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Sen, Chandan K. Oxidants and antioxidants in exercise. J. Appl. 
PhysioZ. 79(3): 675-686, 1995. - There is consistent evidence from hu- 
man and animal studies that strenuous physical exercise may induce a 
state wherein the antioxidant defenses of several tissues are over- 
whelmed by excess reactive oxygen. A wide variety of physiological and 
dietary antioxidants act in concert to evade such a stress. Submaximal 
long-duration exercise training may augment the physiological antioxi- 
dant defenses in several tissues; however, this enhanced protection may 
not be sufficient to completely protect highly fit individuals from exhaus- 
tive exercise-induced oxidative stress. Regular physical activity in associ- 
ation with dietary habits that ensure adequate supply of a combination 
of appropriate antioxidants may be expected to yield desirable results. 
The significance of this area of research, current state of information, 
and possibilities of further investigation are briefly reviewed. 
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INCREASED ENERGY DEMAND during physical exercise, 
especially of the aerobic type, necessitates a multifold 
increase in oxygen supply to active tissues. The rate of 
oxygen uptake by the body during exercise may in- 
crease by lo- to l&fold. Oxygen flux in the active pe- 
ripheral skeletal muscle tissue may, however, increase 
by -lOO-fold with an -30-fold increase in blood flow 
and -3-fold increase in arteriovenous oxygen differ- 
ence. Delivery of increased amounts of oxygen to tis- 
sues active during exercise fuels oxidative metabolism, 
maximizing energy yield per unit substrate and avoid- 
ing lactate accumulation. However, aerobic organisms 
have to pay a price fur such a metabolic advantage (38). 
Recent advances in the biochemistry of oxygen toxicity 
have attracted considerable interest in the effects on 
various biological structures of the increased oxygen 
consumption that accompanies exercise (86). The ini- 
tial report in this field, published in 1978, indicated 
that strenuous physical exercise induces oxidative 
damage to lipids in various tissues (27). Since then, a 
considerable body of research has accumulated con- 
cerning the effects of exercise and training on indexes 
of oxygen toxicity and defenses against such challenge. 
The widely accepted hypothesis that oxygen toxicity 
may be implicated in the etiology of a wide variety 
of pathophysiological conditions (e.g., atherosclerosis, 
retinopathies, muscular dystrophy, some cancers, dia- 
betes, rheumatoid arthritis, aging, ischemia-reperf-u- 
sion injury, Alzheimer’s disease, and Parkinson’s dis- 
ease) makes the study of exercise-induced oxygen toxic- 
ity even more significant. A vivid understanding of the 

possible mechanisms that may contribute to exercise- 
induced oxygen toxicity, associated physiological re- 
sponse, and the design of appropriate measures to cir- 
cumvent or minimize such toxicity are fundamental to 
1) enhance the effectiveness of physical exercise as a 
preventive and therapeutic tool in clinical practice; 2) 
control exercise-induced oxygen toxicity-dependent tis- 
sue damage and possible augmentation of other possi- 
ble health risks; and 3) perhaps enhance endurance 
performance capacity in sports as well. 

OXYGEN FREE RADICALS AND REACTIVF, 

OXYGEN SPECIES 

Free radicals may be broadly defined as molecules 
or ions containing an unpaired electron (i.e., radical) 
and capable of existing independently (i.e., free). Molec- 
ular O2 contains two unpaired electrons with parallel 
spins and is therefore a radical itself. Ground-state mo- 
lecular O2 is often, therefore, referred to as a diradical, 
triplet 02, or simply dioxygen. In biological systems, 
diradical oxygen is reduced to produce energy and wa- 
ter. Because the oxygen molecule has two unpaired 
electrons, the reduction (i.e., electron acceptance) pro- 
cess is not simple. This is especially so because, ac- 
cording to the Pauli exclusion principle, no more than 
two electrons may occupy the same atomic orbital, and 
to do so these electruns must have opposite spins. A 
discussion of the theoretical possibilities for oxygen re- 
duction is beyond the scope of this article. Univalent, 
reduction of oxygen, a process with significant biologi- 
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cal relevance to energy production, refers to the reduc- 
tion of molecular oxygen by one electron at a time. 
Intermediates produced in this process are oxygen-de- 
rived free radicals that are highly reactive. Some of 
these reactive intermediates may escape from the pro- 
cess of complete tetravalent reduction and react with 
biological structures and other components, inciting ox- 
idative damage and producing other reactive oxygen 
species (ROS). “ROS” and “oxygen free radical” are not 
synonymous terms. Unlike the latter, ROS represent 
a broader spectrum of species including nonradical de- 
rivatives of oxygen (e.g., H202, peroxides, singlet oxy- 
gen, hydroperoxides, epoxides, etc.) that are capable of 
inciting and propagating oxidative tissue damage. 

In certain cells, strategic use of ROS, produced by 
physiologically controlled mechanisms, may contribute 
to our well-being. In normal phagocytosis, ROS destroy 
invading microorganisms by a process commonly re- 
ferred to as respiratory burst (60,89). ROS are capable 
of inducing genes, e.g., c-fos, c-myc, c-jun, and p-actin, 
which encode transcription factors involved in the in- 
duction of cell growth, differentiation, and development 
(7). Through this mechanism in early inflammation, 
ROS may contribute to wound healing. ROS are also 
known to activate nuclear factor-& (NF-KB), the cyto- 
solic multisubunit transcription factor (79). NF-KB con- 
trols the transcription of cytokine genes including in- 
terleukin-2 and tumor necrosis factor-a. Tumor necro- 
sis factor-a promotes angiogenesis, a process critical to 
wound healing. The physiological role of 0, l includes 
its possible involvement in vasoregulation (36) and fi- 
broblast proliferation. Lower concentrations of ROS 
have been hypothesized to serve as true second messen- 
gers in plants (51). 

ANTIOXIDANTS 

Evolution of organisms in an oxygen-rich atmosphere 
has led to the development of endogenous physiological 
defense systems that cooperate to scavenge and detoxify 
ROS. In addition, a second line of defense is provided 
by exogenous antioxidants primarily obtained as nutri- 
ents or nutritional supplements. An antioxidant may 
be defined as any substance that, when present in low 
concentrations compared with those of an oxidizable 
substrate, significantly delays or prevents oxidation of 
that substrate (38). In this definition, the term “oxidiz- 
able substrate” embraces almost everything found in 
living cells, including proteins, lipids, carbohydrates, 
and DNA. Broadly, the possible mechanisms by which 
antioxidants may protect against oxygen toxicity are as 
follows: 1) prevention of ROS formation, 2) interception 
of ROS attack by scavenging the reactive metabolites 
and converting them to less reactive molecules and/or 
by enhancing the resistance of sensitive biological tar- 
gets to ROS attack, 3) avoiding the transformation of 
less reactive ROS (e.g., 02 l ) to more deleterious forms 
(e.g., 4 OH), 4) facilitating the repair of damage caused 
by ROS and triggering the expression of genes that en- 
code antioxidant proteins, and 5) providing a favorable 
environment for the effective functioning of other anti- 
oxidants (e.g., as a cofactor or by acting to maintain a 

TABLE 1. Primary components of the physiological 
antioxidant defense 

SOD 

Cat 

Glutathione 

Dismutates superoxide anion (one electron reduction 
product of diradical 0,) to Hz@ 

U2 +e-+U& 20, l + 2H’ - SOD + Hz& + ‘0, 

Decomposes H& 2H202 - Cat + 2H20 + IO2 
Utilizes peroxide to oxidize a range of II donors 

(AH,) such as methanol, ethanol, and formate 

AH2 + Hz& - Cat -+ A + 2Hz0 

Cellular reservoir of cysteine (water soluble) 
Most prominent contributor to intracellular -SH pool 
Spontaneously scavenges a wide variety of ROS 
Acts as a substrate for enzyme family of glutathione 

peroxidases (GPX) that catalyze the decomposition 
of a wide range of substrates extending from H2U2 
to organic hydroperoxides 

2H,02 - GPX -+ 2H,O + ‘02 

During course of its antioxidant action, reduced 
glutathione (GSH) gets oxidized to glutathione 
disulfide (GSSG) 

2 GSH - RUS + GSSG 

In presence of NADPH, GSSG may be reduced to 
GSH by glutathione reductase (GRD) 

GSSG + NADPH - GRD + 2 GSH 

A major cellular electruphile conjugator, detoxifies 
xenobiotics. Glutathione S-transferases (GST) 
catalyze reaction between -SH group of GSH and 
potential alkylating agents, thereby neutralizing 
their electrophilic sites and rendering them more 
water soluble 

GST also has some GPX-like function 
Suggested to be implicated in facilitating 

antioxidant actions of vitamins E and C 
Modulates activity of redox sensitive transcription 

factors in mammalian cells 

ROS, reactive oxygen species; SOD, superoxide dismutase; Cat, 
catalase. For further details see Ref. 82. 

suitable redox status). A large number of enzymatic and 
nonenzymatic physiological substances are known to 
have “antioxidant-like” functions (82). However, the 
primary contributors are the enzymes superoxide dis- 
mutase (EC l.15.1.1) and catalase (EC 1.11.1.6>, and 
the glutathione system (Table 1). 

Antioxidant chain reaction. Antioxidants like vita- 
mins E, C, dihydrolipoic acid, and glutathione are 
known to act synergistically in the form of an antioxi- 
dant chain reaction (80, 82, 88; Fig. 1). As can be ob- 
served from the scheme, the -SH puol contributed by 
reduced glutathione (GSH) and dihydrolipoate plays a 
central role in regenerating vitamins C and E from 
their radical forms. In this context, it should be noted 
that the antioxidant activities of selenium and vitamin 
B6 are also glutathione dependent. Selenium functions 
as a cofactor of glutathione peroxidase, an enzyme fam- 
ily that requires GSH as its substrate for the scaveng- 
ing of hydrogen- and other peroxides (18). Vitamin B6 
facilitates the availability of selenium for glutathione 
peroxidase (100). To obtain best therapeutic results, 
antioxidant supplementation protocols should consider 
the requirement of all components of the chain (Fig. 
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1). For example, excess vitamin E in the absence of 
adequate amounts of regenerating agents will fail to 
provide full-strength antioxidant protection, and accu- 
mulation of oxidized vitamin E (&ocopheroxyl radical) 
may even lead to the initiation of pathophysiological 
processes (14, 57). Pascoe and Reed (72) suggest that 
glutathione and vitamin E are interdependent on each 
other with respect to the circumvention of oxidative 
stress-induced cytotoxicity. Bast and Haenen (13) hy- 
pothesized that lipoic acid is capable of performing 
“glutathione-like” (donation of -SH reducing power) re- 
generation of vitamin E and prevention of lipid peroxi- 
dation. Recently, dihydrolipoate has been shown to 
upregulate glutathione level in human lymphocytes 
(39, 71). The mechanism of such upregulation is, how- 
ever, presently unclear. Apart from its antioxidant 
functions, lipoate has been observed to remarkably im- 
prove glucose uptake by skeletal muscle cells, an effect 
comparable with insulin (97). Lipoate may thus be ex- 
pected to be of crucial therapeutic value in the treat- 
ment of diabetes-associated oxidative stress (63). 
Ascorbic acid has been suggested to be the most effec- 
tive antioxidant in human blood plasma (29). However, 
ascorbate can only function as an antioxidant when 
transition metal ions are absent (37). In the presence 
of transition metal ions, e.g., Fe3” or Cu’+, high concen- 
tration (-1 mM) of ascorbic acid may actually act as a 
pro-oxidant (10, 17). 

EXIZRCISE AND OXIDATIVE STRESS -RS 

Oxidative stress refers to an imbalance in the pro- 
and antioxidant status in favor of the former. In hu- 

mans, skeletal muscle and heart antioxidant defenses 
are poor, thus rendering these organs highly suscepti- 
ble to oxidative stress, Basal metabolism in the heart 
being almost 100% higher than that in the liver, the 
heart stands a high risk of oxidative damage. At rest, 
a kilogram of the human heart and liver has been esti- 
mated to consume oxygen at a rate of 94 and 44 ml/ 
min, respectively (26). In adult men, the activities of 
superoxide dismutase and catalase have been esti- 
mated to be 40 times (for catalase) and 16 times (for 
superoxide dismutase) less in the gastrocnemius mus- 
cle compared with that in the liver (44). In 1978, Dillard 
et al. (27) reported that in humans physical exercise 
[at 75% maximum oxygen consumption (V&,,,)] in- 
creased the level of pentane (a possible by-product of 
oxidative lipid damage or lipid peroxidation) by 1.8- 
fold in the expired air compared with resting subjects. 
This finding was later confirmed (11). Electron spin 
resonance or electron paramagnetic res #onance CEPR) 
spectroscopy is the most powerful device to direc tly de- 
tect and characterize oxygen free radicals. EPR i&en- 
sitive to transitions involving unpaired electrons (76). 
Results of studies examining exercise-induced oxida- 
tive stress using the EPR approach to directly detect 
and characterize oxygen free radicals are scanty. Most 
of the evidence in this area has been derived from stud- 
ies that have monitored the by-products of exercise- 
induced oxidative tissue damage. The early work of 
Dillard et al. (27) was followed by Davies et al. (24), 
who tested the hypothesis that exhaustive exercise in- 
creases free radical concentration in the liver and mus- 
cle and induces oxidative tissue damage. The first EPR 
(g = 2.004) data showed that exhaustive treadmill ex- 

degraded 
S-N byproducts 

isomeriration 
(apocarotenals) 

FIG. 1. Antioxidant chain reaction representing possible cooperation between physiological and exogenous anti- 
oxidants. PUFA, polyunsaturated fatty acids; ROS, reactive oxygen species; superscripted l , radical form of 
respective compounds; (+), NAC is a pro-glutathione drug; ? (-), NAC and ubiquinone are suggested to “spare” 
oxidation of glutathione (GSH) to glutathione disulfide (GSSG) and vitamin E to tocopheroxyl radical, respectively; 
GSHPx, glutathione peroxidase; GRD, GSSG reductase; GGPD, glucose-6-phosphate dehydrogenase; G6P, glucose 
6-phosphate; 6PG, 6-phosphogluconate; Cyt b5, cytochrome& ; CoQlo , coenzyme QlO. [From Sen and Hanninen 
(82) with permission from Elsevier Science Publishers B. V., Amsterdam, The Netherlands.] 
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TABLE 2. Lipid pemxidation by-products ufter physical exercise 

Experimental Material Work Assay Sample and Effect’ Ref. 

Male rats (6 mo) UT 

Male rats( 100-125 g) 
UT and Tr 

Male rats (6 mo) UT Brief (1 min) high-intensity run 

Male rats (6 mu) UT 

Male rats (2 mo) UT 

Male rats (ZOO-225 g) 
UT and Tr 

Medium-intensity treadmill run 
for 1 h (acute) or until 
exhaustion 

Male rats (-200 g) Submaximal treadmill run to 
UT and Tr exhaustion 

Female rats (3 mo) Tr 
Male mice (6.5 mo) UT 

Male mice (4.5 mo) 
UT17 

Male mice (45 mu> 
UT and Tr 

Quarterhorses (adult; Soft sand track run, 2.2 km in 
510 kg) 10 min 

Men (21 yr) mean 
vo2,, 47 
ml l kg-l l min-’ 

Men (22 yr) healthy, 
normally physically 
active but not 
trained athletes 

Men (35 yr> mean 
vo2,, 67 
ml l kg-l - min-1 

Submaximal treadmill run to 
exhaustion 

Submaximal treadmill run to 
exhaustion 

Animal studies 

20-min medium-intensity run 
Submaximal treadmill run to 

exhaustion 
Submaximal treadmill run to 

exhaustion 

Perfused gastrocnemius Mu 
electric stimulation (20 min) 

Exhaustive swim exercise 
9-h treadmill run, e uphill 

grade, speed 13.5 m/min13 
(low intensity) 

Treadmill run; the following run 
program was repeated thrice: 
25 m/min for 10 min, followed 
by 28 m/min for 5 min, 
followed by 18 m/min for 15 
min” 

Treadmill run; the following run 
program was repeated thrice: 
25 m/min for 15 min, followed 
by 31 m/min for 10 min. After 
the 3 repetitions, mice were 
exhausted by gradual increase 
of speed; 
-3 h22 

MDA 

MDA 

MDA 

LWP 
MDA 
MDA 

MDA 

MDA 

MDA 

MDA 

MDA 
Lipofuscin 
MDA 

Lipofuscin 
MDA 

Mu2 T81% 
Li tl35% 
RMu, WMu & Li (Tx)~ + 
RMu (UT) + 
WMu (UT) t34% 
Li (UT) t22% 
Mu4 t83% (soleus), t 157- 167% 

(RMu and WMu) 
Mu6 + 
Mu" t62% (RMu), tgO% (WMu) 
Mu” -+ 
Li t43% 
Mu7 t-So% (RMu), t-130% 

(vastus Mu) 
Heart + 
Plasma t m 75% 
Mu8 (UT and Tr) -+’ 
Li (Tr) d9 
Ii (UT) -+ t-1UU%1u 
Urine (UT and Tr) t-70%11 

Perfusate (UT and Tr) 
t -500%12 

Heart t 17% 
MuI + 
Mu14 --@, t -180%= 

Mu19 --$ 
&la 420, t -27-72%21 

MDA Mu19 t43% (UT), -+ (Tr) 

MDA Venous erythrocytea t96%16, 
423 

Human studies 

5-min bicycling, 40% iToz max MDA 
5 mm 

Above protocol followed by 5- 
min rest, followed by 5-min 
bicycling, 70% Vosmax, 5 min 

Above protocol followed by 5- 
min rest, followed by 
intermittent exercise to 
voluntary exhaustion (60 rpm, 
increasing load 30 W/min) 

First 5 min horizontal treadmill, 
running speed adjusted such 
that the heart rate was 75% 
of each subject’s age-adjusted 
maximum. This was followed 
by a 45-min downhill (12” 
gradient) run 

MDA 

Plasma 4 12% 

Plasma + 

Plasma t26% 

Serum +24, t - 1OO%2s 62 

Half-marathon race (21.1 km) MDA Plasma -+26 
Run time 81 min CD Plasma +26 

24 

3 

5 

47 

80 

50 

45 

56 
77 

77 

77 

16 

61 

28 
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TABLE 2-Continued 

Experimental Material Work Assay Sample and Effect’ Ref. 

Men, fasted (20-29 yr) 
Tr (vo2,, > 50 

ml l kg-l l min-I) 
UT (vozmaw < 50 

ml l kg-l. min-‘> 

Men (young, 22-29 yr; 
old 55-74 yr) 

Men (30 yr) mean 
VO 2max 3845 
ml l kg-‘. mid 

Rheumatoid arthritis 
and knee of effusion 
patients (25-78 yr) 

Men and women 

Men and women (Tr); 
long-distance 
runners 

Human studies 

Treadmill exercise at 60% 
VO 2max 30 min. Rest, 1 min. 
Followed by 5-min run; speed 
and inclination gradually 
increased such that subjects 
exercised at 90% Vo2,, for 
2 2.5 min 

Three 15-min periods of 
downhill (- 16%) treadmill 
run with 5-min rest between 
bouts. Work intensity 
corresponded to 75% of 
respective heart rate maxima 

MDA 

Pentane 

MDA 

CD 

Graded bicycle ergometric test MDA 

Serum t -20%” 

Expired air t 100 +%27 

Urine +z8, t60-70%2g 
Mu3’ t m 1oO%31 

53 
1 

66 

88 
to maximum, 14 min 

Submaximal (work intensity 
corresponding to respective 
aerobic threshold) bicycle 
exercise for 30 min. 

Submaximal (work intensity 
corresponding to the 
respective anaerobic 
threshold) bicycle exercise for 
30 min 

MDA 

Plasma -+ 

Plasma t ~50%~~ 

MDA Plasma t m 1OO%32 

Isometric quadriceps 
contraction for 2 min 

300 yard walking on the flat 
Exhaustive bicycle ergometer 

test; lo- 14 min 

MDA Synovial fluid t33 
CD Synovial fluid +33 
MDA Synovial fluid t34 
MDA Venous serum -+35 

65 

96 

Age (for humans, mean age or range is indicated) or body weight (g) indicated in parentheses. t, Increased; 4, decreased; +, change 
statistically not significant. MDA, malondialdehyde (mostly studied as thiubarbituric acid reactive substance); LHP, lipid hydroperuxide; 
CD, conjugated dienes; Mu, skeletal muscle; RMu, red Mu; WMu, white Mu, Li, liver; Tr, trained; UT, untrained; v02max; maximal oxygen 
consumption capacity. ’ Compared with corresponding controls; 2 homogenate of gastrocnemius, plantaris and soleus; 3 endurance training 
appeared to protect against exercise-induced lipid peroxidation in WMu and Li; 4 slow-twitch oxidative tissue from soleus muscle and red 
and white vastus muscles; 5 red and white vastus muscles; 6 deep portion of vastus lateralis muscle; 7 red gastrocnemius and mixed vastus 
lateralis muscles; ’ deep vastus lateralis muscle; ’ after acute exercise, exhaustion, and 24 and 48 h postexhaustion compared with rested; 
lo 24 and 48 h after exhaustive exercise only when compared with rats immediately after exhaustion but not vs. rested rats; l1 results 
normalized against urinary creatinine clearance; l2 poststimulation increased MDA was cleared by liver; this effect was more pronounced 
in Tr vs. UT; I3 after 3- and 6-h run, there was a 10 to 15-min pause allowing access to drink water. Samples were collected immediately 
after exercise and after 2,4, and 6 days p&exercise; l4 red quadriceps muscle; l6 immediately after exercise; I6 2,4, and 6 days postexercise; 
l7 just before actual exercise program familiarized with the running situation at speed 18 m/min for 30 min; l8 some mice were not able to 
follow highest speed and were allowed to rest during these high-speed-run periods. After intermittent run program, these mice were 
exhausted (in 0.5-2 h) by gradually increasing speed for 18 to 28 mlmin. Samples were collected immediately after exercise and after 1, 
2, 5, and 10 days postexercise; I9 proximal vastus medialis muscle; 2o immediately after, and 10 days postexercise; 21 1, 2 (effect most 
pronounced), and 5 day postexercise samples; 22 samples collected 3 days postexercise; 23 1 and 24 h postexercise; 24 immediately after 
exercise regimen and in the 72-h postexercise recovery samples; 25 6-, 24-, and 48-h postexercise recovery samples; MDA levels in recovery 
samples were as follows: 6 h > 24 h > 48 h indicating clearance with time; 26 data from 5 min, 24 h, 48 h, 72 h, and 120 h postrace were 
compared with 1 h prerace results; 27 both after the 60% vo2 max bout as well as after the 90% v02 mm bout; 28 observed (in both age groups) 
in postexercise samples on the day of exercise, and 1, 2, and 5 days after day of exercise; 29 postexercise samples on the 12th day after day 
of exercise (in both age groups) compared with results from day before exercise; 3o vastus lateralis muscle needle biopsies; 31 > 100% increase 
was observed in immediate postexercise samples, effect was even more pronounced (t -175%) in samples collected 5 days after exercise; 
32 increase in 2-min postexercise samples was no more seen in 24-h recovery samples; 33 samples were collected immediately affer contractions 
and after 2, 4, and 6 min, of postexercise recovery. Most remarkable eflect in MDA was observed in the 2- and 4-min recovery samples; 
34 greatest increase at 6-8 min after exercise; 36 samples were collected after 7 min of exercise, immediately after exercise, and 30 min 
postexercise. 

ercise may increase muscle and liver free radical con- 30 min of excessive contractile activity on muscle free 
centration by two- to threefold. A bout of exhaustive radical concentration was studied by Jackson et al. 
exercise also decreased mitochondrial respiratory con- (42). EPR (g = 2.0036-2.004) signals revealed that 
trol and resulted in a loss of sarcoplasmic (and endo- there was a a 70% increase in the concentration of the 
plasmic) reticulum integrity. The authors proposed major free radical in the active intact muscle compared 
that exercise-induced free radical damage may be im- with muscle at rest. In a separate study, exhaustive 
plicated in mitochondrial biogenesis (24). The effect of swim exercise was observed to increase EPR free radi- 
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cal signals (g = 2.004) in the rat myocardium. Higher 
levels of lipid peroxidation by-product were also de- 
tected in the postexercise myocardium, indicating that 
the bout of exercise did indeed induce oxidative stress 
(56). The contention that physical exercise may in- 
crease free radical generation in the heart is supported 
by a recent investigation studying a- ,phenyl-N-terbutyl 
nitrone (a spin trap)-ROS adduct -and the ascorbyl EPR 
signal (92). 

Oxidative stress is suggested to be implicated in the 
generation of oxidative skeletal muscle fatigue (12) and 
muscular atrophy (54). With the use of pump-perfused 
mouse soleus muscle and canine gastrocnemius-plan- 
taris muscle preparations it was shown that xanthine 
oxidase-generated superoxides (0; l ) may attenuate 
the function and enhance the fatigue rate of contracting 
muscles. Such effects of 02 l were not observed in the 
presence of a hydroxyl radical scavenger, a xanthine 
oxidase activity blocker, or a Fe’+ chelator. It was thus 
concluded that free radicals may be one of the factors 
that contribute to oxidative skeletal muscle fatigue 
(12). The primary factor triggering muscle contraction 
is the action potential, an electrical signal based on 
Na’ influx followed by Kf efflux. Human and animal 
studies have revealed that venous plasma K+ concen- 
tration is markedly elevated following muscular con- 
tra&ion. It has been demonstrated that the major 
source of this K+ is the contracting muscle (90). Be- 
cause of the remarkable increase in Kf efflux and water 
in flux, intense muscular contraction has been shown 
to result in a 6 -20% decrease in intracell ular K+ con- 
centration in the tissue. Considerable efflux of K+ from 
the cell may impair excitation of sarcolemmal and T- 
tubular membranes and finally contribute to the onset 
of fatigue (90). In a recent, study, we investigated the 
effect, of oxidant exposure on the Kf transport systems 
of cultured skeletal muscle cells. Even very low doses 
of hydroperoxide had remarkable specific effects on the 
different, components of I(+ influx in the skeletal mus- 
cle-derived cells (83). The mechanisms and physiologi- 
cal significance of such effects remain to be elucidated. 

Multiple unsaturation points in polyunsaturated 
fatty acids (PUFA) make them highly susceptible to 
ROS attack and oxidative damage. The process of lipid 
peroxidation is initiated when a ROS having sufficient 
energy to abstract an H atom of a methylene (-CH,) 
group (of the PUFA backbone) reacts with a PUFA (1). 
Peruxyl radicals, thus formed, are particularly danger- 
ous because they are capable of propagating oxidative 
damage. These ROS are carried by the blood to distant 
targets where fresh oxidative damage may be initiated. 
Membrane lipid peroxidation may alter fluidity and 
permeability, and compromise the integrity of the bar- 
rier. Hence, the study of lipid peroxidation to estimate 
oxidative stress is a popular practice. Results describ- 
ing the effect of exercise on lipid peroxidation by-prod- 
ucts are inconsistent. Much of this inconsistency may 
be explained by the wide variety of methods employed 
and the different exercise conditions (e.g., intensity, 
type, duration, training protocols, etc.) used in different 
studies (Table 2). Malondialdehyde (MDA), a lipid per- 
oxidation by-product, has been the most common pa- 

rameter that has been studied with respect to exercise. 
In most cases, the thiobarbituric acid reactivity ap- 
proach has been used for MDA assay. In addition, deg- 
radation of lipid peroxidation by-products produces the 
hydrocarbons ethane and pentane. Expired air con- 
taining these hydrocarbons may be collected in inert- 
gas bags and measured using the gas chromatograph 
and hydrogen flame detectors. However, expired pen- 
tane-dependent estimations of oxidative stress may 
have certain drawbacks (43). Unfortunately, to date 
there appears to be no single assay that would satisfac- 
torily estimate the actual extent of lipid peroxidation 
in biological samples. The assessment of oxidative 
stress on the basis of lipid peroxidation data is an indi- 
rect approach that may be rendered valid only if other 
defined oxidative stress indexes are also studied simul- 
taneously. 

The oxidation of GSH in various tissues has proven 
to be a more consistent index of exercise-induced oxida- 
tive stress. When challenged with oxidative stress, in- 
tracellular glutathione appears to rapidly oxidize to 
glutathione disulfide (GSSG). GSSG produced intracel- 
lularly may be reduced back to glutathione in the pres- 
ence of glutathione reductase activity that requires 
NADPH as a cofactor. However, if the oxidative stress 
challenge is severe, the rate of GSSG formation may 
exceed the capacity of the cell to reduce the disulfide. 
In such a situation, the heart and skeletal muscle cell 
have been observed to expel GSSG from the cell by a 
putative energy-linked mechanism (40, 87). Exhaus- 
tive exercise has been observed to increase the level of 
GSSG and decrease the level of total glutathione (GSH 
+ GSSG) in tissues such as the skeletal muscle, heart, 
and liver (46-48,58,59,80,84). Plasma levels of GSSG 
are remarkably higher in exhaustively exercised exper- 
imental animals (58, 59, 80). Such results justify the 
hypothesis that during strenuous exercise glutathione 
is oxidized to GSSG in the active tissues such as the 
skeletal muscle and heart. Generation of GSSG at a 
rate that exceeds the capacity of glutathione reductase 
to reduce the disulfide leads to the efflux of GSSG from 
the tissue and its appearance in the plasma. The capac- 
ity for glutathione synthesis in the liver is very high, 
and exercise-induced decrease of hepatic glutathione 
has been viewed as more of a protective response (84). 
Because of increased hepatic efflux of glutathione dur- 
ing exercise, additional glutathione is thus made avail- 
able to the peripheral tissues under need. Data from 
totally hepatectomized rats reveal that the glutathione 
store of the heart is highly dependent on hepatic sup- 
ply. However, no remarkable effect, on the glutathione 
status of skeletal muscle was observed in the hepatec- 
tomized animals (55). Previously, we observed that 
skeletal muscle-derived cells are highly active in gluta- 
thione synthesis (87). Based on the estimated intracel- 
lular water content, of the cells (81), we calculated that 
the muscle cells were able to maintain an intracellular 
concentration of -3 mM glutathione. Given the volume 
of the tissue in animals and humans, skeletal muscle 
glutathione metabolism may be considered to play a 
crucial role in whole body glutathione homeostasis. 

Exercise-induced glutathione oxidation in humans 
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has been studied in the blood (31,49,88,94). Mamma- 
lian erythrocytes are rich in glutathione (~2 mM) and 
account for most of the blood glutathione. The primary 
article on human blood glutathione oxidation during 
exercise by Gohil et al. (31) reported that submaximal 
exercise influences blood glutathione status. A sharp 
increase (100%) in blood GSSG was observed within 
the first 15 min of exercising at 65% peak oxygen con- 
sumption (31, 94). Ji et al. (49) studied eight healthy 
cyclists who exercised at 70% vo, rnaX for a mean dura- 
tion of 134 min. Samples collected after 60 and 120 
min and at completion of exercise showed no significant 
changes in GSSG levels. In our study with healthy 
young men, blood GSSG level was significantly ele- 
vated after maximal bicycle ergometeric test (14 min), 
after 30-min bicycling at aerobic threshold, or 30-min 
bicycling at the anaerobic threshold of the respective 
individuals (88). Our results were consistent with the 
reports of Gohil et al. (31) and Viguie et al. (94). We 
observed that 24 h of recovery was sufficient to restore 
blood GSSG levels to preexercise values (88). 

Ames et al. (6) estimated that in humans the number 
of oxidative hits to the DNA per cell per day is 10,000. 
Oxidative lesions of DNA accumulate with age. A Z-yr- 
old rat is estimated to have 2 million oxidative DNA 
lesions per cell, which is about twice of that in a young 
rat (6). Enzymatic excision of oxidative DNA lesions 
and excretion of such damaged by-products through the 
urine constitute a crucial step of antioxidant defense. 
In mammals, oxidative DNA damage appears to be 
roughly related to the metabolic rate (6). Such a trend 
develops a strong rationale to study the effect of exer- 
cise on oxidative DNA modifications. However, infor- 
mation regarding exercise-induced oxidative DNA 
damage is scanty. Ten hours after marathon running, 
the ratio of urinary oxidized nucleosides per creatinine 
increased 1.3-fold above rest (2). Myeloperoxidase-de- 
pendent superoxide production in neutrophils is a 
physiological process having micrubicidal activity. 
Neutrophils represent 50-60% of the total circulating 
leukocytes, and Smith et al. (91) have shown that a 
single bout of exercise may remarkably increase ROS 
production by the neutrophils. We were therefore inter- 
ested to see how different intensities of exercise may 
affect leukocyte DNA in humans. Results obtained in 
our study (88) indicate the possibility that exercise- 
associated oxidative stress may initiate DNA damage 
in the leukocytes. However, out of the 36 measure- 
ments carried out with nine subjects during four exer- 
cise tests, DNA damage was not detected in 11 cases. 
In another recent study, Viguie et al. (94) observed no 
significant change in the urinary level of the RNA ad- 
duct 8hydroxyguanosine after 90-min bicycle exercise 
of young healthy men. The vital parameter of DNA 
damage, which is so intricately associated with cancer 
and aging, demands further attention. 

Oxidants such as the hydroxyl radical and the per- 
oxyl radical (a lipid peroxidation intermediate) can 
fragment and cross-link proteins as well. Oxidatively 
modified proteins are rapidly degraded to thier constit- 
uent amino acids by ATP- or ubiquitin-independent 
pathways (23). Components of protein, e.g., methio- 

nine, tryptophan, histidine, and sulfhydryl residues, 
that are crucial for protein function are highly sensitive 
to oxidative damage. The physiological significance of 
protein oxidation is broad, including receptor modifi- 
cation, altered signal transduction, and other im- 
portant processes. Although physical exercise is known 
to induce lipid peroxidation in human blood plasma, 
the effect of such oxidative challenge on low-density 
lipoprotein apoB protein oxidation has not yet been 
tested. Such experiments are of critical clinical signifi- 
cance because apoB oxidation will alter the immuno- 
logic identity of low-density lipoprotein and contribute 
to the development of atherogenesis. Despite the enor- 
mous significance of the subject, exercise-induced pro- 
tein oxidation has been very poorly studied. Reznick et 
al. (75) has reported the first evidence that exhaustive 
exercise does increase skeletal muscle protein oxida- 
tion in rats. In another recent study carried out with 
rats, lo- to 15min swim exercise resulted in oxidation 
of erythrocyte membrane pmtein. After exercise, skele- 
tal muscle microsomes contained decreased sulfhy- 
dryls, and protein cross-linking was extensive (74). Re- 
cently we observed that in skeletal muscle-derived cells 
certain membrane Kf transport proteins are highly 
sensitive to oxidant exposure (83). 

PHYSICAL TRAINING 

In organs such as skeletal muscle, heart, and liver, 
antioxidant defenses appear to be modulated by the 
state of physical training. In 1973, Caldarera et al. (19) 
were the first to show that acute exercise increases 
catalase activity in rat liver, heart, and skeletal mus- 
cle. Since then, a relatively large number of studies 
have tested the effect of a variety of endurance exercise 
training regimens on antioxidant defenses (46, 70,82). 
Jenkins et al. (44) studied the antioxidant enzymes of 
the muscle. Needle biopsy samples were collected from 
the vastus lateralis muscle of healthy men. The sub- 
jects were split into high-fit (Vozmax >60 ml. kg-’ l 

min-‘) and low-fit (VOW,,, <60 ml. kg-l* min-‘) 
groups. The high-aerobic-capacity group had signifi- 
cantly greater activities of catalase and superoxide dis- 
mutase in their muscle. A strong positive correlation 
(r = 0.72, P < 0,Ol) between the subject’s hsmax and 
muscle catalase was noted. A similar correlation was 
also observed between the subject’s 00, max and muscle 
superoxide dismutase (r = 0.60, P < 0.05). The study 
also found that there was a rank order relationship in 
both the tissue oxygen consumption and antioxidant 
enzyme activity (44). In a recent study on exercise- 
induced oxidative stress in diabetic young men, we 
observed that resting plasma MDA and exercise-in- 
duced increase in plasma MDA strongly correlated (r 
= -0.82 and 0.81, respectively) with the respective 
aerobic capacity of the individuals, suggesting a pro- 
tective effect of physical fitness (unpublished observa- 
tion). Information on the effect of sprint training on 
tissue antioxidant defenses is scanty. Criswell et al. 
(22) studied the effect of 12-wk interval training and 
observed favorable changes in the skeletal muscle of 
rats. The authors proposed that 5-min interval high- 
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intensity training was superior to moderate-intensity 
continuous exercise in upregulating muscle antioxi- 
dant defenses. In another study, sprint training of rats 
was observed to significantly increase the total gluta- 
thione pool of skeletal muscles, and glutathione peroxi- 
dase activity of the heart and skeletal muscle. Skeletal 
muscle or heart superoxide dismutase activity was not 
influenced (our unpublished observation). The con- 
tention that moderate-intensity endurance exercise 
training may enhance the physiological antioxidant 
defenses has received substantial support. On the 
other hand, activity restriction has been observed to 
significantly compromise such defenses, rendering the 
tissues more susceptible to oxidative damage (54, 84). 
Thus habitual physical exercise is crucial to maintain 
and promote our natural capacity to defend against 
the ravages of reactive oxygen. 

Exercise training is involved in a chronic and inter- 
mittent increase in the exposure of active tissues such 
as the skeletal muscle and heart to oxygen flux. In 
prokaryotes, some mechanisms of ROS-dependent in- 
duction of antioxidant defense proteins have been un- 
raveled (79,82). The superoxide-sensitive sox and mar 
systems, and the hydrogen-peroxide sensitive o@ 
system have been described (35, 79, 93). Although it 
is suspected that similar regulation of antioxidant pro- 
tein expression does take place in mammalian cells, 
little is known about the details of such processes in 
eukaryotic cells. Recently, the transcripion factors ac- 
tivator protein-l and NF-KB have been identified as 
redox sensitive in mammalian (including human) cells 
(7, 25, 78, 79). The thiol redox status in different com- 
partments of such cells appears to have a remarkable 
influence in the modulation of these transcription fac- 
tors. For example, high cytosolic GSSG induces the 
activation of NF-KB, but high nucleic GSSG inhibits 
the binding of the activated dimer to the target oligo- 
nucleotide sequence (67). We observed a remarkable 
inhibitory effect of glutathione and N-acetyl+cysteine 
(NAC) on the activation of these transcription factors 
in challenged primate cells that were either controls 
or transfected to overexpress catalase and cytosolic su- 
peroxide dismutase (unpublished observations). Exer- 
cise-induced changes in the thiol redox status of tis- 
sues may influence intracellular signal transduction 
processes that trigger antioxidant defense protein ex- 
pression. 

MANIPULATION OF ANTIOXIDANT DEFENSES 

To develop an understanding of how different physio- 
logical and dietary antioxidants may, individually or 
in combination, contribute to defense against exercise- 
induced oxidative stress, several studies with antioxi- 
dant supplementation and deficiency have been carried 
out (32,34,46,82,99). After such modulation of antiox- 
idant defenses, biochemical indexes of tissue damage 
and exercise performance have been monitored. 

Studies attempting to modulate the glutathione sta- 
tus of tissues have been performed only recently (2 1, 
46, 69, 82). Two small studies have shown that exoge- 
nously administered glutathione remarkably (loo- 

140%) increased the endurance to physical exercise in 
mice in a dose-dependent manner (21,69). However, no 
biochemical parameter was considered in either study, 
and the exercise-protocol involved was perhaps too 
brief (-5 min) to induce oxidative stress. We revealed 
the fate of intraperitoneally administered glutathione 
and the effects of glutathione supplementation on long- 
duration exhaustive exercise-induced oxidative stress 
and endurance to such exercise. The effect of repeated 
glutathione administration was also compared with 
that of a single injection (80). This biochemical investi- 
gation was necessary before any supposition regarding 
the role of the thiols in endurance enhancement, an 
area of obvious popular interest, could be formulated. 
Injection of glutathione remarkably increased plasma 
glutathione and was followed by a rapid clearance 
(faster during exercise) of the thiol. The excess postin- 
jection plasma glutathione was rapidly oxidized to 
GSSG. Exogenous glutathione per se was an ineffective 
delivery agent of glutathione to tissues. After repeated 
administration of glutathione (1 time/day for 3 days), 
blood and kidney total glutathione levels were in- 
creased. Supplementation of glutathione did not influ- 
ence endurance to exhaustive treadmill run that lasted 
for -2 h (80). However, results from mitochondrial su- 
peroxide dismutase immunoreactivity indicate that 
glutathione supplementation may marginally decrease 
the exercise-induced release of the protein to the 
plasma (85). 

NAC (2-mercapto-propionyl glycine) is known to 
have strong antioxidant and nucleophilic properties 
with little or no side effect in humans. Exogenous NAC 
may act to rescue glutathione as follows: promoting 
glutathione synthesis in vivo by providing cysteine, a 
precursor of glutathione the availability of which limits 
glutathione synthesis, and/or directly scavenging ROS 
(8). NAC is therefore often referred to as a proglutathi- 
one drug. In a recent study with young healthy men, we 
observed that NAC supplementation can remarkably 
attenuate exercise-induced blood glutathione oxidation 
(88). Oral NAC did not elevate blood total glutathione 
level; however, plasma peroxyl radical scavenging ca- 
pacity was significantly higher in postsupplementation 
samples. Such results indicate that oral NAC may have 
had a sparing effect on exercise-induced blood glutathi- 
one oxidation (88). A similar trend was also noticed in 
our experiment with rats. Intraperitoneally adminis- 
tered NAC decreased exhaustive exercise-induced glu- 
tathione oxidation in the blood and lung (80). 

Recently, we evaluated the relative role of endoge- 
nous glutathione in the attenuation of exercise-induced 
oxidative stress. For the first time in exercise-related 
studies, glutathione-deficient rats prepared by blocking 
glutathione synthesis in vivo were used as a model 
(80). Treatment of the rats with glutathione synthesis 
inhibitor decreased total glutathione pool in 1) the 
liver, lung, blood, and plasma by -50% and 2) in skele- 
tal muscle and heart by 80-90%. Glutathione defi- 
ciency caused a profound increase in tissue lipid peroxi- 
dation and compromised long-duration treadmill run 
performance (SO). Such results suggest a critical role 
of endogenous glutathione in the circumvention of exer- 

Downloaded from journals.physiology.org/journal/jappl at Ohio State Univ HSL (140.254.087.149) on December 10, 2020.



BRIEF REVIEW 683 

cise-induced oxidative stress and as a determinant of 
exercise performance. A similar study with swim exer- 
cise of glutathione-deficient mice was more recently 
carried out by Leeuwenburgh and others (C. Leeuwen- 
burgh, personal communication), who concluded that 
glutathione homeostasis is essential for the prooxidant- 
antioxidant balance during physical exercise. In this 
model, involving low-intensity swim exercise for a 
longer duration, glutathione deficiency did not influ- 
ence swim performance in the mice. 

The trend in results obtained from studies investigat- 
ing the effect of dietary antioxidants on exercise-induced 
oxidative stress is encouraging (32,34,99). In rats, vita- 
min E supplements have been observed to protect 
against exercise-induced lipid peroxidation in the liver, 
heart, blood, and skeletal muscle. A protective effect of 
vitamin E on run-induced protein oxidation in skeletal 
muscle has also been evident (75). Vitamin E deficiency 
is known to be followed by enhanced tissue lipid peroxi- 
dation, increased susceptibility of skeletal muscle to 
damage, greater fragility of lysosomal membranes, com- 
promised respiratory control ratio in skeletal muscle, 
increased sarcoplasmic and endoplasmic reticulum le- 
sions, increased erythrocyte hemolysis, decreased oxida- 
tive phosphorylation in liver, and decreased exercise 
performance (34). In humans, vitamin E supplementa- 
tion for 1.5 mo accelerated recovery from downhill run- 
induced muscle damage (20). Urinary and muscle lipid 
peroxidation by-products were also lower in vitamin E- 
supplemented subjects (66). Studies that have examined 
the effect of vitamin E alone with respect to human 
exercise are limited and not all of them reveal a favor- 
able response (34). 

There is a remarkable lack of information regarding 
the possible protective effect of vitamin C supplementa- 
tion on exercise-induced oxidative stress. Vitamin C 
supplementation did not alter the run time to exhaus- 
tion in vitamin E-deficient rats (30). Ten young men 
were given either a placebo or a vitamin C supplement 
in a double-blind cross-over design. The subjects ran 
at 80% 00, max for 30 min. Vitamin C was able to atten- 
uate the exercise-induced increase in lipid peroxidation 
as indicated by thiobarbituric acid-reactive substances 
and lipid hydroperoxides after 2 wk of supplementation 
(34). In another human study, Alessio et al. (4) reported 
that vitamin C supplementation appeared to exhibit 
a mild protective effect based on the total oxyradical 
scavenging capacity of the plasma. 

Selenium and carotene supplementation studies 
have been done in association with either vitamin E 
deficiency or in combination with other antioxidants. 
Hepatic and skeletal muscle glutathione peroxidase ac- 
tivity was increased as a result of selenium supplemen- 
tation. In contrast, when selenium was deficient in the 
diet, the enzyme activity was markedly attenuated 
(15). Selenium deficiency had little effect when vitamin 
E was present (16). 

Design of antioxidant supplementation protocols 
should be guided by the requirements of the antiuxi- 
dant chain reaction; such an approach will maintain a 
favorable redox status of each of the constituent antiox- 
idants and avoid the accumulation of reactive oxidized 

antioxidant by-products (e-g., chromanoxyl and ascor- 
by1 radicals). The effect of a combination of several anti- 
oxidants as supplements have only been examined in 
a relatively few articles (52, 53, 95). Supplementation 
of individuals with a vitamin mixture containing ,B- 
carotene, vitamin C, and vitamin E for 5 wk resulted in 
decreased serum MDA and breath pentane, decreased 
lipid peroxidation at rest and that induced by exercise 
at both 60 and 90% Voz max (53). In contrast, a similar 
mixture of antioxidants did not reveal any beneficial 
effect on muscle damage of subjects who exercised at 
65% of maximal heart rate (52). In another study, anti- 
oxidant mixture given to human appeared to protect 
the erythrocytes and skeletal muscle from exercise 
challenge (99). There is an appalling lack of informa- 
tion on the possible beneficial effects of antioxidant 
therapy in the circumvention of exercise-induced oxida- 
tive stress. The current state of information builds a 
strong rationale for further research and calls for poli- 
cies encouraging investigations that would test the ef- 
fects of different combinations of antioxidant supple- 
ments and promote the use and availability of nutri- 
tional antioxidants. The long-term effects of taking 
regular antioxidant supplements on health-related fac- 
tors need to be examined. 

SUMMARY 

A delicate balance between the virtues and vices of 
oxygen metabolism is expected to determine our state 
of health and longevity. Physical exercise is protective 
in a multitude of ways; however, strenuous long-dura- 
tion exercise overwhelms our capacity to detoxify reac- 
tive oxygen. The result is oxidative stress. Physiologi- 
cal antioxidant defense may be expected to remarkably 
vary from one individual to another. Assessment of 
one’s susceptibility to oxidative stress is therefore de- 
sired. Regular physical activity in association with di- 
etary habits that ensure adequate supply of a combina- 
tion of appropriate antioxidants may be expected to be 
a prudent course. 
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