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Essential processes in the regeneration of an injured muscle 
include proliferation of satellite cells and vascularization. 
Myogenesis and angiogenesis are prerequisites for the 
subsequent morphological and functional healing of the injured 
muscle, leading to the reconstruction of the damaged myocytes 
and vessels, restoration of the blood fl ow and restoration of 
the oxygen supply to the tissue. Nitric oxide (NO) plays a key 
role in satellite cells activation. It acts as a signal molecule 
and vasodilator, promotes expression genes for many growth 
factors being extracellular signals regulating the functions of 
the muscular, vascular and nervous systems. NO is produced by 
three isoenzymes, called nitric oxide synthases (NOS), present 
in skeletal muscle. The disturbance equilibrium between 
eNOS and iNOS activities results in pro-apoptotic NO activity 
and muscle atrophy. A recent study has shown a relationship 
between NO generation and delayed onset muscle soreness 
in response to intense resistance exercise. NO generation can 
be modulated by physical activity, systemic hypoxia (altitude 
training) or NO precursors such as L-arginine. The present 
review provides a current overview of NO effects on skeletal 
muscles and nutritional strategies based on L-arginine intake 
to aid muscle regeneration.
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Introduction

Nitric oxide (NO) is a labile lipid soluble gas 
synthesized in several cells and tissues, including 

the adipocytes, brain, endothelial cells, heart, 
hepatocytes, macrophages and skeletal muscles. The 
endogenous formation and biological signifi cance of 
NO were revealed in a series of studies in the 1980s, 
and for those seminal discoveries three American 
researchers were subsequently awarded the Nobel 
Prize in Physiology or Medicine in 1998. Soon after 
the identifi cation of NO as a signalling molecule in 
mammals, it was reported that specifi c nitric oxide 
synthase (NOS) catalyzes a complex enzymatic 
reaction leading to the formation of NO from L-arginine 
and molecular oxygen. Later on, an alternative NOS 
independent pathway of NO synthesis was discovered, 
based on a simple reduction of nitrate and nitrite, i.e. 
the main oxidation products of NO. At that time, the 
interest in the biological role of NO led to a revolution 
in pharmacological and physiological research. NO is 
known to be a mediator in the noradrenergic and non-
cholinergic neurotransmission in learning and memory, 
synaptic plasticity, neuroprotection, and skeletal muscle 
regeneration. Currently, NO is known to have many 
signaling functions. Not only can it directly infl uence the 
activity of transcription factors, but it can also modulate 
upstream signalling cascades, mRNA stability and 
translation, as well as the processing of primary gene 
products [1, 2, 3].
In 1996, the Nitric Oxide Society was founded to 
promote the advancement of basic and applied scientifi c 
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research in all aspects of NO research by publishing 
meritorious scientific articles in its official journal 
Nitric Oxide: Biology and Chemistry. The journal 
covers the broad fi eld of NO research and includes 
basic and clinical topics such as cell biology, molecular 
biology, biochemistry, immunology, pathology, genetics, 
physiology, pharmacology and disease processes [http://
nitricoxidesociety.org/].
Nitric oxide, due to its multiple roles, has been studied in 
different areas of biomedical sciences. A simple search 
in PubMed (15/01/2014) using the term “nitric oxide” and 
“skeletal muscles” resulted in 2,616 articles, and 1,260 
articles have been published in the last decade. These data 
show the great importance of this molecule in biomedical 
sciences with various studies aiming at the elucidation 
of physiological pathways, pathogenesis and treatment 
strategies based on NO function in skeletal muscles.

Nitric oxide synthesis in skeletal muscles
NO is generated continuously by skeletal muscles 
through the conversion of L-arginine to L-citrulline 
by the nitric oxide synthase (NOS) – a production 
increased by muscular contractions. Skeletal muscle 
normally expresses the neuronal (type I or nNOS), the 
inducible (type II or iNOS) and the endothelial (type III 
or eNOS) isoforms of NOS (Table 1). nNOS is strongly 
expressed in fast-twitch muscle fi bres and localized in 
the muscle sarcolemma where it is associated with the 

dystrophin complex. eNOS is localized in the muscle 
mitochondria. Abnormalities in specifi c isoforms such 
as nNOS and eNOS have been reported in muscle 
diseases with mitochondrial defi ciencies, indicating that 
specifi c NOS activities and expression may be involved 
in the pathogenesis of these diseases. Increased nNOS 
activity and expression were observed in muscle fi bbers 
with mitochondrial proliferation, suggesting that it is 
related to mitochondrial biogenesis. However, the exact 
mechanisms involved in these abnormalities are not clear 
[4]. nNOS content in human skeletal muscle is 60% higher 
in athletes than non-athletes, while studies investigating 
eNOS have provided confl icting results [5].
iNOS is only expressed in skeletal muscle during 
infl ammatory responses. Pro-infl ammatory mediators 
such as cytokines IL-1β and TNFα induce iNOS 
expression in skeletal muscle [7]. Macrophages and 
T lymphocytes can also produce NO through iNOS 
mechanism. The excess NO can react with the superoxide 
anion to produce peroxynitrite by a 1,000,000-fold. 
Peroxinitrite (ONOO-) is a very aggressive molecule 
that can induce cellular apoptosis, cellular mitochondrial 
dysfunction, lipid oxidation, etc. (Fig. 1). Without 
superoxide, the formation of ONOO- by way of reaction 
of NO with oxygen is minimal. NO and superoxide do 
not even have to be produced within the same cell to form 
peroxynitrite, because NO can so readily move through 
membranes and between cells [6, 8].
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A recent study showed that excessive exercise and 
overtraining led to IL-1β and TNFα generation can 
inhibit eNOS and activate iNOS. The disturbance 
equilibrium between eNOS and iNOS activities results 
in a pro-apoptotic NO activity, decrease in satellite cells 
number and fi nally impairment of muscle regeneration 
[9]. Whereas regular exercise with moderate intensity 
and duration increases the production of NO via eNOS, 
inhibits the production of pro-infl ammatory and pro-
apoptotic cytokines, and fi nally improves muscle function 
[10, 11]. Athletes demonstrated a signifi cantly higher level 
of NO generation compared to non-athletes [12].

Nitric oxide and muscles regeneration
Essential processes in the regeneration of an injured 
muscle are the proliferation of satellite cells and 
vascularization. Myogenesis and angiogenesis are 
prerequisites for the subsequent morphological and 
functional healing of the injured muscle. It leads to 
rebuilding damaged myocytes and vessels, restoring 
the blood fl ow and restoring the oxygen supply to the 
tissue. NO plays a key role because it can act as a signal 
molecule and vasodilator, and can promote activation of 
several growth factors which are extracellular signals 

regulating the functions of the 
muscular, vascular and nervous 
systems (Fig. 2) [3, 13].
One of the fi rst investigations into 
the role of NO in skeletal muscle 
damage was reported by Anderson 
[14] who mechanically crushed 
muscle of wild, NO knock-out or 
NO inhibited mice and observed 
very different repair processes to 
reveal the importance of NO in 
damage repair. It followed that NO 
facilitates the activation of satellite 
cells, which are located in the 
basal lamina of skeletal muscle, 
and this is one of the fi rst steps 
in the repair process. Moreover, 
it appears that the beneficial 
function of NO in damage repair 
is not just restricted to satellite cell 
proliferation and differentiation 
but also to fusion. Hence, NO and 
the signalling agent of NO, cGMP 
– the antagonist of myostatin 
– activate follistatin, which is 
a negative regulator of myogenesis. 

Despite the well described role of NO in the repair 
of muscle injury, it is possible that the mechanism 
controlling repair after unaccustomed exercise-induced 
damage might be different from those after crush injury 
[11]. Interestingly, treadmill running related overuse 
of tendons results in increased NO production, which 
suggests a role in the repair process [15]. The induction 
of mechanical damage to gastrocnemius muscle has 
been shown to result in increased NO formation, which 
is believed to initiate a signalling process for damage 

Figure 1. Biological consequences of peroxynitrite (ONOO-) formation. It has two 
important biological consequences: loss of bioactive nitric oxide (NO) and 
direct cytotoxic effects. ONOO- and its conjugate acid can oxidize a variety 
of molecules with the consequence of protein modifi cation or inactivation 
of ion channels. ONOO- inactivates manganese superoxide dismutase 
(Mn-SOD), thereby increasing the fl ux of superoxide anion (O2

-.) available 
to react with NO and establishing an autocatalytic spiral of increasing 
mitochondrial peroxynitrite formation; ROS reactive oxygen species; COX2 
cyclooxygenase-2 [6]

Figure 2. The phases of muscle regeneration [3]



176 TRENDS IN SPORT SCIENCES December 2013

ZEMBROŃ-ŁACNY, ORYSIAK, KALINA, MORAWIN, POKRYWKA

repair [16]. In addition, the importance of NO to muscle 
function has been demonstrated as NO inhibition resulted 
in a severe walking speed reduction in rats [17].
NO mediates expression of cytoskeletal proteins in 
response to mechanical stimuli and is essential for the 
addition of sarcomeres when the working length is 
chronically increased. NO, as a cellular mediator in signal 
transmission, can use several signaling pathways such as 
activation of guanylyl cyclase, inhibition of cytochrome 
c oxidase in the mitochondrial electron transport chain or 
S-nitrosylation of transcription factors, including AP-1 
(activator protein-1 controlling about 80 genes), NF-κB 
(nuclear factor κB controlling about 300 genes) and 
HIF-1 (hypoxia-inducible factor-1 controlling 100 genes) 
[18, 19, 20]. HIF-1 targets genes coding for proteins 
involved in oxygen transport (myoglobin, erythropoietin 
and vascular endothelial growth factor, VEGF) as well 
as genes coding for glycolytic enzymes and glucose 
transporters [21, 22]. 
Lira et al. [23] suggested that NO has an impact on muscle 
metabolism and structure by controlling the expression of 
peroxisome proliferator-activated receptor-γ coactivator 
1α (PGC-1α). PGC-1α stimulates transcription of nuclear- 
and mitochondrial-encoded metabolic genes, as well as 
mitochondrial DNA replication. PGC-1α is upregulated 
by contraction and is involved in most of the metabolic 
adaptations and concomitant health benefi cial effects 
of regular physical activity (Fig. 3). Altogether, NO 
regulates expression of about 500 genes! [21, 24].

Nitric oxide and delayed onset muscle soreness
Physical activities that incorporate unaccustomed 
eccentric contractions are typically associated with high 
levels of muscle damage, infl ammation and delayed onset 
muscle soreness (DOMS). The possible involvement 
of NO in DOMS was originally suggested by Radak 
et al. [25]. The NO content in skeletal muscle biopsy 
samples was approximately 30% higher in subjects 
suffering from DOMS. This fi nding was associated with 
a signifi cant decrease in maximal force generation. The 
authors suggested that the DOMS-induced increase in 
NO formation that could suppress force generation was a 
protective mechanism to prevent further damage induced 
by maximal contraction. However, at that time it was 
unclear whether NO was capable of down-regulating 
skeletal muscle contraction [11, 25]. We observed that 
eccentric contractions were necessary to induce NO 
generation. Long-term exercise with a 15-min eccentric 
phase (downhill run) induces a signifi cant increase in 
NO and pro-infl ammatory cytokines IL-1β and TNFα 
concentrations in contrast to an exercise trial without 
the eccentric phase [26]. Another study, in which 
the effects of eccentric exercise on NO content were 
studied, showed that eccentric exercise increased nitrate 
concentration, and iNOS activity, but the link between 
eccentric exercise-induced NO and force production 
requires further reserach [27]. Nonetheless, DOMS can 
be induced by eccentric exercise or by an unaccustomed 
exercise load [28]. According to Radak et al. [11, 

25] enhanced NO production 
could impair force production 
in skeletal muscle, and the 
muscle soreness-associated 
increase could be a protective 
mechanism for skeletal muscle 
to prevent the possibility of 
maximal force generation and 
extensive damage.

Arginine – precursor of nitric 
oxide
In exercise physiology, NO 
has received much interest, 
and supplements of NO are 
thought to be an ergogenic aid. 
Because L-arginine is the main 
precursor of NO production, its 
metabolism and relevance to 
NO has received much attention 

Figure 3. Integration between nitric oxide (NO) and peroxisome proliferator-activated 
receptor-γ coactivator 1α (PGC-1α) as well as between nitric oxide (NO) and 
hypoxia-inducible factor 1 (HIF-1) for maintenance of metabolic function 
in skeletal muscle cells [21, 24]
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over the last decade [1, 29]. L-arginine is considered a 
conditional essential proteinogenic amino acid that is 
a natural constituent of dietary proteins. Furthermore, 
L-arginine could be endogenously synthesized, mainly 
in the kidneys, where L-arginine is formed from L-
citrulline. The liver is also able to synthesize considerable 
amounts of L-arginine, although this is completely 
reutilized in the urea cycle [1].
The typical dietary intake of L-arginine is approximately 
4-5 g per day. The most common sources of this amino 
acid are meat, poultry, fi sh, dairy products and cereals 
(Table 2). One of the most densely packed L-arginine foods 
are nuts, whose consumption has been associated with 
decreased cholesterol and heart disease. Regular intake 
of another arginine-dense food, e.g. fi sh, has also been 

linked to a lower prevalence of heart disease [30]. Wells et 
al. [30] demonstrated that individuals may be able to lower 
their risk for cardiovascular disease by consuming more 
arginine-rich foods such as nuts and fi sh.
Dietary intake of L-arginine in humans is directly 
related to its plasma level. The normal plasma L-arginine 
concentration depends upon the age of the individual and 
homeostasis is primarily achieved via its catabolism. The 
usual mean and standard deviation range of plasma L-
arginine in humans has been determined to be between 
70 and 115 mmol/L Extracellular L-arginine can be 
quickly taken up by endothelial and muscle cells. In 
the presence of molecular oxygen and nicotinamide 
adenosine dinucleotide phosphate, L-arginine is 
subsequently oxidized to NO [1].
L-arginine can potentially infl uence skeletal muscle 
function and adaptive capacity, increasing the delivery 

and uptake of fuel substrates via NO vasodilating effects. 
However, there is still no clear evidence that this synthesis 
of NO results in improvements in exercise performance 
in healthy individuals [29]. Several studies have found 
that L-arginine supplementation increases satellite 
cells proliferation due to increased NO production. 
They also suggested that arginine bioavailability is 
a limiting factor for skeletal muscle, development, 
growth, and regeneration [3, 29]. For example, L-arginine 
supplementation was found to enable burn patients to 
maintain muscle mass, although this effect was not found 
in burn patients that were well fed [31]. Matsumoto et 
al. [32] showed that in endurance exercise at moderate 
intensity the oral intake of 2 g of combination of BCAAs 
and arginine effectively suppresses exercise-induced 
skeletal muscles proteolysis.
L-arginine also affects the muscle metabolism increasing 
the secretion of insulin and growth hormone (GH). 
Both molecules are important anabolic hormones with 
a remarkable degree of synergy in regulating glucose and 
fat metabolism. Insulin facilitates glucose entry into cells 
and an increase in glycogen stores while GH stimulates 
lipolysis and reduces glucose oxidation to maintain 
blood glucose levels. Thus the insulin and GH release 
may enhance exercise performance by increasing fatty 
acid oxidation and sparing glycogen stores. In addition, 
GH also causes the release of insulin-like growth factor 
I (IGF-I) that increases amino acid uptake and protein 
synthesis. These effects could also improve performance 
through increased muscle mass and strength [1].
NO generation can be also modulated by systemic hypoxia 
[33]. Hypoxia may induce mobilization of satellite cells, 
interstitial cells and mesoangioblasts, which are then 
recruited to participate in muscle regeneration and 
hypertrophy [34]. Hypoxia is a very potent stimulator 
of growth factors secretion which are involved in the 
regulation of stem cell functions [3, 35]. Kimura and 
Esumi [36] demonstrated that the effect of NO on 
VEGF expression is dependent on NO concentration 
during hypoxia. Small amounts of NO increase VEGF, 
which acts in a positive feedback to the increase in NO 
synthesis. Large amounts of NO inhibit VEGF synthesis 
as a result of the decrease in HIF-1 activity. A similar 
mechanism was observed in the regulation of BDNF 
(brain-derived neutrophic factor) which is responsible 
for proliferation and differentiation of stem cells in the 
brain and skeletal muscle [37].
Physical training in hypoxia (altitude training) has been 
used for decades by Olympic and professional athletes to 
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increase endurance, strength and speed, avoid fatigue and 
improve recovery [38]. Recently, intermittent hypoxic 
training (IHT) has been introduced into sport practice. 
IHT is a method by which athletes receive exposure to 
short bouts of severe hypoxia (9-12% O2), interspersed 
with periods of normal air. Studies reported substantial 
improvements in sea level endurance and anaerobic 
performance after IHT at rest or during exercise. These 
enhancements suggest that IHT may be suitable for 
improving performance in high intensity team sports 
[39-41]. Even though, we have a huge knowledge about 
hypoxic training, the effect of intermittent hypoxic 
training on NO synthesis remains unknown [38, 42].

Conclusions and perspectives
It is well established that unaccustomed exercise induces 
muscle damage and NO generation. NO could be one of 
the causes of infl ammation and delayed onset muscle 
soreness. On the other hand, NO appears to be important 
for the activation of satellite cells required for damage 
repair. Hence, NO precursors (arginine) or hypoxia 
(altitude training or intermittent hypoxic training) could 
promote skeletal muscle regeneration and adaptation.

What this paper adds?
The present article discusses the results of studies 
on nitric oxide generation and adaptation of skeletal 
muscle to intense physical exercise. Furthermore, 
it explores the therapeutic possibility of arginine 
administration in combination with altitude training 
to maintain muscle mass and improve adaptation to 
exercise.

References
1. Bescos R, Sureda A, Tur JA, et al. The effects of nitric-

oxide-related supplements on human performance. Sports 
Med. 2012; 42: 99-117.

2. Bogdan C. Nitric oxide and the regulation of gene expres-
sion. Trends Cell Biol. 2001; 11: 66-75. 

3. Filippin LI, Moreira AJ, Marroni NP, et al. Nitric oxide 
and repair of skeletal muscle injury. Nitric Oxide. 2009; 
21: 157-163.

4. Tengan CH, Rodrigues GS, Godinho RO. Nitric oxide 
in skeletal muscle: role on mitochondrial biogenesis and 
function. Int J Mol Sci. 2012; 13: 17160-17184.

5. McConell GK, Bradley SJ, Stephens TJ, et al. Skeletal 
muscle nNOS protein content is increased by exercise 
training in humans. Am J Physiol Regul Integr Comp 
Physiol. 2007; 293: R821-R828.

6. Lubos E, Handy DE, Loscalzo J. Role of oxidative stress 
and nitric oxide in atherothrombosis. Front Biosci. 2008; 
13: 5323-5344.

7. Adams V, Nehrhoff B, Späte U, et al. Induction of iNOS 
expression in skeletal muscle by IL-1beta and NFκB 
activation: an in vitro and in vivo study. Cardiovasc Res. 
2002; 54: 95-104.

8. Pacher L, Beckman JS, Liaudet L. Nitric oxide and per-
oxynitrite in health and disease. Physiol Rev. 2007; 87: 
315-424.

9. Yamaki T, Wu CL, Gustin M et al. Rel A/p65 is required 
for cytokine-induced myotube atrophy Am J Physiol Cell 
Physiol. 2012; 303: C135-C142. 

10. Radak Z, Chung HY, Koltai E, et al. Exercise, oxidative 
stress and hormesis. Ageing Res Rev. 2008; 7: 34-42.

11. Radak Z, Naito H, Taylor AW, et al. Nitric oxide: Is it the 
cause of muscle soreness? Nitric Oxide. 2012; 26: 89-94.

12. Zembron-Lacny A, Ziemann E, Kasperska A, et al. As-
sociation between cytokine activity and body composition 
in highly trained athletes. Medicina dello Sport. 2013; 66: 
199-209.

13. Kuang S, Gillespie MA, Rudnicki MA. Niche regulation 
of muscle satellite cell self-renewal and differentiation. 
Cell Stem Cell. 2008; 2: 22-31.

14. Anderson JE. A role for nitric oxide in muscle repair: 
nitric oxide-mediated activation of muscle satellite cells. 
Mol Biol Cell. 2000; 11: 1859-1874.

15. Szomor ZL, Appleyard RC, Murrell GA. Over-expression 
of nitric oxide synthases in tendon overuse. J Orthop Res. 
2006; 24: 80-86.

16. Valko M, Leibfritz D, Moncol J, et al. Free radicals and 
antioxidants in normal physiological functions and human 
disease. Int J Biochem Cell Biol. 2007; 39: 44-84.

17. Wang MX, Murrell DF, Szabo C, et al. Nitric oxide in 
skeletal muscle: inhibition of nitric oxide synthase inhibits 
walking speed in rats. Nitric Oxide. 2001; 5: 219-232.

18. Callapina M, Zhou J, Schmid T, et al. NO restores HIF-
1α hydroxylation during hypoxia: role of reactive oxygen 
species. Free Rad Biol Med. 2005; 39: 925-936.

19. Ji LL, Gomez-Cabrera MC, Steinhafel N, et al. Acute ex-
ercise activities nuclear factor NF-κB signaling pathway 
in rat skeletal muscle. FASEB J. 2004; 18: 1499-1506.

20. Lima-Cabello E, Cueavas MJ, Garatachea N, et al. Ec-
centric exercise induces nitric oxide synthase expression 
through nuclear factor-κB modulation in rat skeletal 
muscle. J Appl Physiol. 2010; 108: 575-583.



179Vol. 4(20) TRENDS IN SPORT SCIENCES

THE ROLE OF NITRIC OXIDE IN SKELETAL MUSCLE REGENERATION

21. Hoppeler H, Vogt M. Muscle tissue adaptations to hypoxia. 
J Exp Biol. 2001; 204: 3133-3139.

22. Reid M. Plasticity in skeletal, cardiac, and smooth muscle. 
Invited review: redox modulation of skeletal muscle con-
traction: what we know and what we don’t. J Appl Physiol. 
2001; 90: 724-731.

23. Lira VA, Brown DL, Lira AK, et al. Nitric oxide and 
AMPK cooperatively regulate PGC-1α in skeletal muscle 
cells. J Physiol. 2010; 588: 3551-3566.

24. Olesen J, Kiilerich K, Pilegaard H. PGC-1α-mediated ad-
aptations in skeletal muscle. Pfl ugers Arch Eur J Physiol. 
2010; 460: 153-162. 

25. Radak Z, Pucsok J, Mecseki S, et al. Muscle soreness 
induced reduction in force generation is accompanied 
by increased nitric oxide content and DNA damage in 
human skeletal muscle. Free Radic Biol Med. 1999; 26: 
1059-1063.

26. Zembron-Lacny A, Naczk M, Gajewski M, et al. Changes 
of muscle-derived cytokines in relation to thiol redox 
status and reactive oxygen and nitrogen species. Physiol 
Res. 2010; 59: 945-951.

27. Chiang J, Shen YC, Wang YH, et al. Honokiol protects 
rats against eccentric exercise-induced skeletal muscle 
damage by inhibiting NF-κB induced oxidative stress and 
infl ammation, Eur J Pharmacol. 2009; 610: 119-127.

28. Pullinen T, Mero A, Huttunen P, et al. Resistance exercise 
induced hormonal response under the infl uence of delayed 
onset muscle soreness in men and boys. Scand J Med Sci 
Sports. 2011; 21: 184-194.

29. Di Pasquale MG. Amino acids and proteins for the athlete. 
CRC Press Taylor & Francis Group (2nd Edition) 2008.

30. Wells BJ, Mainous AG, Everett CJ. Association between 
dietary arginine and C-reactive protein. Nutrition. 2005; 
21: 125-130.

31. Saito H, Trocki O, Wang SL, et al. Metabolic and immune 
effects of dietary arginine supplementation after burn. 
Arch Surg. 1987; 122: 784-789.

32. Matsumoto K, Mizuno M, Mizuno T, et al. Branched-
chain amino acids and arginine supplementation at-
tenuates skeletal muscle proteolysis induced by moderate 
exercise in young individuals. Int J Sports Med. 2007; 28: 
531-538.

33. Filippin LI, Cuevas MJ, Lima E, et al. Nitric oxide regu-
lates the repair of injured skeletal muscle. Nitric Oxide. 
2011; 24: 43-49.

34. Morici G, Zangla D, Santoro A, et al. Supramaximal exer-
cise mobilizes hematopoietic progenitors and reticulocytes 
in athletes. Am J Physiol Regul Integr Comp Physiol. 2005; 
289: R1496-R1503.

35. Yang HT, Prior BM, Lloyd PG et al. Training-induced 

vascular adaptations to ischemic muscle. J Physiol Phar-
macol. 2008; 59: 57-70.

36. Kimura H, Esumi H. Reciprocal regulation between nitric 
oxide and vascular endothelial growth factor in angiogen-
esis. Acta Biochim Polonica. 2003; 50: 49-59.

37. Cheng A, Wang S, Cai J, et al. Nitric oxide acts in a positive 
feedback loop with BDNF to regulate neuronal progenitor 
cell proliferation and differentiation in the mammalian 
brain. Dev Biol. 2003; 258: 319-333.

38. Wilber RL. Altitude training and athletic performance. 
Human Kinetics Pub Inc. 2003.

39. Hinckson EA, Hamlin MJ, Wood MR, et al. Game per-
formance and intermittent hypoxic training. Br J Sports 
Med. 2007; 41: 537-539.

40. Hamlin MJ, Hellemans J. Effect of intermittent nor-
mobaric hypoxic exposure at rest on haematological, 
physiological, and performance parameters in multi-sport 
athletes. J Sports Sci. 2007; 15: 431-441.

41. Katayama K, Matsuo H, Ishida K, et al. Intermittent 
hypoxia improves endurance performance and submaxi-
mal exercise effi ciency. High Alt Med Biol. 2003; 4: 291-
304.

42. Vogt M, Hoppeler H. Is hypoxia training good for muscles 
and exercise performance? Prog Cardiovasc Dis. 2010; 52: 
525-533.




