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Abstract It is now well established that reactive oxygen

species (ROS) play a dual role as both deleterious and

beneficial species. In fact, ROS act as secondary messen-

gers in intracellular signalling cascades; however, they can

also induce cellular senescence and apoptosis. Aging is an

intricate phenomenon characterized by a progressive

decline in physiological functions and an increase in

mortality, which is often accompanied by many patholog-

ical diseases. ROS are involved in age-associated damage

to macromolecules, and this may cause derangement in

ROS-mediated cell signalling, resulting in stress and dis-

eases. Moreover, the role of oxidative stress in age-related

sarcopenia provides strong evidence for the important

contribution of physical activity to limit this process.

Regular physical activity is considered a preventive mea-

sure against oxidative stress–related diseases. The aim of

this review is to summarize the currently available studies

investigating the effects of chronic and/or acute physical

exercise on the oxidative stress process in healthy elderly

subjects. Although studies on oxidative stress and physical

activity are limited, the available information shows that

acute exercise increases ROS production and oxidative

stress damage in older adults, whereas chronic exercise

could protect elderly subjects from oxidative stress damage

and reinforce their antioxidant defences. The available

studies reveal that to promote beneficial effects of physical

activity on oxidative stress, elderly subjects require mod-

erate-intensity training rather than high-intensity exercise.

Key Points

Aging is associated with increased free-radical

generation, which induces cell damage.

Acute exercise increases free-radical generation and

oxidative injury in the elderly.

Regular physical activity could prevent oxidative

stress–related diseases in the elderly.

1 Introduction

Despite prolongation of the lifespan in developed countries

in the last several decades, a proportion of the elderly

population are frail and vulnerable to physical and mental

disorders that impair the quality of their later lives.

Numerous anti-aging measures have been proposed to

ameliorate and/or retard age-associated declines in physi-

ological functions and/or the onset of diseases [1]. The

free-radical theory of aging [2] has been the basis of these

major anti-aging strategies, although this theory has been

criticized as being not definitely proven [3]. In fact, among

the various theories that attempt to explain the aging pro-

cess, disruption of the whole signalling network involving

reactive oxygen species (ROS) has received increasing

recognition over the past two decades [4–6]. ROS can be
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generated by a variety of enzymes and metabolic pathways,

including mitochondrial complexes I–III in the electron

transport chain (ETC) [7], dihydrolipoamide dehydroge-

nase in a-keto acid dehydrogenase complexes, peroxi-

somes, cytochrome P450, xanthine oxidase and

nicotinamide dinucleotide phosphate (NADPH) oxidase,

although the quantitative significance of each of the path-

ways in generative ROS and causing cells to age is not

clear [8]. All of these systems may induce oxidative stress

under appropriate conditions, even if there are differences

in the rate of ROS production and susceptibility to oxida-

tive damage among various organs and tissues [9]. Basal

levels of ROS are indispensable for redox signalling and

cell survival. However, high levels of ROS would be

detrimental to cells and have been thought to contribute to

the development of age-related diseases and to promote the

aging process [10]. Oxidative stress is a situation whereby

cellular concentrations of ROS overwhelm cellular

antioxidant capacities, leading to extensive modifications

or damage to macromolecules, including DNA, proteins

and lipids, and playing an important role in many physio-

logical and pathophysiological conditions [11, 12]. How-

ever, it has recently been shown that protein or lipid

oxidation can be beneficial for cell survival, which is ter-

med ‘positive oxidative stress’, as suggested by Yan [13].

In fact, these oxidation products are usually caused by a

moderate level of oxidative stress and can induce or are

part of an adaptive response, which protects cells against

subsequent severe challenges that otherwise would trigger

widespread oxidative damage and cell death. Thus, even if

the imbalance between ROS production and antioxidant

defences in elderly subjects can modulate the expression of

many transcription factors responsible for shifting protein

synthesis to protein degradation and leading to muscle

sarcopenia [14], lipid peroxidation by-products and protein

oxidation adducts can have very large prophylactic effects

on aging-related diseases, including redox signalling and

activation of transcriptional factors [15].

Aging has also been shown to predispose skeletal

muscle to increased levels of oxidative stress [16], sug-

gesting that oxidative stress has a role in mediating disuse-

induced and sarcopenia-associated muscle loss. In fact,

provoked by continuous antigenic and oxidative stress, a

phenomenon appears in the elderly, denoted by the term

‘inflammaging’, which is used to elucidate a low-grade

chronic inflammatory state in the aged population [17].

This chronic low-grade inflammation induced by oxidative

stress has been shown to be detrimental to skeletal muscle

in humans [18, 19]. In fact, under normal conditions, there

is a balanced and continuous degradation and resynthesis

of skeletal muscle proteins. However, during the aging

process and the resulting increased oxidative stress, this

balance is disrupted [20], particularly because of blunted

anabolic signalling (e.g. growth factor [IGF]-1) and

increased catabolic signalling (e.g. interleukin [IL]-6 and

tumour necrosis factor [TNF]-a).
In daily life, numerous physical activities, such as

walking, climbing and cleaning, require aerobic metabo-

lism and therefore increased ROS production. In this area,

numerous studies have demonstrated changes in both ROS

production and antioxidant defence activities in response to

acute exercise [21, 22]. These changes would be more

pronounced in elderly people, in view of the deficiency in

the mitochondrial respiratory chain and the decrease in

antioxidant efficiency, which are characteristics of the

aging process. Nevertheless, it has been shown that regular

exercise has a significant effect on the prevention of these

age-associated losses [23]. Moreover, regular exercise

could be considered as a preventive measure against

oxidative stress–related diseases by improving the ability

to scavenge ROS. This paradoxical effect is due to the

ability of the exercise itself to increase the formation of

ROS to a level that may induce significant yet tolerable

damage, which can, in turn, induce beneficial adaptations

[24]. However, the balance between beneficial and dele-

terious effects of exercise on oxidative stress in elderly

people remains unclear, even though it has been reported

that physical activity—in particular, aerobic exercise

training—decreases the level of oxidative stress markers

and increases enzymatic and non-enzymatic antioxidant

capacity in middle-aged and elderly individuals [23–26].

However, to our knowledge, few studies have investigated

the relationship between different types (chronic or acute)

or modalities of exercise (resistance or aerobic) on oxida-

tive stress markers in these populations.

Given the fact that the data on oxidative stress and aging

are a subject of debate, the purpose of this review is to

examine this topic in relation to physical activity in order

to improve our knowledge and highlight some of the

mechanisms involved. To that end, we searched the elec-

tronic databases PubMed, ISI Web of Knowledge,

SPORTDiscus and Google Scholar (up to February 2015).

Key terms that were included and combined were ‘elderly’,

‘oxidative stress’, ‘reactive oxygen species’, ‘antioxidants’,

‘exercise’ and ‘training’. Only scientific research using

accepted methods that provided relevant information about

physical activity and oxidative stress in the elderly were

included in the current review.

2 Reactive Oxygen Species

Aerobic respiration generates energy in the mitochondria

of eukaryotic cells. As a result of this oxidative metabo-

lism, several compounds are produced. These compounds

are highly reactive molecules, which consist of a number of
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diverse chemical species, including superoxide anion

(O2
�-), hydroxyl radical (OH�) and hydrogen peroxide

(H2O2) [27]. H2O2 is relatively stable and membrane per-

meable. It can be diffused within the cell and can be

removed by cytosolic antioxidant systems, such as catalase

(CAT), glutathione peroxidase (GPX) and thioredoxin

peroxidase [28]. Because of their potential to cause

oxidative deterioration of DNA, proteins and lipids, ROS

have been implicated as one of the causative factors of

aging [29]. However, it is now accepted that a moderate

degree of ROS production might be an important mecha-

nism in the regulation of signal transduction, gene

expression or enzyme regulation [30, 31], even if the line

that separates the biological effects of ROS from oxidative

damage is not clear [32]. Indeed, by activating proteins

such as tyrosine kinases, mitogen-activated protein kinases

(MAPK) or Ras proteins, ROS are important mediators of

signal transduction pathways. Depending on cell types,

ROS have been found to function as signalling molecules

in cell proliferation, cellular senescence or cell death.

ROS represent the most important class of radical spe-

cies generated in living systems [33]. The addition of one

electron to dioxygen forms the superoxide anion radical

(O2
�-), considered to be the ‘primary’ ROS. It can further

interact with other molecules to generate ‘secondary’ ROS,

which are more aggressive, either directly or prevalently

through enzyme or meta-catalysed processes. Various ROS

formation pathways are outlined in Fig. 1. Their ‘steady

state’ concentrations are determined by the balance

between their rates of production and their rates of removal

by various antioxidants.

Sources of internal oxidative stress also include perox-

isomes and enzymes—in particular, detoxifying enzymes

from the P450 complex, xanthine oxidase and NADPH

oxidase complexes, which include the Nox family.

Cyclooxygenase, aldehyde oxidase, dihydroorotate dehy-

drogenase, tryptophan dioxygenase, nitric oxide (NO)

synthase and xanthine oxidase also contribute to ROS

production [33]. In addition to being generated during

cellular metabolism in mitochondria, ROS can be produced

in response to different environmental stimuli, such as

growth factors, inflammatory cytokines, ionizing radiation,

UV, chemical oxidants, chemotherapeutics, hyperoxia,

toxins and transition metals [34].

Once they are produced, ROS react with lipids, proteins

and nucleic acids, causing oxidative damage to these

macromolecules. In fact, when lipids react with ROS, they

can undergo a highly damaging chain reaction of lipid

peroxidation. The interaction of ROS and lipids consists of

three different steps: initiation, propagation and termina-

tion. During these steps, a large number of toxic by-prod-

ucts are formed, which can have effects at a site away from

Fig. 1 Pathways of reactive oxygen species formation. Reaction 1: a

superoxide anion radical (O2
�-) is formed by the process of reduction

of molecular oxygen, mediated by several pathways, such as those

involving nicotinamide dinucleotide phosphate (NADPH) oxidases

and xanthine oxidase. Reaction 2: the superoxide radical is dismuted

by superoxide dismutase (SOD) to hydrogen peroxide (H2O2).

Reaction 3: Hydrogen peroxide is most efficiently scavenged by the

enzyme glutathione peroxidase (GPX), which requires glutathione

(GSH) as the electron donor. Reaction 4: the oxidized glutathione

(GSSG) is reduced back to GSH by the enzyme glutathione reductase

(Gred), which uses NADPH as the electron donor. Reaction 5: some

transition metals (e.g. Fe2?) can break down hydrogen peroxide to a

reactive hydroxyl radical (OH�; Fenton reaction). Reaction 6: the

superoxide anion radical can combine with nitric oxide (NO) to

produce peroxynitrite (ONOO-). Reprinted with modifications from

[51], with permission from Elsevier
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the area of generation, behaving as secondary messengers

[35]. The damage caused by lipid peroxidation can be

detrimental to the functioning of the cell. Indeed, lipid

peroxidation has been shown to perturb the bilayer struc-

ture and modify membrane properties, such as membrane

fluidity, permeability to different substances and bilayer

thickness. Consequently, membrane permeability caused

by lipid peroxidation can disrupt ion gradients, therefore

altering metabolic processes [36]. The process of lipid

peroxidation gives rise to many products of toxicological

interest, including malondialdehyde (MDA), 4-hydrox-

ynonenal (4-HNE) and F2-isoprostanes [37]. MDA and

HNE have the potential to modify DNA and proteins. They

are also capable of inducing apoptosis or necrosis in vari-

ous cells. Thiobarbituric acid (TBA) reacts with numerous

chemical species (including nucleic acids, amino acids,

proteins, phospholipids and aldehydes) when heated under

acidic conditions [38]. Nevertheless, it appears that lipid

peroxidation products could have beneficial effects for cell

survival [13].

Oxidation of proteins by ROS can generate a range of

stable as well as reactive products, such as protein

hydroperoxides, which can generate additional radicals,

particularly upon interaction with transition metal ions

[39]. Although most oxidized proteins that are functionally

inactive are rapidly removed, some can gradually accu-

mulate over time and thereby contribute to the damage

associated with aging, as well as various diseases.

Depending on the ROS present, the resulting damage to the

protein may take the form of nitration or oxidation of

various amino acid residues [40]. ROS may also result in

the formation of advanced glycation end products (AGE)

or advanced oxidation protein products (AOPP), both of

which are stable markers of oxidative stress [41].

ROS readily attack DNA and generate a variety of DNA

lesions, such as oxidized DNA bases, abasic sites and DNA

strand breaks, which ultimately lead to genomic instability

[42]. 7,8-Dihydro-8-oxo-deoxyguanosine (8-oxo-dG) is

one of the most abundant and well-characterized DNA

lesions caused by ROS [43, 44]. It is a highly mutagenic

lesion, which results in G:C to T:A transversions. Contin-

uous oxidative damage to DNA may lead to alterations in

signalling cascades or gene expression, may induce or

arrest transcription, and may cause replication errors [38].

To limit the cellular damage caused by ROS, cells have

evolved a number of sophisticated defence mechanisms.

ROS-generated DNA lesions are repaired mainly by base

excision repair, as well as other DNA repair pathways,

including nucleotide excision repair, double-strand break

repair and mismatch repair [45]. In addition, the damaging

effects of ROS can be neutralized via elevated antioxidant

defences, which include superoxide dismutase (SOD),

CAT and GPX to scavenge ROS to nontoxic forms [46].

Exposure to free radicals has led organisms to develop a

series of defence mechanisms involving prevention mech-

anisms, repair mechanisms, physical defences and antiox-

idant defences. Enzymatic antioxidant defences include

SOD, which is characterized by three isoforms, CAT and

GPX. Two of the SOD isoforms are located within cells,

whereas the third SOD isoform is found in the extracellular

space [47]. SOD1 requires copper–zinc as a cofactor and is

primarily located in the cytosol and the mitochondrial

intermembrane space. SOD2 uses manganese as a cofactor

and is located in the mitochondrial matrix. Finally, SOD3

requires copper–zinc as a cofactor and is located in the

extracellular space. The main role of this enzyme is to

catalyse the dismutation of superoxide to hydrogen per-

oxide and oxygen [48]. CAT is an iron-containing enzyme

primary found in peroxisomes. It is predominantly con-

centrated in the liver, and it detoxifies hydrogen peroxide

by catalysing a reaction between two peroxide molecules,

resulting in production of water and oxygen. GPX consists

of several components, including the enzymes GPX and

glutathione reductase (Gred), and the cofactors glutathione

(GSH) and NADPH. Together, these components effi-

ciently remove H2O2. This reaction uses GSH and trans-

forms it into oxidized glutathione (GSSG); GPX and CAT

have the same action upon H2O2, but GPX seems more

efficient with a high ROS concentration, whereas CAT may

have an important action with a lower H2O2 concentration

[33]. These defences can be modified by exercise, training,

nutrition and aging [49].

Non-enzymatic antioxidants include a variety of free-

radical quenchers, such as ascorbic acid, alpha-tocopherol,

carotenoids, flavonoids, thiols (which include GSH), ubi-

quinone Q10, uric acid, bilirubin, ferritin, albumin, trans-

ferrin, lactoferrin and micronutrients, which act as

enzymatic cofactors. Essential micronutrients include

cobalt, copper, chromium, fluorine, iron, iodine, man-

ganese, selenium and zinc. Under normal conditions, there

is a balance between both the activities and the intracellular

levels of antioxidants—this balance being essential for the

survival of organisms and their health. Thus, each cell is

characterized by a concentration of electrons (a redox state)

stored in many cellular constituents, and the redox state of

a cell and its oscillation determine cellular functioning—

the term ‘redox state’ also describing the redox environ-

ment of a cell.

At the molecular level, cellular stress response pathways

are controlled by four categories of molecules and tran-

scriptional regulators: insulin/insulin-like IGF-1 signalling,

sirtuins, target of rapamycin and adenosine monophos-

phate–activated protein kinase (AMPK)-dependent path-

ways. All of these pathways have one molecular target in

common, named forkhead box protein O1 (FoxO1) [50]. In

mammals, there are four FoxO molecules, which are
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encoded by different genes, and they all affect the differ-

entiation, proliferation and survival of a variety of cells,

including adipocytes, hepatocytes and myoblasts. FoxO

activity is regulated by a variety of external stimuli,

including insulin, growth factors, hormones, cytokines and

oxidative stress, through a plethora of post-translational

modification of FoxOs, including phosphorylation, ubiq-

uitination, acetylation and methylation. The antioxidant

defence provided by FoxOs is ultimately overwhelmed by

high levels of oxidative stress or oxidative stress–activated

pathways that interfere with the activity of FoxOs, or both.

ROS are widely recognized for their dual roles as being

both deleterious and beneficial, since they can be either

harmful or beneficial to living systems, particularly by

playing a physiological role in intracellular signalling and

regulation as secondary messengers. In fact, depending on

the type of antioxidants, the intensity and the time of redox

imbalance, as well as the type of cells, oxidative stress can

play a role in the regulation of important processes through

modulation of signal pathways, influencing synthesis of

antioxidant enzymes, repair processes, inflammation,

apoptosis and cell proliferation [51]. The magnitude and

duration of the stress, as well as the cell type involved, are

important factors in determining which pathways are acti-

vated, and the particular outcome reflects the balance

between these pathways. The initiation and proper func-

tioning of several signal transduction pathways rely on the

action of ROS as signalling molecules, which may act on

different levels in the signal transduction cascade by

causing reversible oxidation of proteins at cysteine resi-

dues. Such reversible amino acid oxidations regulate

extracellular signal–regulated kinases (ERKs), jun N-ter-

minal kinases, p38, MAPK and the Wnt/b-catenin sig-

nalling pathway, as well as the activity of transcription

factors, including nuclear factor (NF)-kB and activator

protein (AP)-1. ROS can thus play a very important

physiological role as secondary messengers. However,

signalling via ROS is harmful, as overproduction of reac-

tive signal molecules may be destructive.

3 Aging and Oxidative Stress

The process of aging may be defined as a progressive

decline in the physiological functions of an organism. The

first free-radical theory of aging proposed by Harman [29]

postulated that aging results from accumulation of delete-

rious effects caused by free radicals, and the ability of an

organism to cope with cellular damage induced by ROS

plays an important role in determining organismal lifespan.

In agreement with this theory, increased ROS production

by mitochondria and increased 8-oxo-dG content in mito-

chondrial DNA (mtDNA) are frequently detected in aged

tissues [45], suggesting that progressive accumulation of

oxidative DNA damage is a contributory factor to the aging

process.

Martins Chaves et al. [52] and Bailey et al. [53] noted

higher rates of free-radical generation in elderly compared

with young subjects in various compartments of measure-

ment (blood or muscle). The authors explained this

increased production of ROS by a decline in mitochondrial

respiratory function with aging. In fact, respiratory control,

the efficiency of oxidative phosphorylation, the rates of

resting (state 4) and ADP-stimulated (state 3) respiration,

and the activities of respiratory enzyme complexes have all

been observed to decline with age in various human tissues

[54, 55]. These findings have led to the proposal that

impairment of mitochondrial respiratory function is asso-

ciated with or is responsible for higher free-radical levels in

older subjects. It has been shown that aging induces

modifications in factors that affect mitochondrial free-

radical production [56]. Among those, three factors have

been extensively studied: mitochondrial membrane poten-

tial (Dw), intracellular Ca2? and NO. Figure 2 illustrates

the factors that contribute to the rise in mitochondrial ROS

production with aging. First, generation of mitochondrial

ROS is dependent on Dw. High Dw seems to favour the

production of ROS, particularly at complex III. This is

thought to be due to slowed electron transport and pro-

longation of ubisemiquinone radical occupancy in the

complex [57]. However, most studies with animal models

have reported a decrease in Dw with aging [58, 59].

Therefore the Dw factor cannot explain the rise in ROS

production in older subjects. Second, Ca2? increases

mitochondrial ROS production under conditions of partial

mitochondrial membrane depolarization or in the presence

of some degree of mitochondrial electron transport inhi-

bition. Several mechanisms have been suggested: (1) Ca2?

stimulates the tricarboxylic acid (TCA) cycle and enhances

electron flow into the respiratory chain; (2) Ca2? stimulates

NO production from NO synthase, resulting in inhibition of

complex IV; and (3) Ca2? dissociates cytochrome c from

the inner mitochondrial membrane and at higher concen-

trations induces release of cytochrome c across the outer

membrane [60]. Cytochrome c is a potent antioxidant, and

its loss can result in increased ROS liberation from the

mitochondria. To our knowledge, there have been no

studies investigating aging effects on mitochondrial Ca2?

in humans. Only a few studies have focused on this topic in

animal models, and they indicated an increase in mito-

chondrial Ca2? with aging in the liver [61] and heart tissues

[62], which could partly explain the higher ROS production

in mitochondria in older tissues. Third, the mitochondrial

ROS production in endothelial cells is also under regula-

tion by NO. The best-understood interaction between the

mitochondria and NO occurs at complex IV. In fact, low
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concentrations of NO reversibly bind and inhibit complex

IV, thereby modulating mitochondrial respiration and

oxygen consumption, and facilitating the release of mito-

chondrial ROS [57]. Martins Chaves et al. [52] reported

higher levels of both NO and ROS in older rats compared

with younger rats, supporting the link between NO levels

and ROS release with aging. Finally, the increase in free-

radical leakage could also be due to lower mitochondrial

capacity to scavenge free radicals with aging [63, 64]. In a

general manner, most of the studies have shown a decrease

in antioxidant levels with age [65–67]. This decrease could

be explained by an alteration in cell signalling pathways

with age, including NF-kB and AP-1 [68]. Conversely,

some studies have shown that aging is accompanied by an

increase in the activity of antioxidants. Specifically, studies

by Pansarasa et al. [69] and Inal et al. [70] found higher

levels of some enzymatic antioxidants in older subjects

compared with a younger group.

It should also be noted that other potential sources of

ROS generation, including endothelial cells (via xanthine

oxidase and/or NADPH oxidase) and activated leukocytes

(via NADPH oxidase), could also contribute to increased

production of ROS with aging [71]. The activation of

neurohumoral factors commonly seen in older adults,

including catecholamines and NO, can in fact contribute to

the generation of ROS [72].

It also appears that an age-related imbalance between

ROS and antioxidant defences may be a primary causal

factor in producing chronic inflammatory reactions [73].

Besides impairing the ability to remove ROS, this redox

imbalance could activate redox-sensitive transcription

factors and generate numerous proinflammatory mediators,

such as cytokines, chemokines and inducible NO synthase.

These molecules can produce products that include both

reactive oxygen and reactive nitrogen species [74], and it is

postulated that accumulation of these reactive species

contributes to the pathogenesis of age-related diseases [75].

According to Kregel and Zhang [76], a positive feedback

loop is also activated with generation of these reactive

species, which serves to further augment the cascade of

inflammatory processes and exacerbate inflammation-in-

duced cellular and tissue damage.

Despite a large body of evidence supporting the role of

ROS in aging, the free-radical theory of aging faces some

challenges [77]. In heterozygous mice, for example, the

reduction in MnSOD activity with aging results in

increased DNA damage but does not accelerate the aging

process [78]. In this sense, overexpression of antioxidant

enzymes in mice, such as SOD1 or CAT, does not extend

the lifespan [79]. Studies of long-lived rodents also have

not found a convincing correlation between levels of

oxidative damage and aging [80]. Moreover, generally

speaking, pharmacological intervention with antioxidants

in humans and mice has little effect in prolonging the

lifespan. Vina et al. [81] suggested that free radicals can

not only cause molecular damage to cells but also serve as

signals, leading to the proposal that they act as modulators

of physiological processes. Ristow and Zarse [82] reported

that oxidative stress may increase longevity and improve

metabolic health, and these authors put forward the concept

of mitochondrial hormesis or mitohormesis. They empha-

sized that by promoting an increase in ROS and an increase

Fig. 2 Main sources of

mitochondrial free-radical

production during aging. ROS

reactive oxygen species
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in mild oxidative damage, one can foster stress defences in

mitochondria and increase metabolic health and lifespan.

In summary, it seems that ROS cause aging as they alter—

sometimes irreversibly—the signalling network of the cell.

If the cell can cope with the stress caused by relatively mild

action of ROS, then adaptation takes place and damage

does not occur. If, however, the cell is overwhelmed by the

action of radicals, subcellular damage and aging will take

place. Indeed, radicals serve as signals, and interaction

between them is tightly balanced [81].

Thus, given that ROS are short-lived molecules and that

their molecular signatures imprinted on lipids and proteins

can execute the function of positive oxidative stress,

including redox signalling and activation of transcriptional

factors [13], further studies are needed to identify more

targets and their mechanisms, especially their prophylactic

roles in aging.

4 Oxidative Stress and Exercise in Elderly
Subjects

Both inactivity and aging are known to increase basal ROS

concentrations in skeletal muscle. New data and literature

reviews show that chronic ROS overproduction induced by

physical inactivity may exacerbate the activation of some

redox-sensitive signalling pathways involved in age-related

sarcopenia [68–84]. In contrast, regular physical activity is

an important determinant in maintaining an optimal state of

health and preventing chronic diseases. Conversely, acute

exercise increases oxygen consumption, which induces an

increase in the leakage of ROS, such as superoxide and

hydroxyl radicals, as well as products of oxidative phos-

phorylation of the ETC, and subsequently promotes an

imbalance between oxidants and antioxidants [85].

4.1 Exercise and Hormesis: Effects on Oxidative

Stress in Elderly Subjects

The thesis of the hormesis theory is that biological systems

respond to exposure to chemicals, toxins and radiation with

a bell-shaped curve. In toxicology, hormesis is a dose–

response phenomenon characterized by a low dose of

stimulation and a high dose of inhibition response [86–88].

Recently, Radak et al. [89] extended the hormesis theory to

free-radical species, which appear to plateau when modu-

lated by aging or physical exercise. Therefore, they pro-

posed that exercise modulates oxidative stress and the

effects can be described by the hormesis curve.

It has been clearly shown that a single bout of exercise

exceeding a certain intensity or duration results in

increased production of ROS and causes oxidative damage

to lipids, proteins and DNA [90, 91]. On the other hand, it

is also well established that regular exercise is a preventive

measure against oxidative stress–related diseases, includ-

ing cardiovascular diseases, stroke and certain cancers [92–

94]. Radak et al. [89] proposed that this paradoxical effect

is due to the ability of exercise to increase the formation of

ROS to a level that may induce significant but tolerable

damage, which can, in turn, induce beneficial adaptations,

in keeping with the theory of hormesis. The available data

regarding the effects of exercise on oxidative stress in

elderly subjects suggest that regular physical activity

improves antioxidant defences and reduces free-radical

damage [95, 96]. However, these adaptations are often

related to the exercise intensity. In general, exercise at high

intensity or for a long duration can enhance free-radical

production, induce damage in various tissues [97] and

decrease circulating antioxidants [98]. However, exercise

at moderate intensity and duration can generally be

regarded as an up-regulator of antioxidant defences and a

down-regulator of free-radical production under basal

conditions and during exercise [99]. A recent study by

Bouzid et al. [100] compared the effects of regular physical

activity at high and moderate intensity on oxidative stress

in older adults. The authors concluded that both low and

high physical exercise levels help to maintain better

antioxidant defences in older adults. However, greater

physical fitness could increase lipid peroxidation damage

more than a low physical fitness level. According to Radak

et al. [89], this differential oxidative stress training adap-

tation between high and moderate intensity comes from the

fact that older tissues need a lower level of ROS to prevent

diseases associated with oxidative stress and to retard the

aging process. Therefore, the molecular basis of the pre-

ventive effect of regular exercise is due, in part, to inter-

mittent, brief increases in the formation of ROS, thereby

altering signalling pathways and/or causing molecular

damage that can induce adaptive responses that protect

against a subsequent stronger stress. In other words, exer-

cise-induced increases in the production of ROS may

protect against ROS-associated diseases. Moreover, regular

physical exercise mediates health and longevity promotion

involving sirtuin 1 (SIRT1)-regulated pathways. The anti-

aging activity of SIRT1 is achieved, at least in part, by

means of fine-tuning of the AMPK pathway through pre-

vention of the transition of an originally pro-survival pro-

gramme into a pro-aging mechanism. Additionally, SIRT1

promotes mitochondrial function and reduces the produc-

tion of ROS through regulation of peroxisome proliferator-

activated receptor c coactivator (PGC)-1a, the master

controller of mitochondrial biogenesis [101].

Figure 3 presents the relationship between training

intensity and oxidative stress adaptation in older adults.
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4.2 Oxidative Stress and Acute Exercise in Elderly

Subjects

There are few studies that have evaluated the effect of

acute exercise on ROS production in healthy elderly sub-

jects. Table 1 summarizes the data available in the

literature.

In a general manner, the generation of ROS in skeletal

muscle increases during physical exercise or isolated con-

tractions [102]. Contraction-induced changes in ROS

modulate some of the adaptive responses that occur in

skeletal muscle following contractile activity. Thus, muscle

ROS generation during contractions increases the expres-

sion of genes involved in antioxidant defence (e.g. heat

shock protein [HSP] 60, HSP70, NF-kB, AP-1) and also in

mitochondrial biogenesis (e.g. PGC-1a) [103], and thus has
a positive effect.

Koechlin et al. [104] reported increased production

(?29 %) of superoxide radicals (O2
�-) after a dynamic

quadriceps endurance test at 40 % of maximal strength

among elderly subjects. Bailey et al. [53] also noted that

ubisemiquinone radical (UQ-) production was higher after

maximal knee extensor exercise in elderly subjects com-

pared with young subjects. The reason for the increased

ROS production in aged subjects is not entirely clear. Age-

related defects in the mitochondrial ETC are considered a

major mechanism. In fact, mitochondria from aged animals

demonstrate much lower cytochrome c oxidase (complex

IV) activity than those from young animals, whereas

enzyme activities in complexes I and II show smaller

changes [105]. This alteration in the ETC favours greater

electron ‘leakage’ and formation of superoxide anions

(O2
�-) found in the senescent organism. Moreover,

although older adults achieve only lower maximal exercise

intensities and may have defects in ROS-induced cellular

processes, such as impaired ETC in mitochondria, they also

demonstrate much lower antioxidant capacity than young

subjects, which could also enhance ROS production during

acute exercise.

A post-exercise inflammatory reaction could also

accentuate exercise-induced free-radical production in

elderly subjects [106]. In addition, strenuous exercise

triggers release of TNF-a, IL-1 and IL-6 from immune

cells and/or damaged muscle tissue [107]. During the early

phase of muscle injury, these cytokines play an important

role in inflammatory responses by promoting adhesion

molecule expression and NO synthase induction in the

endothelial cells [108]. The resulting increase in vasodi-

latation due to NO production facilitates the movement of

polymorphoneutrophils (PMN) and circulating cytokines to

the affected area. In addition to stimulating PMN infiltra-

tion, and hence ROS production, some cytokines can bind

with membrane receptors and activate specific ROS-gen-

erating enzymes, such as lipooxygenase, NADPH oxidase

and xanthine oxidase. In a general manner, acute exercise

increases muscle oxygen flux and induces intracellular

events that can lead to increased oxidative injury, and the

paradox arises as to whether exercise is advisable for the

aged population, who are prone to muscle injury and sen-

sitive to inflammatory responses [68]. On the other hand,

studies have noted that ROS modulate some of the adaptive

responses that occur in skeletal muscle following contrac-

tile activity [109, 110].

Figure 4 shows the main mechanisms responsible for

ROS production in response to acute exercise.

The overall cellular oxidative stress during aging or

inactivity is determined not only by ROS production but

also by the defence capacity of antioxidant systems [106].

As previously described, most of the studies have shown a

decrease in antioxidant levels with age [65–67]. However,

some studies have reported that aging increases the activity

of MnSOD in both human and rodent skeletal muscles

[111, 112]. The same findings have been reported con-

cerning the mitochondrial activity of GPX [69]—these

increases being a defence mechanism that fights against

mitochondrial ROS overproduction in old skeletal muscle.

Regarding the effect of aerobic exercise on the activity

of antioxidant enzymes, most studies have shown an

increase in antioxidant activity in the blood and muscle

after aerobic exercise. This response appears immediately

after exercise in the blood and up to 48 h post-exercise in

muscle cells [25].

In summary, acute exercise induces increased produc-

tion of free radicals in elderly subjects. In response, the

antioxidant defences increase the rate of enzymatic and

non-enzymatic antioxidants. However, given the decline in

antioxidant defences with age, it seems that the antioxidant

Fig. 3 Typical hormesis curve of the effects of training intensity on

the oxidant/antioxidant balance in elderly subjects
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defences would not be able to neutralize all of the free

radicals produced during exercise, thus setting up a status

of oxidative stress. Currently, there are only sparse data

concerning exercise and oxidative stress in the elderly

population, in comparison with the volume of data in

young subjects. Future studies should focus on the rela-

tionship between exercise intensity and oxidative stress in

the elderly, and the relationship between different types of

exercise (aerobic, anaerobic or mixed) and oxidative stress

in this population.

4.3 Oxidative Stress and Endurance Training

in Elderly People

Table 2 summarizes the investigations in this area. A

number of studies have examined the effects of

endurance training on markers of oxidative stress and

antioxidant capacity [25, 26, 113]. These studies found

that endurance training attenuated resting and exercise-

induced oxidative stress, and increased protection against

oxidative stress by increasing the efficiency of enzymatic

and non-enzymatic antioxidant defence systems, sug-

gesting training-induced adaptations of oxidative stress.

For example, Fatouros et al. [25] reported a 16 %

decrease in the MDA level following a period of

endurance training at 50–80 % of the maximal heart rate

(HRmax). These results are in agreement with those

reported by Karolkiewicz et al. [114], who demonstrated

a 20 % decrease in plasma TBA reactive substances

(TBARS) after endurance training at 70–80 % of maxi-

mal oxygen consumption (VO2max). Ghosh et al. [115]

showed a decrease in the basal production of H2O2 in

Table 1 Effects of acute aerobic exercise on oxidative stress markers

References Exercise Age (years) Markers Localization Effects

Meydani et al. [151] Running exercise at 75 % of HRmax (treadmill) 55–74 Vitamin E Plasma ?

Vitamin C Plasma ?

UA Plasma ?

TBARS Urine :

Di Massimo et al. [152] Incremental exercise test (bicycle ergometer) 52–70 TBARS Plasma :

Meijer et al. [153] Cycling at 50 % of MAP 59–61 a-Tocopherol Plasma :

b-Carotene :

Vincent et al. [142] Incremental exercise test (treadmill) 66–76 TBARS Serum :

Sacheck et al. [154] Running at 75 % of VO2max 67–80 MDA Plasma :

F2-Isoprostane Plasma :

Vitamin C Plasma ?

a-Tocopherol Serum ;

Retinol Serum ;

Couillard et al. [155] Knee extensions of the leg against weights corresponding

to 30 % of 1RM until exhaustion

62–66 TBARS Muscle ?

GPX :

Fatouros et al. [25] Incremental exercise test (treadmill) 65–78 TAC Plasma :

MDA Plasma :

GPX Whole blood :

Koechlin et al. [104] Knee extension of the leg against weights corresponding

to 40 % of 1RM until exhaustion

56–60 O2
- Whole blood :

TAC Plasma ?

Vitamin E Plasma ?

TBARS Plasma :

Radak et al. [156] Cycling at 75 % of VO2max for 45 min, then at

90 % of VO2max until exhaustion

63.4 ± 4.7 8-oxoG Muscle :

Bouzid et al. [157] Incremental exercise test (bicycle ergometer) 65.1 ± 3.5 SOD, GPX, Gred Erythrocyte ?

MDA Plasma :

Vitamin C Plasma ?

Vitamin E Serum ?

1RM one repetition maximum, 8-oxoG 8-oxo-7,8-dihydroguanine, GPX glutathione peroxidase, Gred glutathione reductase, HRmax maximal

heart rate, MAP maximal aerobic power, MDA malondialdehyde, O2
- superoxide radical, SOD superoxide dismutase, TAC total antioxidant

capacity, TBARS thiobarbituric acid reactive substances, UA uric acid, VO2max maximal oxygen consumption, : significant increase, ? no

change, ; significant decrease
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muscle tissue after a training period of 16 weeks at 65 %

of VO2max in older adults (mean age 72.6 ± 1.6 years).

This decrease may have been due to greater mitochon-

drial capacity to scavenge free radicals [116–118].

Training may also induce modifications in factors that

affect mitochondrial free-radical production. ROS pro-

duction, during basal conditions, seems to be controlled

in part by the mitochondrial membrane potential (DWm).

According to Daussin et al. [119], the induction of

uncoupling protein (UCP) by regular physical activity

may activate mitochondrial pathways, which decreases

DWm and increases basal respiration. Such effects could

prevent ROS release in mitochondria.

Moreover, it appears that regular endurance training is

able to stimulate the oxidative damage repair system [120–

122]. In fact, it has been reported that regular exercise

increases the activity of the proteasome complex, which is

believed to be responsible for degradation of oxidatively

modified proteins [123]. The proteasome complex has a

very important role—namely, reduction of oxidatively

modified proteins—leading to better and more efficient cell

function by more rapid turnover of proteins [124].

Although the proteasome complex remains operational and

functional in elderly human cells [125, 126], some studies

have reported that the rate of increase of protein oxidation

with aging may exceed the proteasome complex capacity to

degrade the majority of oxidized proteins [127, 128].

Keller et al. [129] reported that the proteasome is able to

degrade a vast array of proteins, including oxidized pro-

teins. The ability of the proteasome in young tissue to

Table 2 Effects of endurance training on oxidative stress markers

References Training Age (years) Markers Localization Effects

Jessup et al. [158] Running/cycling: 16 weeks, 29/week, 50–75 % of HRmax 76.3 ± 4.2 LOOH Serum ;

a-Tocopherol :

Fatouros et al. [25] Running: 16 weeks, 39/week, 50–80 % of HRmax 71.5 ± 6.5 MDA Plasma ;

TAS Plasma :

GPX Whole blood :

Karolkiewicz et al. [114] Cycling: 8 weeks, 39/week, 70–80 % of VO2max 65 ± 1.1 TBARS Plasma ;

TAS :

GSH :

Zago et al. [135] Running: 6 months, 39/week, 50–70 % of VO2max 59 ± 6 TBARS Plasma ;

SOD Whole blood ?

Ghosh et al. [115] Cycling: 16 weeks, 39/week, 65–80 % of VO2max 72.6 ± 1.4 H2O2 Muscle ;

MnSOD ?

Cu-ZnSOD ?

Takahashi et al. [26] Walking: 12 weeks, 29/week, 30–60 min/session 65–78 SOD Plasma ?

CAT :

GPX :

Johnson et al. [113] Cycling: 8 weeks, 3–59/week, 60 % of VO2max [65 SOD Muscle :

CAT :

CAT catalase, GPX glutathione peroxidase, GSH glutathione, H2O2 hydrogen peroxide radical, HRmax maximal heart rate, LOOH lipid

hydroperoxide, MDA malondialdehyde, SOD superoxide dismutase, TAS total antioxidant status, TBARS thiobarbituric acid reactive substances,

VO2max maximal oxygen consumption, : increase, ? no change, ; decrease

Fig. 4 Factors implicated in free-radical production during acute

exercise in elderly subjects. ETC electron transport chain, Lipox

lipoxygenase, NADPH ox nicotinamide dinucleotide phosphate oxi-

dase, O2
- superoxide radical, PMN blood-borne polymorphoneu-

trophils, XO xanthine oxidase
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efficiently degrade these proteins is due to its ability to

interchange proteasome subunits, as well as the binding of

specialized 11S and 19S proteasome caps. In elderly sub-

jects, the plasticity of the proteasome probably becomes

inefficient, resulting in impairment of the ability of the

proteasome to respond to oxidative stress damage [130],

which ultimately causes deleterious accumulation of a

diverse array of proteins. It is therefore possible that pro-

teasome inhibition contributes to the aging process through

such deleterious accumulations in intracellular proteins

[131]. Nevertheless, as we mentioned earlier, these changes

in proteasome complex efficiency in elderly subjects could

be restored by exercise training.

In addition to an increase in damaged protein-degrading

systems, the activities of DNA and lipid peroxidation

damage-repairing enzymes are also up-regulated by regular

exercise [132, 133]. However the repair process of DNA

damage and lipid peroxidation induced by regular exercise

in humans remains unclear and little studied; only a few

studies have focused on this topic, all of which involved

animal models [120–123, 134].

Concerning the antioxidant systems, most of the studies

did not identify any changes in the activity of SOD (in

blood), MnSOD or Cu-ZnSOD (in muscle tissue) following

endurance training at rest [115–135]. These findings are

consistent with those reported by Fatouros et al. [25], who

demonstrated no effect of endurance training at 50–80 %

of HRmax in GPX activity, but they noted an increase in

GPX activity and total antioxidant status in response to

acute exercise. This adaptation may be due to regular

exercise activating signal transduction pathways, resulting

in enhancement of endogenous antioxidant systems.

According to Lambertucci et al. [136], ROS may modulate

antioxidant enzyme activities by regulating the messenger

RNA (mRNA) level through activation of signalling

pathways. Franco et al. [137] demonstrated that induction

of antioxidant enzyme mRNA levels coincides with

increases in oxidative protein damage, supporting the

postulated relationship between oxidative stress and

antioxidant enzyme mRNA expression. In fact, ROS play a

very important role in regulating cell functions by acting as

secondary messengers and activating specific redox-sensi-

tive transcription factors, such as AP-1 and NF-kB [103].

AP-1 and NF-kB response elements are present in the

promoter regions of genes encoding CAT, GPX, Mn-SOD

and Cu-ZnSOD [138]. Combinations of AP-1 and NF-kB

with other redox-sensitive transcription factors may deter-

mine how an antioxidant enzyme is induced and to what

extent. Therefore, by activating these signalling pathways,

endurance training can lead to an improvement in antiox-

idant activity that would appear during major oxidative

stress such as after acute exercise among elderly subjects.

In summary, endurance training may induce a decrease

in the production of free radicals in the basal condition in

elderly people. These results may relate to both improved

antioxidant defences and better control of mitochondrial

ROS production. In view of the findings in the literature,

optimal aerobic training for oxidative/antioxidant balance

effects can be achieved with intensities between the two

ventilatory thresholds (50–80 % of VO2max) and with a

frequency of 2–3 sessions per week.

4.4 Oxidative Stress and Resistance Training

in Elderly People

Differences in methodological procedures and the numer-

ous selected markers of oxidative stress from one study to

another make it difficult to draw a conclusion about the

effect of resistance training on oxidative stress damage

markers. Table 3 summarizes the most important data on

this topic. Nevertheless, Bloomer et al. [139] reported a

decrease (16 %) in the basal production of H2O2 radicals

after 8 weeks of resistance training in seniors with

Parkinson’s disease. The decrease in free-radical produc-

tion after resistance training may be attributable to regu-

lation of the mitochondrial respiratory chain. In fact, Parise

et al. [140] noted an increase in the complex IV to complex

I ? III ratio of the mitochondrial respiratory chain fol-

lowing resistance training in older adults. An increase in

the complex IV to complex I ? III ratio may result in a

greater driving force down the ETC, thus reducing the

amount of electron leakage and resulting in a decrease in

ROS production.

The response of markers of free-radical damage fol-

lowing resistance training depends on the measurement

compartment. Rall et al. [141], who implemented resis-

tance training at 80 % of one-repetition maximum (1RM),

did not detect any change in urinary 8-hydroxy-20-deox-
yguanosine (8-OHdG) levels following resistance training.

However the study by Parise et al. [140] showed a decrease

in this marker in muscle tissue after resistance training at

50–80 % of 1RM. On the other hand, other markers such as

TBARS have been shown to decrease after a period of

resistance training in both serum [142] and plasma [143]

compartments. Other studies have not found an effect of

resistance training on other markers of free-radical damage.

For example, a study by Bobeuf et al. [144] did not detect

any differences in plasma MDA and urinary F2-isoprostane

levels between before and after resistance training in older

adults. The differences in these studies’ results may be

related to the choice of markers of free-radical damage, as

well as the measuring compartments (blood, muscle,

plasma). Differences in methodological procedures and the

numerous selected markers between one study and another
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make it difficult to draw a conclusion about the effect of

resistance training on oxidative stress damage markers.

To our knowledge, only one study in elderly subjects

has shown a significant improvement in the activity of

antioxidant enzymes after resistance training [145]. This

improvement can be attributed to an adaptation in the

response to free radicals produced during training ses-

sions—this adaptation being related to the training inten-

sity. In fact, if the exercise intensity during training

resistance is too low and thus insufficient, the majority of

free radicals produced during the training sessions will be

eliminated by the antioxidant defences, and consequently

there will be no change in the antioxidant system [146].

Moreover, a lack of change in any of the antioxidant

enzyme protein content may not necessarily mean that

these systems do not respond to resistance exercise. For

example, Oh-Ishi et al. [147] reported significantly higher

Cu-ZnSOD enzyme activity in rat muscle following exer-

cise training, despite there being no increase in Cu-ZnSOD

protein content, suggesting that these adaptations resulted

from post-translational modifications to existing proteins.

Further analysis is necessary to determine whether

antioxidant enzyme activity is increased following resis-

tance exercise training.

On the other hand, aging is accompanied by an ‘anabolic

resistance’ phenomenon, which could impair the response

of muscles to resistance training in elderly subjects.

Oxidative stress and chronic inflammation with aging are

the major factors that explain this phenomenon. In fact, it is

well known that increased oxidative stress and inflamma-

tion co-exist in many skeletal muscle–associated diseases

and dysfunctions such as the anabolic resistance phe-

nomenon [16]. An age-related disruption in the intracel-

lular redox balance appears to be a primary causal factor in

producing a chronic state of low-grade inflammation

through activation of redox-sensitive transcription factor

NF-kB. In fact, some reports have demonstrated that age-

related up-regulation of proinflammatory cytokines, such

as IL-6 and TNF-a, is mediated by NF-kB [148]. In this

sense, Reid et al. [149] showed that ROS appear to func-

tion as secondary messengers for TNF-a in skeletal muscle

by activating NF-kB transcription factor. TNF-a is one of

the primary signals that induce cellular apoptosis in mus-

cle. Apoptosis and inflammation closely interact with

oxidative damage, and they are involved in age-related

reductions in muscle mass and strength [149]. Roubenoff

[150] reported that chronic inflammation may negatively

influence skeletal muscle through direct catabolic effects or

Table 3 Effects of resistance training on oxidative stress markers

References Training Age (years) Markers Localization Effects

Rall et al. [141] Muscular exercise: 12 weeks, 29/week,

80 % of 1RM

65–80 8-OHdG Urine ?

Vincent et al. [142] Muscular exercise: 6 months: 39/week,

50–80 % of 1RM

64 ± 6 TBARS Serum ;

Thiols :

Parise et al. [145] Muscular exercise: 12 weeks, 39/week,

50–80 % of 1RM

71 ± 4 Cu-ZnSOD Muscle :

MnSOD ?

CAT :

Parise et al. [140] Muscular exercise: 14 weeks, 39/week,

50–80 % of 1RM

68.5 ± 5.1 8-OHdG Urine ;

Cu-ZnSOD Muscle (protein content) ?

CAT Muscle (protein content) ?

PC Muscle ?

Vincent et al. [143] Muscular exercise: 24 weeks, 39/week,

50–80 % of 1RM

60–72 TBARS Plasma ;

Bloomer et al. [139] Muscular exercise: 8 weeks, 29/week 61 ± 2 H2O2 Plasma ;

MDA ;

Bobeuf et al. [144] Muscular exercise: 6 months, 39/week,

80 % of 1RM

65.6 ± 3.8 Vitamin C Plasma :

Vitamin E Plasma ?

TAS Plasma ?

MDA Plasma ?

F2-Isoprostanes Urine ?

1RM one repetition maximum, 8-OHdG 8-hydroxy-20-deoxyguanosine, CAT catalase, H2O2 hydrogen peroxide, MDA malondialdehyde, PC

protein carbonyls, SOD superoxide dismutase, TAS total antioxidant status, TBARS thiobarbituric acid reactive substances, : increase, ? no

change, ; decrease
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through indirect mechanisms, such as decreases in growth

hormone and IGF-1 levels. Such a reduction in the IGF-1

level is associated with sarcopenia and resistance to nor-

mally robust anabolic stimuli, such as resistance exercise—

the anabolic resistance phenomenon.

In view of the literature, it may be assumed that

resistance training could modify the balance between

oxidants/antioxidants in elderly subjects by improving

antioxidant defences. It would appear that these

improvements are related to the intensity of training. To

optimize the results of resistance training, training pro-

tocols must contain sufficient volume for each muscle

group (3–5 sets, 10 repetitions) and with intensities

between 50 and 80 % of 1RM.

5 Conclusion

Aging is a complex process involving a multitude of fac-

tors. Many studies have demonstrated that oxidative stress

and mitochondrial dysfunction are two important factors

contributing to the aging process. On the other hand, recent

studies demonstrate that ROS can have positive effects on

aging disease—ROS being signalling molecules, which

activate oxidative stress–sensitive signal transduction

pathways in mammalian tissues.

Moreover, the role of oxidative stress in age-related

sarcopenia provides strong evidence for the important

contribution of physical activity in limiting this process.

Conversely, exercise is associated with increased ROS

generation, which may aggravate oxidative damage to the

aged cell. At the same time, however, muscle ROS gen-

eration during contractions increases the expression of

genes involved in antioxidant defence, but also in mito-

chondrial biogenesis, and thus has a positive effect. In the

context of chronic exercise, repeated exposure to oxidative

stress during exercise sessions could induce adaptation in

the elderly. However, as previously mentioned, it remains

unclear whether exercise-induced oxidative modifications

induce harmful oxidative damage or are an integral part of

redox regulation.
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