
Medicina Sportiva 
Med Sport 15 (1): 30-40, 2011 
DOI: 10.2478/v10036-011-0004-2 
Copyright © 2011 Medicina Sportiva

REVIEW ARTICLE
30

PHYSICAL EXERCISE AND OXIDATIVE STRESS
Joanna Kruk 

Faculty of Physical Culture and Health Promotion, University of Szczecin, Szczecin, Poland

Abstract
The health benefits of a moderate regular physical exercise are well documented in the subject literature. However, 

strenuous physical exercise or physical activity increases concentration of reactive oxygen species (ROS), generated within 
mammalian cells as a consequence of strongly increased consumption of molecular oxygen in respiration. The ROS include 
some molecules containing oxygen, e.g., superoxide anion radical (O2

•–), hydrogen peroxide (H2O2), hydroxyl radical (HO•), 
singlet oxygen (1O2), hypochloride ion (ClO‾), nitric oxide radical (NO•), peroxynitrite (ONOO‾). Increased aerobic metabo-
lism during exhaustive exercise can cause an imbalance (so-called oxidative stress) between the ROS production and the 
antioxidant defense system capacity. Knowledge of the ROS formation mechanism during exercise is important because 
these species can effect both the tissue damage and adaptation to the oxidative stress, accompanying exercise. Because 
ROS can stimulate the development of cancer and other diseases, reducing of oxidative stress is important in strategies of 
prevention of the ROS-related diseases. This paper provides a brief summary of the present state of knowledge dealing with 
mechanisms of ROS formation during exercise or post-exercise, methods of their detection, role of ROS in cell signaling, 
and of the effect of regular exercise training on adaptation to oxidative stress. 
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Introduction
The benefits from regular moderate physical ex-

ercise (40-60% maximal oxygen uptake, ¦O2max) is 
recommended for primary and secondary prevention 
of a number of chronic diseases and psychological 
disorders (e.g., cancer, cardiovascular disease, diabetes, 
osteoporosis, depression, obesity) [1-4]. Nonexhaus-
tive physical exercise reduces the formation of reactive 
oxygen species (i.e. oxygen molecules or some com-
pounds of oxygen, hydrogen and nitrogen showing 
higher reactivity than molecular oxygen) (ROS) and 
other oxidants, improves antioxidant defense system 
and enhances the resistance of tissues against the toxic 
action of ROS [5-8]. The benefits of regular moderate 
intensity physical activity are especially important for 
older people. They can experience improved flexibility 
strength, balance, coordination, motor control, and 
mental health [9,10]. For more information on health 
gain, economic and social benefits through participa-
tion in regular moderate physical exercise the reader 
is referred to the recent reviews [3,11,12]. 

However, it is now clear that physical exercise, 
especially too intense or sporadic could cause dam-
age to muscle cells or inflammatory reactions within 
them; some of this damage is due to the formation of 
ROS [13-17]. The intense exercise is related to higher 
consumption of molecular oxygen (O2) and resulting 
increased generation of ROS in cells and tissues [18-20]. 
It is important to underline that Davies and co-workers 
were the first who reported that ROS are formed during 
exercise [21]. Long-term exercise can cause oxidative 

stress, i.e., an imbalance between increased produc-
tion of ROS and the antioxidants scavenging capacity 
(Figure 1). The unbalanced ROS species could damage 
protein receptors, enzymes, and lipid membranes. In 
addition, ROS are powerful DNA damaging species 
causing strand breaks, alterations in guanine and thy-
mine bases [22-25]. The ROS species are continuously 
formed within mammalian cells, thus the cells are under 
persistent oxidative stress [26-28]. Brown and Bicknell 

Fig.1. An imbalance between the formation of reactive oxygen species (ROS) 
and the antioxidant defence capacity called as oxidative stress
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[28] in their review summarized the consequences of 
breast carcinoma cell oxidative stress. The authors re-
ported the following ROS actions: increased mutation 
rate and accelerated tumor progression; activation of 
growth-promoting signaling pathways, resistance to 
therapy, increased blood supply to tumor cells by trig-
gering vasodilatation and increased risk of metastasis. 
The epidemiological and laboratory studies indicate that 
both intensity and duration of physical exercise affect 
the initiation and the promotion/progression phases of 
carcinogenesis [22,23,29-31]. 

Although good evidence exists for formation of 
ROS during physical exercise, the complexity of the 
human body and of the prooxidant-antioxidant sys-
tems causes that the exact mechanism of their genera-
tion, similar as exercise-induced adaptation, remains 
only partly understood, and is a topic of extensive 
study [32]. Having that in mind, the present paper 
will address sources of ROS in physical exercise and 
the effects of regular exercise training on adaptation 
to oxidative stress. 

Sources of ROS in physical exercise
Molecular oxygen (O2) is vital for life; its major role 

in normal metabolism is oxidative phosphorylation. 
About 95% of the O2 we breathe undergoes reductions 
to water. The remain percentage of O2 is the substrate 
for the production of ROS, that include superoxide 
anion radical (O2

•–), hydrogen peroxide (H2O2), 
hydroxyl radical (HO•), nitric oxide (NO•), peroxyl 
radical (ROO•), singlet oxygen (1O2), ozone (O3), hy-
pochlorous acid (HOCl). Nitric oxide may react with 
O2

•– to form peroxynitrate (ONOO–) – powerful oxi-
dant [24,25]. Among these species, O2

•–, HO•, ROO• 
and NO• are free radicals, i.e., molecules with at least 
one unpaired electron and are capable of independent 
existence. Due to the presence of an unpaired elec-
tron, free radicals are highly reactive towards various 
biological macromolecules. In turn, 1O2 is an excited 
state of molecular oxygen. Singlet oxygen is one of the 
most active having at least an energy 22 kcal/mol above 
that of O2 in a ground state. This energy determines 
its much higher reactivity than O2 in the ground state. 
Among free radicals HO• is the most reactive species, 
the reaction rate constant towards most biomolecules 
is in the order of 109-1011L·mol-1·s-1. In biological 
systems  is mainly formed by Fenton’s reaction [25]:

Fe(II) + H2O2 → HO•+ OH– + Fe(III)                      (I)

An important role in the HO• production in the 
Fenton reaction is also played by the interaction of 
O2

•– with Fe3+:

 O2
•– + Fe(III) → Fe(II) + O2               (II)

The generation of ROS is necessary for a number of 
important physiological processes in cells, for example, 
muscular contraction, the intracellular signaling, 
and the immune function [17,24,33]. The problem 
arises when total concentration of ROS formation is 
higher than the cellular defense systems capacity to 
neutralize and eliminate them. Defense mechanisms 
include those enzymatic such as cytochrome oxidase 
system, superoxidase dismutases (SODs), catalases, 
peroxidases, glutathione peroxidase, cerruloplasmin, 
transferin and low molecular weight compounds 
(glutathione, vitamin C, vitamin E, carotenoids, bio-
flavonoids etc.) [24,25].

Among stressors that can cause the oxidative stress 
is aging and exhaustive exercise [5,16,34-37]. It has 
been estimated that the metabolic rate resulting from 
the high intensity physical exercise may increase mo-
lecular oxygen consumption (¦O2max) even 20 times 
in comparison with values at rest [33]. The oxygen 
consumption during moderate exercise increases 8-10 
times [38].

Several mechanisms for the ROS formation during 
exercise have been proposed [8,39]. Exercise mode, 
intensity and duration can impact the extent of oxida-
tive stress. A single bout of physical effort is a poten-
tial factor leading to a high level of ROS, followed by 
acute oxidative stress. Among several sources of ROS 
formation, the following are proposed as the most 
important: higher formation of ROS by mitochondria 
in respiratory electron transport chain.

Even in a resting state the release of electrons oc-
curs in the electron transport chain and O2 (2-4% 
consumed by human beings) is reduced to give O2

•–. 
A small fraction of  O2

•– exists in the protonated form 
as HO2

•. The spontaneous or catalyzed dismutation 
of O2

•– or HO2
• generates H2O2. The later species 

then can react with the reduced metal ion, e. g., Fe2+ 

to form an extremely reactive species HO•, by the 
Fenton reaction (reaction I). The main reactions 
responsible for the O2

•– production in mitochondria 
are as follows [25]:

NADH → dehydrogenaza NADH (e) + O2 → O2
•–(III)

UH2 + O2 → UH• + O2
•– + H+                (IV)

UH• + O2 → U + O2
•– + H+                    (V)

where UH2 denotes reduced form of ubiquinone; 
UH• - ubisemiquinone, U is oxidized form of ubiqui-
nol, and NADH-nicotinamide-adenine dinucleotide, 
reduced form. 

The efficiency of the O2
•– production by electron 

leaks in respiratory chain is the greatest during state 
IV respiration, then the adenosine triphosphate (ATP)/
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adenosine diphosphate (ADP) ratio is the  highest [8]. 
During heavy aerobic exercise the most of muscle mi-
tochondria is in state III, when all substrates of the res-
piration chain are present. Their presence is followed 
by a lower level of ROS release than at rest [40,41]. 
However, the suggestion that the mitochondrial forma-
tion of  O2

•– is higher during heavy aerobic exercise 
given by Davies and coworkers [6] finds confirmation 
in earlier findings of Brooks and coworkers [42] and 
Salo et al. [7]. The former researchers reported that 
the muscle and core temperatures rise up to 41-45°C 
in athletes. In turn, the latter group of researchers 
observed that O2

•– concentration increased propor-
tionally to mitochondrial uncoupling with tempera-
ture. They stated that temperatures of 41-45°C cause 
extensive mitochondrial uncoupling with accompany-
ing higher consumption  of molecular oxygen, which 
undergoes direct one-electron reduction to O2

•–.

ROS formation by xanthine oxidase
The other source of ROS that can contribute to 

exercise induced damage is xanthine oxidase [18,43-
45]. During intensive exercise a temporary ischemia 
(O2 deficit) or hypoxia (O2 excess) can occurs in 
certain tissues. During these states ATP is converted 
into hypoxanthine by 4-steps reduction via adenosine 
monophosphate (AMP) (Figure 2). During ischemia 
xanthine dehydrogenase can be converted to xanthine 

oxidase (XO). Under normal physiological conditions 
XO oxidizes both enzymes hypoxanthine and xanthine 
to uric acid followed by reduction of NAD+ to NADH. 
With intense exercise, under ischemia-like conditions, 
intercellular levels of XO and hypoxanthine are rised, 
and during reperfusion XO converts hypoxanthine 
to xanthine and uric acid by using molecular oxygen. 
These reactions are accompanied by the formation 
of O2

•– and H2O2 [8]. Under conditions of ischemia 
reperfusion the proteins containing iron may release 
the Fe-ions and convert H2O2  into HO•, by the Fenton’s 
reaction. An important role for xanthine oxidase in 
the ROS production has been confirmed in human 
and laboratory animal studies that used allopurinol 
(4-hydroxy-pyrazole (3,4-pyrimidine)) – an excellent 
inhibitor of the enzyme [44,46]. Results from these 
studies showed significantly decreased concentration 
of the damaging reactions products, such as oxidized 
glutathione and malonyldialdehyde (MDA) in animals 
and humans that were administered allopurinol prior 
to exhaustive exercise. Also, recent paper by Kuwahara 
and co-workers reported that a single administration 
of antioxidant has increased the cellular ATP concen-
tration and improved exercise efficiency [47].

ROS formation by neutrophils and other phagocytes
The next hypothesized source of ROS production 

especially during eccentric, exhaustive or prolonged 

Fig.2. Reactive oxygen species formation by xanthine oxidase during exhaustive physical exercise
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exercise is the respiratory burst, i.e., fast consump-
tion of O2 by phagocytic cells, mainly neutrophils and 
macrophages. The phagocytes play an important role 
as a primary defense cells in an acute inflammatory 
reaction. Respiratory burst is involved in the killing 
of invading bacteria, viruses, and other microorgan-
isms by the formation of ROS and further destruction 
of a microbe by enzymes. During respiratory burst 
NADPH directly reduces O2 to O2

•– [25] using nico-
tinamide adenine dinucleotide phosphate, reduced 
form (NADPH) oxidase, as a cofactor.

NADPH + 2O2 → NADP+ + H+ + 2 O2
•–      (VI)

Reaction (VI) is catalyzed by NADPH oxidase. 
Superoxide anion radical can be dismutated by SOD 
to H2O2 [25].

O2
•– +  O2

•–+ 2H+    H2O2 + O2              (VII)

In neutrophils, peroxidases may oxidize chloride 
ions using H2O2 to form hypochlorous acid (HOCl). 
The anion OCl– reacts then with H2O2 to generate the 
extremely reactive 1O2 [25]:

H2O2 + OCl–  ←→  1O2 + HCl + OH–

Additionally, HO radicals may also be generated 
by the Fenton reaction.

Although exercise-induced neutrophils activa-
tion leads to the removal of damaged biomolecules 
and dead cells, if the process is not well controlled 
the increased generation of pro-inflammatory me-
diators, such as interleukin-1, interleukin-8, tumor 
necrosis factor-alpha (TNF-α) and prostaglandins 
is responsible for acute inflammation [35]. The 
intensive short-duration exercises induce stress hor-
mones (cortisol and adrenocorticotropic hormones) 
[48], serum growth hormone and prolactin [49]. 
These substances affect the neutrophils functions. 
Yamada et al. [50], for example, examined the effect 
of exhaustive exercise on human neutrophils in eight 
male cross-country skiers. They found elevated level 
of cortisol one hour after exercise and also of serum 
growth hormone just after exercise. The elevated 
levels of salivary cortisol, TNF-α and NO• (during 
acute exercise) was also reported by Rahman et al. 
[51] in males. 

It is important to underline, that Pepe et al. [52] 
found similar responses to exercise of men and women 
at the same absolute workload at different running 
distances. The authors reported similar significant 
changes in lipid hydroperoxide (a marker of lipid 
peroxidation), SOD and catalase levels independent 
of gender, despite differences in physical activity 
characteristics.

Another source of O2
•– is a leakage of electrons 

from NADPH cytochrome P450 reductase. Also, cy-
cloxygenase, lipoxygenase and other enzyme systems 
(reductases, hydroxylases, dehydrogenases) are essen-
tial sources of O2

•– and other reactive oxygen species 
[24,25]. Another site of ROS formation is autoxidation 
of catecholamines and their oxidation by ceruloplas-
min or in the presence of the transition metal ions, and 
synthesis of prostaglandins and tromboxans.

Reactive nitrogen species
The NO radical is generated from arginine on a 

five-electron oxidation way catalyzed by nitric oxide 
synthase (NOS) [25]. Of the three isoform of NOS: 
the endothelium (eNOS), the neuron (nNOS), and 
the immunologic (iNOS), iNOS is the most effective 
in the NO• production and considered as responsible 
for pathophysiological action of NO•[53]. Nitric 
oxide is an important biological signaling molecule 
involved in neutransmission, blood pressure regula-
tion, immune regulation, defense mechanisms, muscle 
contraction and metabolism during physical effort. 
However, overgeneration of NO• is called nitrosative 
stress. Recently, acute exercise has been confirmed 
as a factor elevating levels of salivary NO, using a 
standard treadmill test and enzyme immunoassay kits 
[54]. Nitric oxide is generated in mitochondria during 
inflammatory process; the species reacts rapidly with 
O2

•– to produce peroxynitrite anion ONOO– [39,55]. 
The ONOO anion is a potent oxidizing agent able to 
oxidize lipids and DNA and inhibit their functioning. 
The NO radical can also exert its effects by a direct 
interaction with cellular components, e.g., with iron-
sulfur clusters [56]. For exhaustive detail related to 
nitric oxide and other reactive oxygen species genera-
tion, physiological properties and reactivity, the reader 
is referred to the excellent book of Bartosz [25] and 
article by Valko et al [57].

Both moderate and extensive shifts in redox po-
tential toward oxidation reactions resulting in chronic 
oxidative stress have been suggested to increase sus-
ceptibility to ROS-mediated tissue damage in older 
adults [36]. For more information on the exercise 
mode, intensity, duration, the training status, and 
oxidative stress consequences the reader is referred 
to the review of Fisher-Wellman and Bloomer [16] 
and Jethon [58]. 

At present, despite of the research done over the 
past  30 years, there are many inconsistencies within 
the literature dealing with the relationship between 
exercise and oxidative stress [16,59], Progress in this 
area requires well-equipped laboratories. Monitoring 
the amounts of free radicals in vivo and resulting oxi-
dative stress is a major problem in the ROS research 
[60,61]. Investigation in this area has been dominated 
by animal studies. It is necessary to expand to human 
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populations. The development of modern, noninvasive 
direct techniques of free radicals detection is needed.

Methods of reactive oxygen and nitrogen species 
detection in exercise

The methods used to detect free radical formation 
during or after exercise are divided on indirect and 
direct ones. The first group of the methods is based on 
detection of by-product or end products of the ROS 
reactions, “examining the reaction path of the radicals” 
[8], because oxidative stress induces modifications 
of DNA, lipids and proteins that can be monitored 
through biomarkers assay development as well by 
glutathione oxidation.  The indirect methods include 
detection of isoprostanes (isomers of prostaglandins) 
- products of the tissue phospholipids oxidation by 
oxygen radicals, using the enzyme-linked immu-
nosorbent assay (ELISA) or by mass spectrometry 
[62-64]. Other method of lipid peroxidation includes 
the measurement of malonyldialdehyde (MDA) using 
thiobarburic acid reactivity in tissues or those end 
products (ethane and pentane) in exalted breath [25].

DNA oxidation by ROS involves more than 100 
different products of DNA damage [65]. The most 
sensitive biomarker for cellular oxidative stress and 
genotoxicity of DNA is 8-hydroxy-2’-deoxyguanosine  
ELISA kit and its oxidation product 8-oxo-2’-deoxy-
guanosine (8-OHdG) [66].

Another noteworthy marker of inflammation and 
NO• production is nitrotyrosine. Nitrotyrosine is a 
stable product of ONOO– oxidation. Both free and 
protein bound tyrosine undergo nitrosylation. The 
quantitative measurement of nitrosylated protein can 
be done using the nitrotyrosine ELISA kit.  Reactive 
oxygen species can oxidize reduced glutathione to 
an oxidized form, i.e., glutathione disulfide dimer 
(GSSG). The ratios GSH/GSSG decreases after ex-
haustive exercise [16,34,67]. The GSSG turnover to 
GSH is catalyzed by glutathione peroxidase and glu-
tathione reductase, measurements of these enzymes 
level indicates the amount of oxidative stress. In ad-
dition, the generation of ROS in excess can also be 
estimated by the measurement of other antioxidants 
deficiency, e.g., ascorbic acid (a scavenger of HO•, 
O2

•–, H2O2, HOCl, 1O2, ROO•), vitamin E (inhibitor 
of lipid peroxidation) or selenium (a scavenger of 
hydroperoxides and a cofactor of glutathione peroxi-
dase) supplementation [25,68,69]. The antioxidants 
level depends on physiological changes accompany-
ing physical effort, like endurance, fatigue, muscle 
force [8,47,70]. Similarly, end products of free-radical 
damage of lipids, proteins and DNA may be deter-
mined using spectrophotometric and fluorometric 
methods. Many studies reported on determination 
of MDA directly by gas chromatography e.g. [71], or 
high-pressure liquid chromatography [72]. A basic 

problem with usage of the indirect methods is their 
lack of specificity. For example, the concentrations 
of oxidation products in biological material are low 
and reagents used for determination of the products 
react often with a wide variety of compounds, e.g., 
tiobarbituric acid reacts with sugar and DNA, and 
not only with malondialdehyde. Also, declined per-
formance, blood flow and fatigue endurance capac-
ity accompanying overtraining belong to indirect 
methods detection of oxidative stress [8].

Direct detection of free radicals in tissues can be 
done with electron paramagnetic resonance spectros-
copy (EPR) [25,73,74]. Unfortunately, the sensitivity of 
this method to detect free radical species in biological 
systems present at low concentration is often too low 
[75]. The second complication results from a high 
dielectric absorption  of microwave energy by aque-
ous solutions. Indeed, the signal quenching problem 
by water may be overcome by the use of compounds 
known as spin traps. The spin trapping compounds 
stabilize free radicals by formation with them a long-
lived radical adducts showing an absorption signal of 
high intensity [76-78]. 

Reactive oxygen species can form electronically 
excited products (e.g., 1O2) during an exoergic re-
action. The reaction releases energy in sufficient 
amount to cause the electron jump from ground 
state to an excited state to form molecules in their 
excited electronic states. The electron transition 
to the ground state is often accompanied by light 
emission (this phenomena is called chemilumines-
cence) [25]. Despite of high sensitivity, simple and 
inexpensive instrumentation, safety, relative high 
frequency of usage in biochemical studies, the che-
miluminescence techniques have rarely been used in 
the exercise – oxidative stress relationship. Lu et al. 
[79] and Vladimirov and Proskurnina [80] recently 
reviewed information on cell chemiluminescence 
detection systems useful for the O2

•–, H2O2,  HO•, 
1O2 and ONOO– species. It should be mentioned 
that many inconsistencies in the exercise – induced 
oxidative stress literature are caused mainly by low 
sensitivity of the analytic techniques employed, the 
tissues sampled, and the exercise protocols [59].

The role of reactive oxygen species in signal trans-
duction

It has been recognized that ROS influence the 
expression of a number of genes and signal transduc-
tion (cell signaling) [81,82]. Many redox pathways are 
recognized to be directly or indirectly redox-sensitive 
to ROS. Cell signaling enables information to be trans-
mitted from the outside a cell to its internal functional 
elements. Lander [81] divided the cellular responses 
stimulated by ROS into the following categories: 
modulation of cytokine; growth factors, hormone 
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action and secretion, iron transport; transcription; 
neuromodulation, and apoptosis. Signals to the tran-
scriptional apparatus in nucleus are regulated by a 
class of certain proteins called transcriptional factors. 
The role of ROS in cell signaling is reported as a rapid 
response of a cell to an external stimulus by production 
of ROS in a cell (acting as second messenger), changes 
within the messenger that lead to activation of tran-
scription factor, and response of genetic expression to 
oxidative stress [53]. 

The transductional factors regulate the activity 
of RNA polymerase II by binding to specific DNA 
sequences [57]. The intracellular signaling can induce 
muscle contraction, gene expression, cell growth and 
differentiation.

Although the mechanisms of the transcription 
factors redox regulation and cell signaling are not 
well understood, several regulatory factors sensitive 
to ROS are reported [53,82]. A variety cytokines 
and growth factors induce changes in cell behavior 
and stimulate most types of cells following by ROS 
production. The most significant effect of ROS on 
signal transduction pathways is recognized in the 
mitogen-activated protein kinase (MAPK) pathway. 
ROS production results from stimulation of epider-
mal growth factor (EGF) receptor, platelet-derived 
growth factor (PDGF) receptor, vascular endothelial 
growth factor (VEGF) [57]. The next growth factor-
cytokines receptor such as tumor necrosis factor–α 
(TNF-α), interleukin-1 (IL-1) and interferon (IFN) 
did not have kinase activity although they also gener-
ate ROS in nonfagocytic cells [57]. In addition several 
nonreceptor protein tyrosine kinases (PTKs) and 
serine/threonine of the MAPK family can be regu-
lated by ROS and are important in cell proliferation, 
differentiation, and apoptosis. One of the four MAPK 
families is c-jun-NH2-terminal kinase JNKs in which 
serine/threonine kinase is important in the process of 
cancer formation. A number of studies reported that 
O2

•–, H2O2 can activate the MAPKs [57,82]. 
The MAPK pathways involve activation of nuclear 

transcription factors that control the expression of 
genes repairing damaged DNA, power of immune 
system, arrest the proliferation of damaged cells and 
induce apoptosis [57]. Among nuclear transcription 
factors sensitive to ROS are the following: nuclear 
transcription factors (NF-κB) – involved in regulation 
of apoptosis, survival, differentiation, inflammation 
and growth; activator protein-1 factor (AP-1) – can 
bind the tumor-promoting agent; p53 - protects a cell 
from tumor genesis (tumor suppressor); nuclear factor 
of activated T cells (NFAT) – regulates muscle growth 
and differentiation, angiogenesis, cytokine formation; 
heat shock proteins (HSP) factor-regulates the expres-
sion of the heat shock genes, and hypoxia-inducible 
factors HIF-1 and HIF-2 [83].

Effect of regular exercise training on adaptation to 
oxidative stress

The beneficial effects of regular, moderate physi-
cal exercise have been documented by numerous 
review reports [3,11,12]. The health benefits from 
regular exercise come from an improvement of an-
tioxidant defense system, reduction of basal forma-
tion of oxidants and increased resistance of tissues 
against the ROS damage [8,39,83-86]. Sachdev and 
Davies [8] stated that “the adaptive responses include 
a dramatic increase in muscle mitochondria follow-
ing endurance training, and altered expression of a 
large number of genes”. According to the authors’ 
statement the increase in muscle mitochondria is 
mainly responsible for increased endurance capacity 
and ROS stimulate the mitochondrial biogenesis. In 
the light of current knowledge on this subject, it is 
clear that the undesirable effect of exhaustive physical 
exercise may by prevented, at least partially, by train-
ing. For example, Salminen and Vihko [87] showed 
that endurance moderate training reduces the sus-
ceptibility of mouse skeletal muscle to lipid peroxi-
dation. Leeuwenburgh and Heinecke [39] reported 
that training increases antioxidant defense, reduces 
formation of oxidants and the oxygen free radicals 
during oxidative phosphorylation. Furthermore, 
Viña et al. [18] showed that training partially prevents 
against glutathione oxidation connected with exhaus-
tive bouts of high-intensity physical exercise. In turn, 
Salo et al. [7] discovered a several-fold increase in 
the expression of various protein, in it of the 70-kDa 
heat-shock protein 70 in skeletal muscle, heart and 
liver during exhaustive physical exercise. In contrast, 
the authors observed very little heat-shock protein 70 
induction in trained rats at the same level of exercise 
that caused the strong protein responses in untreated 
rats. According to the authors suggestion, a much 
greater level of oxidative stress is required in trained 
animals to cause the genes response. Moreover, Da-
vies et al. [5] suggested that during non exhaustive 
daily training the production of ROS can stimulate 
to mitochondrial biogenesis and exercise adaptation. 
The hypothesis that exercise training increases both 
mitochondrial content and mitochondrial numbers 
finds also confirmation in previous study of Venditti 
et al. [84] who found slightly elevated amount of 
total H2O2 in tissues of wheel-running animals after 
exhaustive training. In skeletal muscle H2O2 at a low 
concentration enhances release of Ca2+ from sarco-
plasmic reticulum and force formation. On contrary a 
large increase in H2O2 concentration results in a sharp 
decrease in force output [20,88]. Moreover, Holloszy 
et al. [89] much earlier reported the occurrence of 
both changes in mitochondria. As mentioned previ-
ously the next form of protection against oxidative 
stress and adaptation induced by training is the NF-
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κB signaling pathway. The pathway is considered as 
one of the most important oxidative stress sensitive 
signaling pathways. 

There is growing evidence that low concentration 
of ROS formed during muscle contraction plays an 
important role in the adaptation to physical exercise. 
These species are able to induce the expression of anti-
oxidant enzymes and other protective systems [90]. In 
this respect the mitochondrial form of SOD containing 
of manganese (MnSOD), glutathione peroxidase may 
be cited as examples.

The antioxidant enzymes contain NF-κB signaling 
sites in their gene promoter region, thereby, they can be 
potential targets during exercise activated upregulation 
of the NF-κB transcription factor. This factor resides 
in an inactive form in cytosol and is bounded to the 
inhibitor-protein IκB (Figure 3). The NF-κB factor is 
the protein complex containing three subunits: IκB 
and dimer consisting of two DNA binding subunits 
p50 and p65 [25]. After activation (the direct binding 
reactive oxygen species) the dimer is translocated to 
the nucleus binding to target gene promoters (e. g., 
Mn-SOD) through its DNA binding subunits [8].

The following findings are the examples for exercise 
induced NF-κB activation. Hollander et al. [91,92] 

found that expression of the Mn-SOD gene in rat 
skeletal muscle increased 2 hours after a single bout 
of treadmill running. The researchers found enhanced 
NF-κB binding in muscle nuclear extracts. The follow-
ing study by Ji et al. [93] confirmed the effect of an 
acute bout of exercise on the NF-κB signaling pathway 
in rat skeletal muscle and in peripheral lymphocytes 
of marathon runners resulting from increased oxidant 
production. In addition, this group of investigators 
documented that marathon running induces activa-
tion of the p50 subunit of the NF-κB complex in lym-
phocytes [87] and that NF-κB can activate formation 
of not only Mn-SOD but other protective enzymes 
[92] as well. The NF-κB factor plays an important role 
in carcinogenesis. For review and extensive discus-
sion dealing with NF-κB/IκB signaling, physiological 
significance of NF-κB activation and possible mediate 
of mammary carcinogenesis the paper of Wu and Kral 
is illustrative [94].

Skeletal muscle adaptation to training involves 
several changes that help the muscle to cope or mini-
mize disruption of intracellular homeostasis. Skeletal 
muscle adaptation is connected with a several factors 
working simultaneously or in response to each other. 
It has been suggested [95] that local hypoxia is a meta-
bolic stimulus for training response. An augmented 
increase in peripheral exercise adaptation during 
exercise is followed by reduced oxygen delivery as a 
result of capillarization and oxidative capacity. De-
spite massive research efforts detailed mechanism of 
mammalian oxygen sensing are still not clear. Oxygen 
homeostasis is preserved by regulation of a mass of red 
blood cells and respiratory ventilation [96]. Some stud-
ies suggested that changes in oxygen pressure include 
production hormones such as erythropoietin, VEGF, 
and IGF-II (insulin-like growth factor). These factors 
are controlled by HIF factors [97]. HIF-1 consist of two 
subunits, HIF-1α (the oxygen regulated subunit) and 
a constitutively expressed β-subunit HIF-1β [98]. This 
factor is activated in physiological conditions and also 
in various pathophysiological conditions. In nonhy-
poxic conditions HIF-1α is rapidly degraded, whereas 
the degradation of this subunit is suppressed in hy-
poxia conditions. Then HIF-1α rapidly accumulates, 
dimerizes with HIF-1β, translocates into the nucleus 
and activates the transcription of genes that control 
angiogenesis, glucose metabolism, cell proliferation 
and survival, metastasis and drug resistance [98]. 
HIF-2 is composed of the HIF-2α and HIF-1β subunits 
[99]. Both HIF-1α and HIF-2α subunits are regulated 
by intratumoral hypoxia, growth factors and genetic 
alterations. HIF-1α regulates pathways that increase 
oxygen delivery or allow a cell to adopt do decreased 
O2 – availability and mediates processes in response to 
change in the O2-level. The adaptation to hypoxia can 
promote carcinogenesis by induction of angiogenesis, 

Fig.3. Proposed mechanism of protection against oxidative stress induced by 
exercise training on the NF-kappa B signaling way
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and treatment resistance [100]. It has been shown that 
various diseases are related to dysfunction of HIF, for 
example, cancer, stroke, heart ischemia, peripheral 
vascular disease or the aerobic glycolysis observed in 
cancer cells [101-103]. Hypoxia and oxidative stress 
may co-operatively promote cancer. Hypoxia can 
stabilize HIF-1α by ROS production and by glycolysis 
activation and cause the accumulation of HIF-1, which 
in turn promotes factor VEGF and IL-8 formation. 
VEGF similarly as aldolase, enolase, lactate dehydro-
genase are examples of cancer related genes of which 
expression is regulated by HIF-1 [57,97]. Other regula-
tory mechanisms induced by exercise/physical activity 
may also modulate HIF-activity, for example, calcium 
levels, AMP-activated kinase (AMPK) (an intracellular 
sensor of energy status), and redox potential [102,104-
106]. The sensor is sensitive to alteration the cellular 
AMP: ATP ratio.

The mitochondrial electron transport chain-
generator of O2

•–, H2O2 as well as ONOO– is closely 
linked to HIF-1α activity and stability. One of the 
hypothetical mechanisms underlines a role of Fe(II)/
Fe(III) ions in the HIF-1α activity as follows: a hypoxia 
state is followed by an increase in mitochondrial ROS 
generation what may lead to accumulation of the 
Fe(III) ion is the cell, for example, by reaction (I). The 
Fe(II) ion is known as a cofactor for hydroxylation of 
HIF-1α by prolyl hydroxylases (HPH) [102]. It seems 
that the Fenton chemistry plays important roles in the 
regulation of hydroxylases level [100,107]. 

Recent data [99] showed that tumor cell prolifera-
tion was inhibited by disruption of HIF-1α and HIF-2α 
genes. Similarly, other researchers [107,108] reported 
that receptor tyrosine kinases may regulate the HIF 
activity in hypoxia and normoxia. The modulation 
of HPH/HIF regulating pathways was reported as a 
potential therapeutic approaches in the diseases where 
hypoxia plays a key role in their development [99].

Skeletal muscle adaptation is due to several fac-
tors working commonly, such as, the intracellular 
level of calcium, free phosphate, ATP/ADP ratio, 
redox potential and hypoxia. All these factors regu-
late gene expression and protein activity. A key role 
in energy metabolism has been described to peroxi-
some proliferator-activated receptor γ coactivator-1α 
(PGC-1α). PGC-1α increases mitochondrial biogen-
esis and respiration rates, uptake and utilization of 
substrates for energy generation [109,110]. PGC-1α 
regulates components of adaptive termogenesis and 
mitochondrial biogenesis, respiration, gene expres-
sion stimulates genes of fatty acid oxidation in adipo-
cytes and in heart and is transcriptional regulator of 
hepatic gluconeogenesis. For a review and extensive 
discussion reference [109] is illustrative. PGC-1α is 
a coactivator that activates multiple transformation 
factors: nuclear hormone receptors, nuclear respira-

tory factors (e.g. peroxisome proliferator-activated 
receptors, estrogen receptors), and muscle-specific fac-
tors. Two key cellular sensors AMP-activated protein 
kinase (AMPK) and silent information regulator T1, 
SIRT1 (an enzyme that mediates NAD+ – dependent 
deacetylation) strongly activate PGC-1α and control 
energy and nutrient homeostasis. An implication of 
PGC-1α in the pathogenesis of type 2 diabetes mel-
litus (T2DM) obesity and metabolic syndrome are the 
most frequent consequences during misbalance of 
energy homeostasis [111]. Therefore perturbation in 
the AMPK and SIRT1 controlling the PGC-1α activity 
may contribute to whole-body metabolism. However, 
the PGC-1α biology needs future studies. The actions 
of the AMPK and SIRT1 sensors affecting PGC-1α 
may explain the beneficial effects of exercise/physical 
activity and caloric restriction on energy homeostasis 
and prevention against obesity and T2DM.

Concluding Remarks  
In the light of what has been presented we can 

conclude that regular, moderate endurance exercise 
training protects from oxidative stress induced by ex-
haustive high-intensity physical exercise. A mild tissue 
trauma followed by recovery has been reported [112]. 
Thus, an adequate recovery could improve athletic 
performance. The proposed mechanism includes an 
increase of the antioxidant enzymes activity, reduction 
of basal oxidants formation, and increased resistance 
of tissues against the ROS damage. Although evidence 
that ROS may stimulate training-induced adaptation 
is yet inconclusive because an optimal concentration 
of oxygen species produced during exercise needed to 
drive the desired adaptive response has not been rec-
ognized. On the contrary, physical exercise of extreme 
duration and/or extreme intensity, and with lack of 
training generates ROS in amounts that overwhelm 
cellular antioxidant defenses and cause muscle dam-
age. In this case the mild trauma can develop into a 
more chronic and severe form of tissue trauma [113].

As several relationships exist between oxidative 
stress and severe training indirect oxidative stress 
biomarkers together with other biochemical indices 
measurement in human is important for diagnostic 
marker for overtraining. Margonis et al. [114] have 
studied this problem in men to measure performance 
and muscle damage indices, GSH and GSSG concen-
trations, indices of lipids and proteins peroxidation, 
level of antioxidant enzymes, and total antioxidant 
capacity. They found that overtraining is followed 
by a marked response of oxidative stress biomarkers 
“which, in some cases, was proportional to training 
load”. However, further studies are needed to con-
tinue markers for overtraining and to assess the exact 
mechanisms operating in the relationship between 
exercise and oxidative stress to quantify the ROS 
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source significance. In addition the protective role of 
antioxidants supplementation in damage caused by 
the oxygen species needs their specification in view of 
individual age and level of physical exercise.
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