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For the first time, wearables are now therapeutic with this new patented process 
of quenching free radicals continuously throughout the day with a thin, breathable 
bodysuit (or T-shirt for example) wired with a suitable, renewable electricity 
source providing microcurrent to specific sites (acupuncture points) on the body 
with conductive thread in the fabric. The benefits are many, from immune-system 
boost to sports performance enhancement, which are natural outcomes of 
reducing free radicals (scavengers of electrons) with the active ingredient of 
antioxidants: electrons. With simple physics, we find that only one microampere 
of imperceptible electrotherapeutic current provides ten trillion (10 with thirteen 
zeros) antioxidant electrons per second into the skin, thereby quenching a 
maximum of ten trillion free radicals per second. Since intense physical exertion 
naturally causes oxidative stress and free radical muscle damage, quenching 
these on an ongoing basis, as they are formed, will necessarily improve sports 
performance in the same way as performance enhancing drugs but without the 
side effects. Such antioxidant electric clothing can provide a supplementary 
adjunct to training and vitamin ingestion, since it provides continuous protection. 
A synergistic bonus of this invention is an increased electron antioxidant activity if 
the wearer engages in salty, electrically conductive, sweat-production, which 
normally accompanies increased exertion and loss of valuable electrolytes. 
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Possible flexible solar textile battery for integration into clothing (ACS Nano2014) 
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Acupuncture points are, as 

Dr. Bob Becker states in his 

famous book, The Body 

Electric, points of low 

resistance across the skin, 

connected by meridian 

pathways also exhibiting 

lower resistance, suitable for 

electron pathway flow. 

Sports suits like Papillon Sport 

are one of many examples of 

the kind that are suitable for  

hidden, embedded electron 

antioxidant clothing wiring with 

suggested energy harvesting 

piezoelectric electron source 

that generates more electrons 

with increased exertion and 

movement = natural synergy. 
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In the future, everyone will wear electric therapeutic clothing for optimal health, 

defense against toxins and free radical agents in the environment, and to feel 

energetic during work, exercise and play hours of the day. The invention is 

intended for shirts, underwear, socks, shoes, hats, earmuffs, headbands, 

wristbands, bodysuits and any skintight clothing, suitable for transfer of 

antioxidant electrons in the conductive fabric, transcutaneously into the body. 
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Critical Review

Free Radicals in Exhaustive Physical Exercise:
Mechanism of Production, and Protection
by Antioxidants
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Summary

Moderate exercise is a healthy practice. However, exhaustive
exercise generates free radicals. This can be evidenced by increases
in lipid peroxidation, glutathione oxidation, and oxidative protein
damage. It is well known that activity of cytosolic enzymes in blood
plasma is increased after exhaustive exercise. This may be taken as a
sign of damage to muscle cells. The degree of oxidative stress and of
muscle damage does not depend on the absolute intensity of exercise
but on the degree of exhaustion of the person who performs exer-
cise. Training partially prevents free radical-formation in exhaus-
tive exercise. Treatment with antioxidants such as vitamins C or E
protects in part against free radical-mediated damage in exercise.
Xanthine oxidase is involved in free-radical formation in exercise
in humans and inhibition of this enzyme with allopurinol decreases
oxidative stress and muscle damage associated with exhaustive ex-
ercise. Knowledge of the mechanism of free-radical formation in
exercise is important because it will be useful to prevent oxidative
stress and damage associated with exhaustive physical activity.
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INTRODUCTION
The bene� cial effects of regular, nonexhaustive physical exer-

cise have been known for a long time. Exercise is part of the treat-
ment of common diseases such as diabetes mellitus or coronary
heart disease. It improves plasma lipid pro� le, increases bone
density, and helps to lose weight. However, the bene� cial effects
of exercise are lost with exhaustion and with lack of training.
Indeed, it is well known that exhaustive exercise causes mus-
cle damage, for instance evidenced as an increase in the plasma
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activity of cytosolic enzymes such as creatin kinase or lactate
dehydrogenase. Some of this damage is due to the production
of free radicals and it may be prevented by optimising nutri-
tion, particularly by increasing the dietary content of nutritional
antioxidants. Free radicals are involved in the pathogenesis of
many diseases, such as diabetes, cardiovascular diseases, in� am-
mation, or pulmonary diseases. Free radicals are also involved in
important physiological processes, such as ageing. Pioneering
work by Davies and collaborators showed that free radicals are
formed in physical exercise (1). We showed that exercise causes
the production of free radicals only when it is exhaustive (2).
When studying free-radical damage, it is important to consider
that these radicals have a very short lifetime. Thus, damage is
usually caused very near the site of production of these radicals.

Indeed, free radicals cause damage to DNA, lipids, or pro-
teins (3). Obviously, protection against damage caused by free
radicals is of paramount importance for the survival of cells.
Thus, cells have developed antioxidant systems to protect them-
selves against such damage. Much research has been devoted to
the study of these antioxidant systems.

FREE-RADICAL PRODUCTION IN EXERCISE
Research into this area started out in the 1980s with the pub-

lication by Packer’s group that exercise causes oxidative stress
(1). Quintanilha et al. observed that exhaustive exercise causes
changes in glutathione levels both in plasma and the liver of
rats (4). A year later, Jackson observed that muscle damage as-
sociated with exercise could be prevented, at least in part, by
vitamin E administration (5). This opened up the possibility of
minimising damage caused by exercise by antioxidant admin-
istration. More recently, Zerba and coworkers (6) observed that
muscles of old mice are more susceptible to damage caused by
free radicals than those of young mice. In 1992, Reznick et al.
(7) proposed that there is a threshold of age in exercise.
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272 VIÑA ET AL.

Figure 1. Linear relationship between oxidized (GSSG)-to-
reduced glutathione (GSH) and lactate-to-pyruvate ratios in
blood from humans subjected to physical exercise. Human blood
was obtained from subjects before, immediately after, and 30 or
60 min after physical exercise to exhaustion on a treadmill using
Bruce’s protocol. Number of experiments D 10. (Reproduced
with permission from reference (2).)

We have studied the problem of free-radical production in
exercise and have used the oxidation of glutathione as a key pa-
rameter to detect oxidative stress. We have found that oxidative
stress occurs only when exercise is exhaustive. Indeed, Figure 1
shows that there is a linear correlation between lactate levels
and the oxidation of glutathione in blood during exercise (2).
We concluded that physical exercise would not cause muscle
damage unless it is exhaustive and indeed if lactate levels are
kept low, oxidation of glutathione will not occur. The fact that
muscle damage occurs only when exercise is exhaustive and is

Figure 2. Effect of physical exercise on blood oxidized glutathione levels in chronic obstructive pulmonary disease (COPD)
patients. Protection by allopurinol. Statistical differences between 0 minutes and 3 minutes postexercise groups is shown as #
¤(P < 0:05). Number of experiments is 5. Patients performed light exercise (approximately 40 W for up to 6 minutes) in a
cycloergometer. Allopurinol was administered orally at a dose of 300 mg/day for 3 days before the exercise. Drawn up with data
from reference (14).

independent of the absolute intensity of the exercise is exem-
pli� ed in patients suffering from chronic obstructive pulmonary
disease (COPD). These patients are exhausted when they per-
form light exercise of the kind that is required to carry out daily
activities. Figure 2 shows that a light exercise can be exhaustive
for COPD patients, causing an oxidation of glutathione in blood
(8). Figure 3 shows that malondialdehyde is increased in COPD
patients after exercise (8).

MECHANISM OF FREE-RADICAL PRODUCTION
IN EXERCISE

In their classic papers, Chance and his coworkers determined
that in state 4, i.e., when active respiration is not taking place,
about 2% of all oxygen consumed by mitochondria is not con-
verted into water but forms reactive oxygen species (9, 10).
Thus it was assumed that increased oxygen utilisation in exer-
cise would lead to an increase in free-radical production. How-
ever, this is not the case. Chance and coworkers (10) showed that
free-radical formation by mitochondria in state 3, i.e., when all
substrates of the respiration chain are present in the suspension
medium, is negligible. This was explained in molecular terms
by Papa et al. (11). It is likely that free-radical formation by mi-
tochondria in exercise is not higher, but lower than at rest. Thus,
we searched for an extramitochondrial source of free radicals.

We hypothesised that activation of xanthine oxidase could
be important in the generation of free radicals during exer-
cise. Duarte and coworkers (12) pointed out that endothelium
might contribute to muscle damage induced by exercise. More-
over, Hellsten and coworkers (13) showed that eccentric exercise
causes an increase in xanthine oxidase immunoreactivity. We
showed (see Figs. 2, 3, and 4) that inhibition of xanthine oxi-
dase with allopurinol protects against exercise-induced oxida-
tion of glutathione in humans. Furthermore, in the same study
(14) we observed that treatment with allopurinol protects against
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Figure 3. Effect of physical exercise on plasma malondialdehyde levels in COPD patients. Protection by allopurinol ad-
ministration. Statistical difference between 0 minutes and 3 or 60 minutes postexercise is shown as ¤#(P < 0:05), and
¤¤(P < 0:01). Statistical difference between 3 minutes postexercise and 60 minutes postexercise groups is shown as # (P < 0:05).
Number of experiments is 5. Experimental protocol as in the legend to Figure 2.

Figure 4. Effect of physical exercise on blood oxidized glutathione levels in humans. Protection by allopurinol. Difference
between rest and exercise groups is shown: ¤ P < 0:05 and between 4 days after exercise and 4 days after exercise treated with
allopurinol: # P < 0:05. Number of experiments is 3. Drawn up with data from reference (14).

Figure 5. Effect of physical exercise on serum CK activity after exhaustive exercise in humans. Protection by allopurinol.
Statistical difference between rest and exercise groups is shown as ¤#(P < 0:01). Number of experiments is 4. Drawn up with data
from reference (14).
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Figure 6. Effect of physical exercise on serum aspartate amino transferase (GOT) activity after exhaustive exercise in humans.
Protection by allopurinol administration. Statistical difference between rest and exercise groups is shown as ¤#(P < 0:01). Number
of experiments is 4. Drawn with data from reference (14).

Figure 7. Role of xanthine oxidase in the production of free radicals in exhaustive exercise. Protection by allopurinol.
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increase in creatin kinase and aspartate amino transferase activ-
ities induced by exercise in humans (see Figs. 5 and 6).

PREVENTION AGAINST THE EFFECTS OF FREE
RADICALS FORMED DURING EXHAUSTIVE PHYSICAL
EXERCISE BY ANTIOXIDANT ADMINISTRATION

An important practical consequence of the demonstration that
free radicals are involved in tissue damage caused by exhaustive
exercise is that it is possible to minimise the effect of such rad-
icals by administration of antioxidants such as beta carotenes,
vitamin C, vitamin E, glutathione, or N -acetylcysteine. Indeed,
antioxidant administration has bene� cial effects against the
damaging effects of intense physical exercise. We have shown
that administration of vitamin C, vitamin E, or glutathione pro-
tects against the damaging effects of free radicals during exer-
cise both in rats and human beings (2). The group of Packer in
California (1, 4) and that of Jackson in England (5) have shown
the protective role of vitamin E against damage caused by phys-
ical exercise. Moreover, the level of uric acid in blood increases
during exercise. Uric acid acts as an antioxidant. Allopurinol has
an inhibitory effect on xanthine oxidase, a likely source of free
radicals during exhaustive physical exercise, as shown before.
Allopurinol protected against muscle damage caused by exercise
in patients suffering from chronic obstructive pulmonary disease
(15). Figure 7 shows the important role that allopurinol may have
in the protection against free radical formation associated with
exhaustive exercise. Note that the substrates of xanthine oxidase
are hypoxanthine and xanthine. Hypoxanthine derives from the
degradation of ATP via AMP. Thus, the substrates for xanthine
oxidase are available only when ATP depletion occurs, i.e., after
exhaustive exercise.

ANTIOXIDANTS, FATIGUE, AND PERFORMANCE
Apart from the protective role against damage caused by free

radicals during exhaustive exercise, antioxidants might have a
positive effect on performance and on the prevention of fatigue.
This subject has been addressed previously in the literature and
studies can be classi� ed into two groups: studies with animals,
and studies with human beings.

Studies with Animals
Many of the experiments previously performed have been

carried out using animal tissues in vitro. It is concluded that

Table 1
Effects of antioxidants on skeletal muscle performance: animal studies (24)

Study Treatment Test Performance

Novelli et al., 1990 (17 ) Vitamin E, spin trappers In vivo (swimming) Improved
Barclay and Hansel, 1991 (16) Allopurinol In vitro (soleous muscle) Improved
Reid et al., 1992 (23) Superoxide dismutase, catalase In vitro (diaphragm muscle) Improved
Shindoh et al., 1990 (25) NAC In situ (diaphragm muscle) Improved

NAC D N -acetylcysteine.

addition of antioxidants to the suspension medium of muscle
preparations induces a delay in muscle fatigue (16–18).

However, very few studies have dealt with the effect of an-
tioxidant supplementation on performance in vivo, Novelli and
coworkers determined the time to exhaustion in mice that were
swimming and that had been previously treated with vitamin E
(17 ). They concluded that supplementation with vitamin E in-
creased the time to exhaustion. Table 1 summarises the effect of
antioxidant supplementation on muscle performance in vitro. In
all cases, the authors concluded that antioxidant supplementa-
tion improved muscle performance in vitro.

Studies with Humans
Very few studies so far have dealt with the effects of antioxi-

dant supplementation on muscle performance in humans. More-
over, in all cases the authors administered a single antioxidant
rather than an antioxidant cocktail to the athletes performing
exercise. Vitamin E has been the most widely used antioxidant.

Table 2 shows that the majority of studies have not proved a
positive effect of antioxidant supplementation on performance.
In a single study, Reid and coworkers administered 150 mg
of N -acetylcysteine to humans and determined muscle fatigue
induced by low frequency electric stimulation (18). Results
showed an improvement in muscle resistance to fatigue after
the treatment.

TRAINING PROTECTS AGAINST FREE-RADICAL
FORMATION IN EXHAUSTIVE EXERCISE

Thus far, we have studied the damaging effects of free rad-
icals generated during exhaustive exercise and the possible ef-
fects of antioxidants. However, exercise, particularly when it is
not exhaustive, is clearly a healthy practice that results in the
prevention of many diseases. For instance, exercise minimises
atherognesis induced by diet (19) and has been considered as a
cardioprotective factor (20).

The undesirable effects of exercise may be prevented, at least
in part, by training. Early after the demonstration by Davies
et al. (1) that exercise caused an increased free-radical forma-
tion, Salminen and Vihko (21) showed that exercise decreases
susceptibility against free-radical damage. Furthermore,
Leeuwenburgh et al. (22) showed that training causes the induc-
tion of antioxidant enzymes. In our laboratory, we have shown
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Table 2
Effects of antioxidants on skeletal muscle performance: human studies (24)

Study Treatment Test Performance

Lawrence et al., 1975 (26) Vitamin E 500 meters swimming No effect
Sumida et al., 1989 (27) Vitamin E VO2 MAX No effect
Rokitzki et al., 1994 (28) Vitamin E Incremental exercise No effect
Snider et al., 1992 (29) Vitamin E Time to exhaustion No effect

Coenzyme Q 70% del VO2 MAX

Reid et al., 1994 (18) NAC Low-frequency, stimulation of Improved
tibialis anterior muscle

NAC D N -acetylcysteine.

that training protects against glutathione oxidation associated
with exhaustive exercise.

CONCLUDING REMARKS
We can conclude the following: moderate exercise performed

regularly is a healthy practice. Exercise causes an increase in
free-radical formation only when it is exhaustive. Changes in
indicators of free-radical damage occur only when exercise is
exhaustive and are independent of the absolute intensity of exer-
cise. Training has a protective effect against free radical-induced
tissue damage due to exercise. The mechanism of free-radical
formation in exercise involves the activation of xanthine oxidase.
As a consequence, inhibition of this enzyme with allopurinol has
a protective effect against free radical formation due to exhaus-
tive exercise both in experimental animals and in humans. Sup-
plementation with dietary antioxidants partially prevents muscle
damage caused by exhaustive exercise. However, several studies
have been unable to prove that antioxidant supplementation may
increase performance in vivo and thus antioxidants, which may
be considered as protective against damage caused by exhaustive
exercise, cannot be considered as ergogenic aids.
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