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Reactive oxygen species (ROS) play an important role as mediators of skeletal muscle damage and inflam-
mation after strenuous exercise. These ROS arise largely from increases in mitochondrial oxygen consumption
and electron transport flux. Bouts of intense exercise are associated with increases in lipid peroxidation,
generating malondialdehyde and F2�-isoprostanes, and the release of muscle enzymes like lactate dehydroge-
nase and creatine kinase. Dietary and enzymatic antioxidant defenses appear to play a protective role in muscle
cells by reducing associated oxidative damage to lipids, nucleic acids, and protein. However, studies of the use
of dietary antioxidants like vitamin E to reduce exercise-induced muscle injury have met with mixed success.
The equivocal nature of these results appear to reflect a diversity of factors including the antioxidant(s) tested,
the nature and timing of the exercise, the age and fitness of the subjects, and the methodology for assessing
oxidative stress. Nutrition 2001;17:809–814. ©Elsevier Science Inc. 2001

INTRODUCTION
Dr. Lawrence J. Machlin did more than contribute directly to our
understanding of the role of vitamin E in human health and disease
through his own research and reviews. He was among the first
scientists to appreciate the role vitamins play beyond that of
avoiding deficiency syndromes. Larry was extraordinarily gener-
ous in sharing his insights about vitamin research and his vision of
the potential preventive nutrition could play in promoting optimal
health. As Director of Clinical Nutrition at Hoffmann–LaRoche,
Larry helped create a corporate culture supportive of the highest
caliber of academic research and obtained substantial funding for
young and established nutrition investigators around the world.
This review is dedicated to his memory.

EXERCISE-INDUCED PRODUCTION OF FREE REACTIVE
OXYGEN SPECIES
As a result of greater oxygen consumption during exercise, there is
an increased flux of oxygen through the mitochondria, 2% to 5%
of which is not completely reduced to water and thus forms
reactive oxygen species (ROS).1 During exercise of higher inten-
sity, ROS generation can be generated by an influx of neutrophils
and macrophages into muscle and an activation of cytokines sec-
ondary to muscle damage. Further, exercise stimulates a redistri-
bution of blood flow, provoking hypoxia and reoxygenation in
some tissues, which can increase the production of superoxide by
xanthine oxidase in muscle. When skeletal muscle is subjected to
excessive contractile activity, prostanoids and their free-radical
intermediates are also released. Moreover, disruption of calcium
homeostasis or damage to iron-containing proteins within the
muscle can activate ROS production. Of potential relevance to
older adults, skeletal muscle and several other tissues in senescent

rats present with higher basal levels of ROS and appear more
susceptible to exercise-induced oxidative stress.2,3

The generation of ROS during endurance exercise can be
measured directly in muscle with electron spin-resonance spec-
troscopy and indirectly with spin-trapping agents. For example,
Davies et al.4 found an intensification of signals with electron
spin-resonance spectroscopy from rat hindlimb muscle and liver
after an acute bout of exhaustive running. Similarly, Jackson et al.5
found a 70% increase in free-radical signals from electrically
stimulated rat muscle compared with controls. However, limita-
tions associated with electron spin-resonance spectroscopy and
spin-trapping methods have promoted the examination of oxida-
tively modified lipids, nucleic acids, and proteins in muscle and
other tissues after exercise.

EXERCISE, MUSCLE DAMAGE, AND BIOMARKERS OF
OXIDATIVE STRESS
Exercise-Induced Muscle Damage

Elevations of muscle enzymes such as lactate dehydrogenase and
creatine kinase (CK) in plasma are characteristic responses to
strenuous exercise and often used as indicators of muscle damage.
However, because CK in the circulation reflects its release from
muscle fibers and its clearance from the circulation, interpretation
of this parameter should be made with caution. Nonetheless, Apple
and Rhodes6 found significantly elevated CK levels in marathon
runners 24 to 60 h after a marathon race. Schwane et al.7 tested
subjects running downhill for 45 min and found a significant
increase in plasma CK levels at 24 and 48 h postexercise compared
with subjects running on a level surface.

Clarkson and Tremblay8 proposed that the CK release after a
high-force eccentric exercise might be due to cellular necrosis.
However, changes in blood levels of myofiber proteins have been
weakly associated with decreases in muscle function and histo-
logic signs of injury.9 Manfredi et al.10 found a four-fold greater
number of muscle fibers with ultrastructural damage in older men
than in younger men, even though there were no differences in CK
after eccentric-cycle ergometry. Cannon et al.11,12 reported that
eccentric exercises increased CKs and neutrophils 24 h postexer-
cise in young and older men and noted that this response was
smaller in the older men.

Muscle Damage and Lipid Peroxidation

Lipid peroxidation appears to be an important mechanism under-
lying exercise-induced muscle damage. An early study by Dillard
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et al.13 measured graded exercise on a cycle ergometer and found
no change in pentane exhalation after low-intensity bouts but did
find a two-fold increase relative to resting values after high-
intensity cycling. Similarly, Lovlin et al.14 measured serum
thiobarbituric-acid–reactive substances (TBARS) after graded-
cycle ergometry to exhaustion and found no difference in serum
TBARS during the lower intensities (40% to 70% maximum
oxygen consumption, or VO2max) but found them significantly
elevated at the end of the exercise (100% VO2max).

Maughan et al.15 had subjects perform a 45-min bout of down-
hill running and found that neither plasma TBARS nor CK rose
immediately postexercise but that TBARS were significantly ele-
vated at 6 h and CK peaked at 24 h postexercise. It is worth noting
that those subjects with the greatest increase in CK also had the
most TBARS. This relationship between muscle-enzyme release
and biomarkers of oxidative stress might result from an increase in
membrane permeability due to lipid peroxidation. Kanter et al.16

showed that the increase in plasma malondialdehyde (MDA) was
significantly correlated with an increase in serum CK after an 80-km
running race. Krotkiewski and Brzezinska17 also found that the in-
creases in plasma MDA correlated with the increase in CK at 24 h
after 90 min of strenuous exercise. Furthermore, the content of MDA
in the middle portion of the vastus-lateralis muscle was positively
correlated with the percentage and the relative cross-sectional area of
the type I muscle fibers but negatively with type II muscle fibers.
Thus, the production of lipid peroxides might parallel the exercise-
induced increase of oxygen uptake in the muscle, being higher in
those muscle fibers that consume the most oxygen.

However, not all studies have shown an increase in lipid
peroxidation after strenuous exercise.18–21 Viinikka et al.20 exam-
ined lipid peroxidation from runners after 10 to 14 min of exhaus-
tive cycle-ergometer exercise and found no change serum TBARS
immediately or 30 min after the exercise. Dernbach et al.22 inves-
tigated men and women rowers participating in high-intensity
training for 4 wk and found no significant changes in measures of
oxidative stress. Saxton et al.23 had men perform bouts of 70
maximum eccentric and 70 concentric muscle actions of the fore-
arm flexors or 80 maximum eccentric and 80 concentric muscle
actions of the knee extensors and found no changes in plasma
TBARS or conjugated dienes after either exercise protocol.

F2�-isoprostanes derived from arachidonic acid have been as-
sociated with oxidant injury and appear to a much more specific
biomarker of lipid peroxidation than TBARS.24,25 A few exercise
studies have investigated the relationship between exercise and
isoprostanes. Hinchcliff et al.26 found an increase in plasma iso-
prostanes of sled dogs that was correlated positively with plasma
CK and inversely with serum vitamin E. Kirschvink et al.27 re-
ported an increase in plasma isoprostanes of horses after a tread-
mill test, although the results were not controlled for postexercise
plasma-volume shifts. In contrast, Mori et al.28 examined for 8 wk
patients with type 2 diabetes who underwent moderate (5565% of
VO2max) or low-intensity exercise training (heart rate � 100 beats/
min) and found that neither training regimen affected urinary
isoprostane excretion. Wang et al.29 compared trained (10 wk of
treadmill exercise) with untrained rats and found that the trained
group had lower urinary excretion rates of isoprostanes.

Exercise and Measures of Antioxidant Capacity

Liu et al.30 found the total peroxyl-radical trapping, antioxidant
capacity of plasma and the resistance of low-density lipoprotein to
oxidation increased among men immediately after a marathon run
and 4 d later. Similarly, after a half-marathon, Child et al.31 found
that trained men showed increases in total antioxidant capacity and
serum MDA, CK, and uric acid.31 Child et al.21 also examined
eight men and women performing 70 maximal voluntary eccentric
contractions with the knee extensors. Biopsies were taken 7 d
before and 4 and 7 d after exercise in addition to blood samples
through 12 d postexercise. Muscle soreness increased during the

first couple of days after the eccentric exercise and, although no
changes in serum total antioxidant capacity, CK, or MDA were
noted at that time, total antioxidant capacity of muscle increased
7 d postexercise. Another observation of an exercise-induced in-
crease in antioxidant capacity associated with an increase in bi-
omarkers of oxidative stress was provided by Alessio et al.32 who
noted increased lipid peroxides in serum after isometric contrac-
tions and increases in protein carbonyls and oxygen radical-
absorbance capacity after aerobic exercise.

Exercise and DNA Damage

The excretion of oxidized DNA-repair products in urine might
reflect the overall rate of DNA damage in the body, and those
products in tissue might reflect the steady-state balance be-
tween damage and repair. After a 9-wk regimen of swim training
in rats, Radak et al.33 reported lower levels of 8-hydroxy-2-
deoxyguanosine (8-OHdG) in skeletal muscle but no change in
TBARS or 4-hydroxynonenal compared with levels in sedentary
controls. Results from human studies are mixed, with several
showing no effect of exercise on indices of DNA damage.33–46

Physical exercise in some human studies has been associated
with lower concentrations of 8-OHdG in leukocytes and urine,42,43

whereas other studies found no association between frequency of
physical exercise and increased leukocyte 8-OHdG.44 Niess et al.36

examined young trained and untrained men after an incremental
exercise test to exhaustion and found that the untrained men had
higher DNA-strand breakage in white blood cells postexercise than
did the trained men. The trained men also had lower MDA re-
sponses 15 min and 24 h postexercise. Thus, training might evoke
increases in cellular antioxidant defenses (increases in total
peroxyl-radical trapping, total antioxidant capacity, and oxygen
radical-absorbance capacity were discussed) to decrease oxidative
damage to DNA. Interestingly, Inoue et al.45 studied trained swim-
mers and runners and found decreases in lymphocyte 8-OHdG and
increases in urinary 8-OHdG after a training session. Those results
suggested an enhanced clearance mechanism for oxidatively dam-
aged DNA in young, trained individuals.

Okamura et al.37 investigated the urinary excretion of 8-OHdG
in well-trained runners before and after an 8-d training camp.
Increases in urinary 8-OHdG were reported during the training but
no change was found in lymphocyte levels. Hartmann et al.38

tested young, untrained men with an incremental treadmill exercise
to exhaustion and found that DNA-strand breaks from white blood
cells began to increase 6 h postexercise and were significantly
higher 24 h postexercise. Because the effect on DNA was so
delayed, the investigators postulated that the damage was not
directly induced by ROS but rather mediated by a secondary
factor. Radak et al.46 assigned women to an eccentric exercise or
a control group and found higher muscle 8-OHdG 24 h postexer-
cise; however, biopsies were not obtained before exercise so
intrasubject comparisons were not made.

Exercise and Glutathione Status

Reduced glutathione (GSH) is the major intracellular non-protein
thiol compound affecting DNA and protein synthesis, protecting
against ROS-induced damage, and sparing vitamin E via GSH
peroxidase and GSH reductase. The ratio of GSH to oxidized
glutathione (GSSG) has been correlated with oxidative stress and
physical exercise.47 Moderate to intense exercise can decrease
GSH and increase GSSG through 3 d postexercise in young,
trained individuals.18,34,48 The activity of the GSH-containing en-
zymes is localized to the mitochondria and cytosol, depends on
fiber type, with the highest concentrations in the slow, oxidative
muscle fibers, and, with catalase, increases in response to acute
exercise and exercise training.49,50 That latter response suggests
that those enzymes, in particular GSH peroxidase is a compensa-
tory response to and a sensitive marker of oxidative stress induced
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by exercise.49–52 Recent studies in distance running and sprint or
distance swimming have shown decreases in GSH:GSSG and
increases in GSH peroxidase immediately postexercise, which
return to baseline levels by 1 h postexercise.53,54

Animal models have suggested a complex relationship between
exercise, GSH, and oxidative stress. For example, Liu et al.55

found that acute exercise in rats reduced GSH and cystine and
increased MDA in liver. However, chronic exercise was associated
with an increase of MDA in fast and slow muscles, whereas brain
tissue had a reduced concentration of MDA in association with
elevated levels of vitamin C. Protein carbonyls in the liver were
decreased with chronic exercise, but neither acute nor chronic
exercise affected oxidative damage to DNA as reflected by
8-OHdG. Ohkuwa et al.3 reported an age-related decrease in GSH
synthesis in rats associated with an apparent compensatory in-
crease in regenerating capacity. Although Leeuwenburgh et al.56

found an age-related increase in rat muscle GSH, exercise training
did not offer additional protection against oxidative stress in the
muscles of old rats in the manner it did in young rats.

EXERCISE-INDUCED INFLAMMATORY RESPONSES

The local inflammatory response in skeletal muscle to strenuous
exercise is followed by an influx of leukocytes and a systemic
acute-phase response. The various elements of the acute-phase
response are mediated by cytokines, including the proinflam-
matory interleukin (IL)-1�, tumor necrosis factor-� (TNF-�),
and IL-6. These cytokines facilitate the influx of lymphocytes,
neutrophils, monocytes, and other cells into the tissue after injury.
Neutrophilia is one of the most consistent changes during and after
strenuous exercise.57–62 Circulating neutrophil counts increase
during exercise and continue to increase postexercise.63 Exercise
activates those phagocytes to generate an oxidative burst of ROS
such as superoxide and hypochlorous acid, which aid in proteol-
ysis.59,61,64 Neutrophilia is greater for eccentric than for concentric
exercise of similar metabolic loads65 and corresponds to the extent
of myocellular disruption after eccentric exercise.9,10,66

After examining the effects of prior submaximal cycle ergom-
etry on changes in circulating neutrophils, neutrophil activation,
and myocellular enzymes after 10 sets of 10 repetitions of eccen-
tric maximum contractions of the quadriceps, Fielding et al.67

found a close association between neutrophilia and CK release but
no association between Z-band damage and CK release. Others
have found close associations between myocellular-enzyme re-
lease, suggesting that systemic neutrophil hyperactivity affects
muscle inflammation after exercise.11,60 Neutrophil mobilization
appears to depend on exercise intensity and be mediated by the
secretion of stress hormones such as catecholamines, cortisol, and
growth hormone.64,68 Myeloperoxidase-catalyzed production of
ROS is significantly enhanced after exhaustive exercise of high
intensity64 and endurance exercise.60 Belcastro et al.69 examined
exercise-induced neutrophil activation that occurred with pro-
longed running in several tissues from rats and found elevated
myeloperoxidase activity not only in muscle but also in liver and
heart tissue.

Circulating IL-6 has been associated with the rise in neutrophils
after exercise and might prime these cells for phagocytosis and
oxidative-burst activity.60,62,70 Eccentric exercise or exercise for
long durations (e.g., a marathon) significantly increases plasma
IL-6 during and/or soon after exercise, and that change has been
associated with indicators of muscle damage.71–74 Ostrowski et
al.71 obtained muscle biopsies before and after a marathon and
found elevated levels of IL-6 mRNA postmarathon.

Elevated levels of circulating IL-6 after exercise have been
found consistently in exercise studies,57,58,71,73–76 but changes in
IL-1� are more difficult to detect,11,58,62,71,72,77–80 especially with
immunoassays.81 IL-1� has been shown in some studies to in-
crease in plasma and muscle after eccentric exercise and marathon

running,11,77,79,80,82 whereas other studies have shown a decrease
in the production of IL-1� by peripheral blood mononuclear cells
immediately postexercise, with a return to baseline levels after
24 h.58,83 This drop in cytokine production of peripheral blood
mononuclear cells also has been found for TNF-� and IL-6 after an
exhaustive exercise test, even though plasma IL-6 increased.83

After a marathon, Ostrowski et al.80 found maximal elevations in
plasma IL-1� and IL-1 receptor antagonist by 1 h postrace,
whereas peak increases in IL-6 and TNF-� occurred immediately
postexercise. Suzuki et al.62 also tested athletes after a marathon
and found no changes in circulating IL-1� or TNF-�, but IL-1
receptor antagonist and IL-6 increased over 100-fold. Production
of IL-1� and TNF-� by peripheral blood mononuclear cells also
has been reported to increase 24 h after downhill running.77 These
apparently contrasting results are due in part to the difference
between determining cytokines in circulation and examining the
ability of cells to respond to an endotoxin. Further, strenuous
exercise involving eccentric contractions resulting in muscle dam-
age most likely would result in inflammation mediated by those
cytokines.

VITAMIN E AND EXERCISE
Vitamin E and Exercise-Induced CK Responses

Several studies have shown that antioxidant enzymes increase with
oxidative stress and exercise training.18,48,52,84 However, that in-
crease in antioxidant defenses might not be physiologically pro-
portionate to the needs created by the increase in prooxidant events
and thus might affect the requirement for dietary antioxidants such
as vitamin E.85–87 Such a change in requirements likely would
depend on several factors, including the duration and intensity of
the exercise or training program and the age, diet, and health status
of the individual.

Rokitzki et al.88 supplemented 30 trained male cyclists with
330 mg/d of vitamin E for 5 mo and found no change in lactate
threshold, although there was a significant reduction in serum CK
and MDA. Similarly, vitamin E supplementation did not affect lactate
threshold (or speed) in swimmers.89,90 Compared with a placebo
group, Rokitzki et al.91 found diminished CK responses with 400 mg
of vitamin E plus 200 mg of vitamin C administered daily to trained
long-distance runners for 4.5 wk before a marathon. Consistent with
those results, Sumida et al.92 found that 300 mg/d of vitamin E but not
of placebo reduced serum CK activity amd MDA in healthy young
men after an exhaustive exercise bout. After administering 1200 IU/d
of vitamin E 4 wk before 6 d of running training, Itoh et al.93 found
that the supplementation lowered pre-exercise TBARS and CK and
reduced the rise in postexercise lactate dehydrogenase compared with
subjects taking a placebo. Also using 1200 IU/d of vitamin E but with
a heavy resistance exercise, McBride et al.94 observed lower CK 24 h
postexercise compared with the placebo group but found no differ-
ences in MDA.

In contrast to those reports, several studies have not confirmed
an effect of vitamin E on exercise-induced changes in CK or
measures of lipid peroxidation. Helgheim et al.90 found no effect
with 450 IU/d of vitamin E over 6 wk on antioxidant-enzyme
activity in serum after exercise in trained and untrained subjects.
Similarly, Jakeman and Maxwell65 found no effect of vitamin E
supplementation on serum CK up to 7 d after eccentric exercise. In
a double-blind, cross-over study, Niess et al.95 found no effect of
supplemention with vitamin E for 28 d on CK levels in response to
exhaustive treadmill running in men. Kaikkonen et al.96 supple-
mented men with 13.5 mg/d of vitamin E and 90 mg/d of coen-
zyme Q10 for 3 wk before a marathon and found no change in lipid
peroxidation or CK response after the race when compared with
control subjects. Those findings are consistent with those of a
study on sled dogs where supplementation with vitamin E plus
other antioxidants for 3 wk had no impact on CK after 3 d of
endurance running.97
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Cannon et al.12 supplemented young (�30 y) and older (�55 y)
men with 800 IU/d of vitamin E for 48 d and found that the older
subjects had increased CK and neutrophil responses corresponding
to those observed in the young subjects after an acute and intense
bout of downhill running. Those investigators suggested that CK is
a manifestation of increased muscle-protein turnover to clear
partly damaged proteins, and their results associated aging with an
accumulation of damaged proteins caused by reduced clearance
mechanisms. Vitamin E also might promote neutrophil accumula-
tion at specific sites of muscle damage to increase clearance of
cellular debris and promote protein turnover.77

Vitamin E and Exercise-Induced Lipid Peroxidation

Vitamin E deficiency can increase free-radical–induced tissue in-
jury to levels comparable to those found after exercise, so an
adequate status of vitamin E is important for maintaining mem-
brane integrity during exercise.2,84 However, several studies with
vitamin E supplementation have suggested no effect90,98 or small
but significant reductions in lipid peroxidation before or after
exercise, even with an exercise-induced increase in this
biomarker.12,88,92,99–101

Maxwell et al.98 investigated the effect of supplementation with
vitamins E and C (each at 400 mg/d for 3 wk) in a 1-h box-
stepping exercise and found increases in antioxidant capacity and
plasma MDA in the placebo and treatment groups. Simon-Schnass
and Pabst101 found vitamin E (400 mg/d for 10 wk) effective in
preventing increases in pentane exhalation after a high-altitude
mountain climb. Similarly, Chao et al.102 found breath that pentane
was reduced by an antioxidant supplement (440 mg of vitamin E,
2000 �g retinol equivalents (RE), 500 mg of vitamin C, or a
combination thereof with added selenium and zinc) administered 2
wk before and during 2 wk of field training by U.S. Marines at a
moderate mountain altitude. Serum lipid peroxides, MDA, oxygen
radical-absorbance capacity, and urinary 8-OHdG increased after
the training, but the supplement had no effect on those biomarkers.

An attenuation of exercise-induced oxidative stress during sub-
maximal (60% VO2max) and near-maximal (90% VO2max) running
exercises was shown by Kanter et al.100 with the use of an anti-
oxidant mixture (800 IU of vitamin E, 1000 mg of vitamin C, and
30 mg of �-carotene daily). The supplement did not abolish the
exercise-induced increase in lipid peroxidation but did lower the
levels of breath pentane and serum MDA at rest and after both
exercise bouts. Kaikkonen et al.96 supplemented runners with
vitamin E and coenzyme Q10 before a marathon and reported
decreases in the susceptibility of their very–low-density and low-
density lipoproteins to copper-induced oxidation and increases in
total peroxyl-radical trapping. Meydani et al.99 found that vitamin
E (800 IU/d for 48 d) significantly increased the concentration of
�-tocopherol in skeletal muscle and reduced oxidative injury after
eccentric exercise, as indicated by the sparing of fatty acids and
diminished production of conjugated dienes in muscle and de-
creased urinary excretion of TBARS.

Vitamin E and DNA Damage
The effect of vitamin E on DNA damage has not been well
explored in human studies.103–105 Huang et al.106 examined the
effect of supplementation with vitamins E and C for 2 mo on
urinary 8-OHdG in non-smoking adults; even though this measure
of oxidative damage tended to be higher in subjects who exercised,
no treatment effect was noted. In contrast, with the use of DNA-
strand breaks in white blood cells as a biomarker, Hartman et al.38

found that supplementation with vitamin E for 2 wk was effective
in reducing DNA damage after an incremental exercise test to
exhaustion. After 3 d of endurance training in sled dogs, Baskin et
al.107 associated supplementation with vitamin E, �-carotene, and
lutein for 1 mo with a decrease in 8-OHdG, whereas the non-
treated dogs showed an increase in 8-OHdG.

VITAMIN E AND CYTOKINE RESPONSES

There have been few studies that examined the effects of vitamin
E supplementation on cytokine responses during exercise. Cannon
et al.77 tested 21 men supplemented with 800 IU of vitamin E or
placebo daily for 48 d before a downhill run. Endotoxin-induced
secretion of IL-1� increased 24 h postexercise in the placebo but
not in the supplemented group. Baseline levels of IL-6 were
reduced by vitamin E, which also blunted the exercise-induced
increase of this cytokine. TNF-� secretion also increased in re-
sponse to exercise but was not significantly affected by vitamin E.

Singh et al.108 examined the effects of acute supplementation
with 400 mg of vitamin E in women before their running at 65%
to 70% VO2max until exhaustion. Plasma IL-6 rose linearly
throughout exercise and peaked immediately postexercise, but
vitamin E had no affect on this cytokine. Similarly, Niess et al.95

found no effect with 500 mg/d of vitamin E supplementation for
8 d on the postexercise elevation of plasma IL-6 after an acute
treadmill exercise test in young men. In contrast, preliminary data
from Sacheck et al.109 suggested that supplementation for 3 mo
with 1000 mg/d of vitamin E decreases peak IL-6 production at 6 h
after downhill running in young men and promotes mitogen-
stimulated production of IL-1� by peripheral blood mononuclear
cells in older men 24 h postexercise, although the exercise did not
significantly affect IL-1� secretion.

CONCLUSION

Optimal physical-performance capacity is unlikely to be achieved
without optimum cellular function. Strenuous exercise creates
situations that subject cell metabolism and structure to significant
stress, including those of oxidative stress and muscle damage.
However, studies of the use of dietary antioxidants such as vitamin
E to reduce exercise-induced muscle injury have met with mixed
success. The equivocal nature of the results to date reflect a
diversity of factors including the antioxidant tested, the nature of
the exercise, and the methodology for assessing oxidative stress. It
is important to appreciate that the impact of antioxidants or other
nutritional interventions depend on the duration, intensity, and
type of exercise and the status of the subjects participating in the
test. For example, age increases the susceptibility of cells to
prooxidant insults and reduces the adaptability of their endogenous
antioxidant defenses, so older adults appear more vulnerable to
exercise-induced stress.

The design of human studies to assess the value of nutrition
interventions oftentimes is limited for practical reasons such as
cost and time. However, advances in our understanding of the
relation between vitamin E and other antioxidant interventions and
exercise will be reached as investigators more rigorously employ
the full criteria of clinical trials, e.g., the use of randomized
(placebo-controlled) trials with cross-over or parallel designs in
studies with subjects carefully matched for physical fitness, age,
sex, health, and lifestyle. Because of the marked interindividual
responses to antioxidants and exercise, outcome parameters must
be paired with appropriate pretest evaluations, e.g., of oxidative-
stress status, rather determining those parameters only at the end of
the study. Further, protocols should recognize the dose and dura-
tion of the intervention necessary to significantly increase antiox-
idant concentrations in muscle and other target tissues. Impor-
tantly, the time points at which samples are collected for
measurement will significantly influence the results because mus-
cle injury and repair, acute-phase immune responses, changes in
antioxidant status, and other events affecting ROS generation can
take place in distinct periods over an extended duration depending
on the nature of the exercise.

Few studies have combined antioxidants despite the recogni-
tion of a dynamic interrelationship between the many classes of
those compounds, so more attention to that matter is required.
Although different lipid, nucleic acid, and protein biomarkers of
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oxidative stress are available, antioxidant interventions during exer-
cise also should include assessment of other antioxidant enzymes and
nutrients that affect the total balance between ROS generation and
antioxidant defenses. In addition, evaluations of the susceptibility of
relevant molecules to resist oxidation ex vivo and measures of
transcription-factor activation or signal-transduction events would
better inform our understanding of the relation between antioxidants
and exercise. Although the capacity for adequately assessing relevant
genomic factors is limited, adding that facet to research approaches
will become increasingly important for determining which individuals
are most likely to benefit from antioxidant interventions.
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