression-like behavior in chronically stressed
rats: relevant to proinflammatory cytokines and IDO activation. Behav Brain Res. 2013;242:110–6. [PubMed:
23291157].
https://doi.org/10.1016/j.bbr.2012.12.041.
20. Burniston JG. Adaptation of the rat cardiac proteome in response to
intensity-controlled endurance exercise. Proteomics. 2009;9(1):106–15.
[PubMed: 19053138]. https://doi.org/10.1002/pmic.200800268.
21. Segev A, Rubin AS, Abush H, Richter-Levin G, Akirav I. Cannabinoid
receptor activation prevents the effects of chronic mild stress on
emotional learning and LTP in a rat model of depression. Neuropsychopharmacology. 2014;39(4):919–33. [PubMed: 24141570]. [PubMed
Central: PMC3924526]. https://doi.org/10.1038/npp.2013.292.
22. Abdolmaleki A, Moghimi A, Ghayour MB, Rassouli MB. Evaluation of
neuroprotective, anticonvulsant, sedative and anxiolytic activity of
citicoline in rats. Eur J Pharmacol. 2016;789:275–9. [PubMed: 27475676].
https://doi.org/10.1016/j.ejphar.2016.07.048.
23. Lv H, Zhu C, Wu R, Ni H, Lian J, Xu Y, et al. Chronic mild stress induced
anxiety-like behaviors can Be attenuated by inhibition of NOX2derived oxidative stress. J Psychiatr Res. 2019;114:55–66. [PubMed:
31039481]. https://doi.org/10.1016/j.jpsychires.2019.04.008.
24. Semenza GL. Oxygen sensing, homeostasis, and disease.
N Engl J Med. 2011;365(6):537–47. [PubMed:
21830968].
https://doi.org/10.1056/NEJMra1011165.
25. Smeyne M, Sladen P, Jiao Y, Dragatsis I, Smeyne RJ. HIF1alpha
is necessary for exercise-induced neuroprotection while
HIF2alpha is needed for dopaminergic neuron survival in the
substantia nigra pars compacta. Neuroscience. 2015;295:23–
38. [PubMed:
25796140]. [PubMed Central:
PMC4524512].
https://doi.org/10.1016/j.neuroscience.2015.03.015.

7

Fathi I

26. Cooper DM, Radom-Aizik S, Schwindt C, Zaldivar FJ. Dangerous exercise: lessons learned from dysregulated inflammatory responses
to physical activity. J Appl Physiol (1985). 2007;103(2):700–9. [PubMed:
17495117]. https://doi.org/10.1152/japplphysiol.00225.2007.
27. Thomas LW, Ashcroft M. Exploring the molecular interface between hypoxia-inducible factor signalling and mitochondria. Cell
Mol Life Sci. 2019;76(9):1759–77. [PubMed: 30767037]. [PubMed Central:
PMC6453877]. https://doi.org/10.1007/s00018-019-03039-y.
28. Papandreou I, Cairns RA, Fontana L, Lim AL, Denko NC. HIF-1 mediates adaptation to hypoxia by actively downregulating mitochondrial oxygen consumption. Cell Metab. 2006;3(3):187–97. [PubMed:
16517406]. https://doi.org/10.1016/j.cmet.2006.01.012.
29. Doria C, Toniolo L, Verratti V, Cancellara P, Pietrangelo T, Marconi V,
et al. Improved VO2 uptake kinetics and shift in muscle fiber type
in high-altitude trekkers. J Appl Physiol (1985). 2011;111(6):1597–605.
[PubMed: 21868681]. https://doi.org/10.1152/japplphysiol.01439.2010.
30. Van Thienen R, Masschelein E, D’Hulst G, Thomis M, Hespel P. Twin
Resemblance in Muscle HIF-1alpha Responses to Hypoxia and Exercise. Front Physiol. 2016;7:676. [PubMed: 28149279]. [PubMed Central:
PMC5241297]. https://doi.org/10.3389/fphys.2016.00676.
31. Zoll J, Ponsot E, Dufour S, Doutreleau S, Ventura-Clapier R, Vogt
M, et al. Exercise training in normobaric hypoxia in endurance
runners. III. Muscular adjustments of selected gene transcripts.
J Appl Physiol (1985). 2006;100(4):1258–66. [PubMed: 16540710].
https://doi.org/10.1152/japplphysiol.00359.2005.
32. Scheele C, Nielsen S, Pedersen BK. ROS and myokines promote muscle adaptation to exercise. Trends Endocrinol Metab. 2009;20(3):95–9.

8

[PubMed: 19269849]. https://doi.org/10.1016/j.tem.2008.12.002.
33. Hoppeler H, Vogt M, Weibel ER, Fluck M. Response of skeletal muscle mitochondria to hypoxia. Exp Physiol. 2003;88(1):109–19. [PubMed:
12525860]. https://doi.org/10.1113/eph8802513.
34. Kwak SE, Lee JH, Zhang D, Song W. Angiogenesis: focusing on the
effects of exercise in aging and cancer. J Exerc Nutrition Biochem.
2018;22(3):21–6. [PubMed: 30343555]. [PubMed Central: PMC6199487].
https://doi.org/10.20463/jenb.2018.0020.
35. Shin KO, Bae JY, Woo J, Jang KS, Kim KS, Park JS, et al. The effect of exercise on expression of myokine and angiogenesis mRNA in skeletal
muscle of high fat diet induced obese rat. J Exerc Nutrition Biochem.
2015;19(2):91–8. [PubMed: 26244127]. [PubMed Central: PMC4523810].
https://doi.org/10.5717/jenb.2015.15061006.
36. Yeo NH, Woo J, Shin KO, Park JY, Kang S. The effects of different exercise intensity on myokine and angiogenesis factors. J Sports Med Phys
Fitness. 2012;52(4):448–54. [PubMed: 22828466].
37. Hoier B, Passos M, Bangsbo J, Hellsten Y. Intense intermittent exercise provides weak stimulus for vascular endothelial growth factor secretion and capillary growth in skeletal
muscle. Exp Physiol. 2013;98(2):585–97. [PubMed:
22962287].
https://doi.org/10.1113/expphysiol.2012.067967.
38. Malek MH, Huttemann M, Lee I, Coburn JW. Similar skeletal muscle angiogenic and mitochondrial signalling following 8 weeks
of endurance exercise in mice: discontinuous versus continuous training. Exp Physiol. 2013;98(3):807–18. [PubMed: 23180811].
https://doi.org/10.1113/expphysiol.2012.070169.

Gene Cell Tissue. 2022; 9(4):e116825.

