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Abstract

Effects of gender differences and endurance training on exhaustive exercise induced-oxidative stress
have been a question that has not been clarified in the literature.  The aim of this study was to determine
the effects of sex, acute exhaustive exercise and chronic aerobic exercise training on oxidative stress in the
heart and the skeletal muscle.   The study was carried out with 12 week-old male (n = 24) and female (n =
24) young adult Wistar rats.  They were randomly divided into four groups: untrained, trained, untrained
exhausted and trained exhausted.  The rats in the trained group swam for 60 min/day, five days per week
for eight weeks.  Thereafter, one-half of the trained and one-half of the untrained rats were randomly
selected into the trained and untrained exhaustive exercise groups, respectively.  They were killed
immediately after one last exhaustive swimming exercise.  In the heart, endurance training decreased
malondialdehyde (MDA) levels in the female rats at rest, but did not change in the male rats in the heart;
MDA levels were also increased in female rats at rest in the gastrocnemius tissues.  In the trained female
rats, exhaustive exercise decreased MDA levels in the heart and gastrocnemius tissues.  The nitric oxide
(NO) levels in the heart in the untrained female rats were higher than in the male rats after exhaustive
exercise.  Training decreased the NO levels in both sexes in the gastrocnemius tissue at rest.  In the heart,
the untrained female rats had higher total glutathione (GSH) levels than in the male rats at rest.  Also,
exhaustive exercise decreased the GSH levels in the trained female rats.  In the gastrocnemius, untrained
female rats showed higher GSH levels than in the male after exhaustive exercise.  The superoxide dismutase
activities in the gastrocnemius were similar between the female and male rats.  The results suggested that
gender was a major determinant of changes in MDA, NO and GSH levels in the heart and gastrocnemius
tissues after the exhaustive exercise or endurance training.  Also, the responses to oxidative stress induced
by acute exercise or training in the heart and gastrocnemius muscle tissues are different.
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Introduction

Oxidative stress is an imbalance between reac-
tive oxygen or nitrogen species and is the antioxidant

defense capacity of the cell.  A large number of stud-
ies have reported that acute physical activity, espe-
cially under circumstances such as unaccustomed
intensity and/or duration (7, 43) increases the produc-
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tion of reactive oxygen/nitrogen species and leads to
oxidative stress.  Also, exercise-induced oxidative stress
depends on the exercise intensity.  High-intensity ex-
ercises cause more lipid peroxidation compared to
moderate- or low- intensity exercises (30, 41).  However,
regular physical training can reduce acute exercise-
induced oxidative stress and muscle damage while
increasing antioxidant capacity (33, 37).

The gender is a profound determinant of aging
and lifespan, but little is known about sex differences
in free radical homeostasis.  Differences in reactive
oxygen species (ROS) homeostasis contribute to sex
divergence in survival (1).  Sex hormones have been
suggested to play a role in oxidative stress, because
estradiol inhibits the formation of lipid peroxidase in
some tissues (18).  However, another study indicated
that the effect of exercise on oxidative stress was in-
dependent of change in estrogen metabolism (40).
Several studies have reported that the adaptation to
changes in antioxidant capacity is affected by gender
difference.  It was also reported that males and females
had different reactions to exercise-induced free radical
production (13, 14, 18, 19, 31, 49).  On the contrary,
several studies have reported no differences in
exercise-induced oxidative stress between male and
female (5, 21, 36).  However, the effects of gender
difference, training and exhaustive exercise on oxi-
dative stress in different tissues are still unclear.

Furthermore, exercise-induced oxidative stress
may elicit different responses depending on tissue
type and antioxidant capacity of the tissue.  The anti-
oxidant capacity is usually high in liver and kidney
but low in lung and heart (10).  Muscle and heart ap-
pear to respond to oxidative stress quite differently
than other organs possibly due to the difference in mi-
tochondrial biogenesis and the occurrence of oxidant-
induced degeneration (29).  Recently, although there
have been many studies on the oxidative stress induced
by exhaustive exercise, there have been no studies on
effects of training and gender on acute exhaustive ex-
ercise-induced oxidative stress in the heart and skeletal
muscle tissues.  The purpose of the present study was
to examine the effects of training and gender differ-
ences on exhaustive exercise-induced oxidative stress.

Materials and Methods

Animal Care

Experiments were carried out with male (n = 24)
and female (n = 24) young adult Wistar rats (12 weeks
of age).  The rats were housed in individual cages
in a temperature-controlled room (23 ± 1°C, with
50 ± 5% relative humidity) maintained on a cycle
of 12 h light, 12 h dark.  They were fed rat chow and
water ad libitum throughout the study period.  The

rats were weighed and the body mass gain throughout
this study was determined.  Animal experiments were
performed in accordance with the guidelines issued
by Ethical Committee of Gazi University Faculty of
Medicine.  All experimental procedures were carried
out at Experimental Research Centre, Faculty of
Medicine, Gazi University.

Experimental Design

After a week of acclimation, both male (M) and
female (F) rats were randomly assigned to one of the
following four subgroups: untrained, trained, un-
trained exhausted and trained exhausted.  Swimming
was selected as an endurance exercise model, because
it is physically less traumatic than treadmill-based
exercise models for the rats.  Besides, slight electrical
shock is used as a stimulator to make the rats run in
treadmill-based exercise models, and this electrical
stimulation itself might cause an oxidative stress
(38).

For familiarization to the swimming exercise,
the rats in the trained and exhausted groups were ac-
customed to swimming with repeated short-term
swimming sessions for a week before the experiment.
After the eight-week exercise training session, all
animals were killed by decapitation.  In order to avoid
the effect of the last exercise session and to be able to
measure the adaptive or maladaptive changes, the rats
were killed two days after the last training session.

Exercise Training of Rats

The rats in the exercise-training groups swam
for 60 min/day, five days/week for eight weeks.  The
exercise was performed in a cylindrical plastic con-
tainer that was 150 cm in diameter and 90 cm in height,
filled to a depth of 70 cm with water, and maintained
at a temperature between 30°C and 33°C.  All exer-
cises were performed at the same time of day for each
training group and were continuously supervised.

Exhaustive Exercise

The rats in the exhaustive exercise groups were
killed immediately after the exhaustive swimming
exercise.  Exhaustion was defined as that point at
which the animal could not remain at the water surface.
Swimming time varied between 120 and 270 min.

Tissue Preparation and Biochemical Analysis

At the end of the experiment, the rats were anes-
thetized intraperitoneally by ketamine–HCl and xy-
lazine cocktail (100 mg/kg and 5 mg/kg, respectively).
Heart, soleus and gastrocnemius muscles were care-
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fully isolated from all rats.  Isolated muscle samples
were quickly frozen in liquid nitrogen, and stored at
-80°C until analyses of oxidant/antioxidant system
markers.

Measurement of Malondialdehyde (MDA)

Tissue samples were obtained after measuring
lesion areas and frozen immediately in liquid nitrogen
then kept in -70°C deep-freeze until the assay.  Lipid
peroxidation was quantified by measuring the forma-
tion of thiobarbituric acid reactive substances (TBARS).
Samples were homogenized in ice-cold trichloroacetic
acid (1 g tissue in 10 ml 10% trichloroacetic acid ) in
a tissue homogenizer (Heideloph Diax 900, Germany).
Following centrifugation of the homogenate at 3,000
rpm for 10 min (Hermle Z 323 K, Germany), 750 µl of
supernatant was added to an equal volume of 0.67%
(m/v) thiobarbituric acid and heated at 100°C for 15
min.  The absorbances of the samples were measured
at 535 nm.  Lipid peroxide levels are expressed in terms
of MDA equivalents using an extinction coefficient
of 1.56 × 105 mol/cm (11).

Measurement of Nitric Oxide (NO)

NO levels were measured by Griess assay (32,
44).  Prior to NO determination, the tissues were
homogenized in five volumes of phosphate buffer
saline (pH 7.4) and centrifuged at 2,000 g for 5 min.
NaOH 0.25 ml, 0.3 M was added to 0.5 ml of the
supernatant. After incubation for 5 min at room
temperature, 0.25 ml of 5% (w/v) ZnSO4 was added
for deproteinization.  This mixture was then centri-
fuged at 14,000 rpm for 5 min and supernatants were
used for the assays (32).  A nitrate standard solution
was serially diluted.  After loading the plate with
samples (100 µl), addition of vanadium III chloride
(VCl3) (100 µl) to each well was rapidly followed by
addition of Griess reagents, sulphanilamide (SULF)
(50 µl) and N-(1-naphtyl) ethylenediamide dihyro-
chloride (NEDD) (50 µl).  After the incubation at
37°C (usually 30-45 min), samples were measured
spectrophotometrically at 540 nm.

Measurement of Total Glutathione (GSH)

The total GSH levels were determined by the
Ellman method with some modifications (3).  Briefly,
after centrifugation of the homogenates at 3,000 rpm
for 10 min, 0.5 ml of supernatant was added to 2 ml of
0.3 M Na2HPO4 2 H2O solution.  A 0.2 ml solution of
dithiobisnitrobenzoate (0.4 mg/ml 1% sodium citrate)
was added and after mixing, the absorbance at 412 nm
was immediately measured using a spectrophotometer
(UV 1208, Shimadsu, Japan) at room temperature.

The GSH levels were calculated using an extinction
coefficient of 13600 mol/cm.

Measurement of Superoxide Dismutase (SOD)

SOD assay kit was obtained from Cayman
Chemical (catalog no. 706002, Cayman Chemical
Co., Ann Arbor, MI, USA) and the assays were con-
ducted according to manufacturer’s instructions.  The
assay uses a tetrazolium salt for detection of super-
oxide radicals generated by xanthine oxidase and hy-
poxanthine.  One unit of SOD is defined as the amount
of enzyme needed to exhibit 50% dismutation of the
superoxide radical.  The SOD assay measures all
three types of SOD (Cu/Zn-, Mn- and Fe-SOD).

Statistical Analysis

Statistical analysis was performed using SPSS
for Windows (version 15.0, SPSS Inc. Chicago, IL,
USA).  One-way ANOVA with post-hoc Bonferroni
test was used to compare group means.  A three-way
ANOVA was performed to examine the main effects
of gender, exercise training, acute exhaustive exercise
(2 × 2 × 2) and interaction on the measured variables.
Body-weight data were analyzed by repeated-measures
two-factor analysis of variance.  Repeated-measures
ANOVA followed by Bonferroni post-hoc analysis
was used to examine differences between the groups.
Statistical significance was set at a P < 0.05 level and
data are expressed as means ± SEM.

Results

Body weight of the rats at 12th week was not
different among the groups.  Changes in body weight of
the rats during the experimental period were signifi-
cantly different between female and male rats (time
effect: F = 280.9, P = 0.00; time-group interaction
effect: F = 4.63, P = 0.00; group effect: F = 13.9, P =
0.00).  Male rats weighed more than female rats in all
groups (Table 1).

The effects of gender, endurance training and
exhaustive exercise on MDA and NO levels in the heart
and gastrocnemius muscle tissues are shown in Fig. 1.
The MDA level in the heart was significantly affected
by gender (F = 6.47, P = 0.01) and training (F = 14.91,
P = 0.00), but no significant effect of exhaustion was
found (F = 1.52, P = 0.22).  The MDA levels in the
heart and gastrocnemius tissues were significantly
different among the groups (P < 0.05) (Fig. 1).  There
was a significant interaction effect between gender
and endurance training (F = 5.84, P = 0.02), gender
and exhaustive exercise (F = 8.43, P = 0.01), also
endurance training and exhaustive exercise (F = 5.72,
P = 0.02) for the MDA level in the heart.  The female
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Table 1.  Changes in body weight of rats during the experimental period

Beginning of End of
n

Experiments Experiments

Rest 5 199.8 ± 6.7 244.6 ± 6.9
Untrained

Exhausted 5 204.6 ± 11.6 249.0 ± 11.3
Female

Rest 7 206.7 ± 7.1 252.4 ± 8.3
Trained

Exhausted 7 207.3 ± 8.0 252.1 ± 5.7

Rest 5 232.0 ± 6.9 325.2 ± 6.1
Untrained

Exhausted 6 226.7 ± 10.7 320.3 ± 8.9
Male

Rest 7 240.6 ± 11.4 327.9 ± 9.7
Trained

Exhausted 6 246.2 ± 17.9 334.7 ± 9.9

Values are means ± SEM.  Changes in body weight of the male rats were significantly higher than in the female group.
A significant time effect (F = 280.9, P = 0.00), time-group interaction effect (F = 4.63, P = 0.00) and group effect (F =
13.9, P = 0.00) were observed for body weight.

rats had higher MDA levels than the male rats at rest
in the untrained groups in the heart.  Also, exhaustive
exercise increased MDA levels in male rats, but de-
creased in female rats.  Endurance training decreased
MDA levels in the female at rest, but did not change
in the male rats in the heart and also increased in
female rats at rest in the gastrocnemius muscle.  In
trained female rats, exhaustive exercise decreased
MDA levels in the heart and gastrocnemius muscle
tissues (P < 0.05).  The NO level was significantly
affected by exhaustive exercise in the heart (F = 5.57,
P = 0.02) and in the gastrocnemius muscle (F = 5.67,
P = 0.02), and by training in the gastrocnemius muscle
(F = 39.14, P = 0.00).  The NO levels in untrained
female rats were higher than in the male rats after ex-
haustive exercise in the heart.  Endurance training de-
creased NO levels in both sexes at rest and in female
after exhaustive exercise in the gastrocnemius muscle
tissue.  There was, however, no significant interaction
effect among sexes, endurance training and acute
exhaustive exercise for MDA and NO in the heart and
gastrocnemius muscle tissues (Fig. 1).

 The effects of gender, endurance training and
exhaustive exercise on GSH and SOD in the rat heart
and gastrocnemius muscle tissues are shown in Fig. 2.
The GSH level in the heart tissue was significantly af-
fected by gender (F = 7.30, P = 0.01), but no significant
effect by training (F = 0.75, P = 0.39).  There was a
significant interaction effect between gender and
exhaustion (F = 3.40, P = 0.07), and endurance train-
ing (F = 5.41, P = 0.03), also endurance training and
exhaustive exercise (F = 4.73, P = 0.04) for the GSH
levels in the heart tissue.  The GSH levels in the heart
tissue were significantly different among the groups
(P < 0.05).  In the heart tissue, the GSH levels in
untrained female rats were higher than those of the
untrained male rats in the rest groups (P < 0.05).
Also, exhaustive exercise decreased GSH levels in

trained female rats (P < 0.05).  There was a significant
effect of gender on the GSH in the gastrocnemius
muscle tissues (F = 9.17, P = 0.00).  In the gastroc-
nemius muscle, GSH levels were not significantly
different between the female and male rats at rest, but
female rats had higher GSH levels than the male after
exhaustive exercise in untrained groups (P < 0.05).
Exhaustive exercise increased GSH levels in the
trained male rats (P < 0.05), but it did not alter in
the female rats (Fig. 2).  The SOD activity in the heart
was significantly affected by the training program
(F = 7.97, P = 0.01).  Endurance training decreased
SOD activities in male rats at rest in the heart (P <
0.05), but SOD activities did not change in the female
rats.   However, in gastrocnemius muscle tissues, the
SOD activities were not significantly different among
the groups (P < 0.05).  There was also no significant
interaction effect among sexes, endurance training
and acute exhaustive exercise for GSH and SOD in
the heart and gastrocnemius muscle tissues (Fig. 2).

Discussion

One of the major findings of the present study is
that the gender was a significant determinant of the
effects of acute exhaustive exercise and endurance
training on the MDA, NO and GSH levels in the heart
and gastrocnemius muscle tissues.  Another important
finding is that the responses of the heart muscle to
exercise-induced oxidative stress are different from
the gastrocnemius muscle.  Muscle contraction results
in the generation of reactive oxygen and nitrogen
species (RONS) depend on the intensity, frequency
and duration of the exercise.  Strenuous exercise
causes oxidation of protein, lipid and DNA, release of
cytosolic enzymes and other signs of cell damage;
however, only exhaustive exercise is detrimental (15).
In the present study, MDA and NO levels in the gas-
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trocnemius muscle was affected by acute exhaustive
exercise.  However, contrary to expectations, the
MDA and NO levels in the exhausted groups were
lower than the rest group in trained rats.  In contrast,
the MDA level in the heart tissue was not affected by
acute exhaustive exercise. In agreement with the
present findings, Gul et al. (17) have reported that
the MDA level in the heart tissue was not affected
in rats that ran on the treadmill until exhaustion.
Similarly, Liu et al. (29) have observed that level
of MDA in the heart and skeletal muscle tissues are
not different between the control and exhausted rats.
On the contrary, after exhaustive swimming exercise,

increases in MDA levels in the heart tissue have been
reported (2, 45).  The results of the present study with
regard to the levels of MDA and NO indicate that
heart and gastrocnemius muscle tissues have a strong
enzymatic and non-enzymatic antioxidant defense
against exhaustive exercise-induced oxidative stress,
especially in the trained rats.

MDA levels in the heart and NO levels in gastroc-
nemius muscle tissues were affected by training.  In
general, the endurance training reduced the levels
of MDA and NO in both the rest and exhausted rats.
In most of studies related to the effects of training on
oxidative stress have reported that endurance training
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Fig. 1. The effects of sex, endurance training and exhaustive exercise on malondialdehyde (MDA) and nitric oxide (NO) in the heart
and gastrocnemius muscle tissues.  No significant interaction effect among the sex, endurance training and acute exhaustive
exercise was observed on the MDA levels (A) in the heart (F = 2.40, P = 0.13) and (B) the gastrocnemius muscle (F = 3.90,
P = 0.06), on the NO levels (C) in the heart (F = 0.16, P = 0.69), (D) the gastrocnemius muscle (F = 0.70, P = 0.41).  The data
were analyzed by a three way ANOVA for the effects of sex, endurance-training and acute exhaustive exercise.  The data are
presented as means ± SEM.  *P < 0.05 significantly different between male and female rats of rest or exhausted groups.
#P < 0.05 significantly different between rest and exhausted rats of male or female groups.  ‡P < 0.05 significantly different
between untrained and trained rats of male or female groups.
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reduces exercise-induced oxidative stress damage
(33, 35, 37).  On the other hand, Gul et al. (17) found
that MDA levels in heart tissue were not affected
by eight weeks of training in male rats.  Also, in heart
and muscle tissues, increase in MDA levels in trained
female rats has been reported (29).  The interaction
effects between exhaustive exercise and training on
MDA levels show that endurance training reduces
lipid peroxidation caused by exhaustive exercise in
the heart tissue.  In the trained groups, exhausted
exercise decreased MDA levels in female rats.  How-
ever, from these results, it has not been determined
whether the change of MDA and NO levels comes

from a decrease of free radical generation during ex-
ercise, or from changes in the activities of the anti-
oxidant enzymes.

The effect of gender on oxidative stress at rest is
quite questionable.  Several human studies have re-
ported data that suggest that the MDA levels in men
are higher than in women at rest (6, 24).  However,
other studies have reported that MDA levels were
not different between male and female (16, 34).  In the
present study, we found that MDA was affected by
gender in the heart tissue.  Also, interaction effect
was determined between gender and exhaustive ex-
ercise, endurance training on MDA in heart tissues.

Fig. 2. The effects of sex, endurance training and exhaustive exercise on total glutathion (GSH) and superoxide dismutase (SOD) in
the heart and gastrocnemius muscle tissues.  No significant interaction effect among the sex, endurance training and acute
exhaustive exercise was observed on the GSH levels (A) in the heart (F = 0.01, P = 0.92) and (B) the gastrocnemius muscle
(F = 0.52, P = 0.48), on the SOD activity (C) in the heart (F = 0.00, P = 1.00), (D) the gastrocnemius muscle (F = 0.03, P =
0.86).  The data were analyzed by a three way ANOVA for the effects of sex, endurance-training and acute exhaustive exercise.
The data are presented as means ± SEM.  *P < 0.05 significantly different between male and female rats of rest or exhausted
groups.  #P < 0.05 significantly different between rest and exhausted rats of male or female groups.  ‡P < 0.05 significantly
different between untrained and trained rats of male or female groups.
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Interestingly, the untrained female rats had higher
MDA levels in the heart than the male rats at rest.
Also, exhausted exercise increased MDA levels in
male rats, but decreased in the female.  Endurance
training decreased MDA levels in females at rest, but
did not change in males.  However, the effect of gender
on MDA and NO levels in gastrocnemius muscle was
not significant.  Effect of exhaustive exercise, en-
durance training and gender on MDA levels in heart
tissue was different from gastrocnemius muscle
tissues.  The mitochondria in the female exhibited
higher antioxidant capacity and lower oxidative
damage than in male rats at rest (9).  Another ex-
perimental study in mouse suggested that the female
has a greater survival advantage when challenged
with oxidative stress-induced cell death in heart
compared to males (48).  Oxidative stress by acute
exhaustive exercise or endurance training elicits dif-
ferent responses depending on the organ tissue type
and its endogenous antioxidant levels (29).  Also, the
differences in endogenous antioxidant capacity at
rest may also contribute to gender differences in oxi-
dative stress response to acute and chronic exercise.

It is well known that GSH is a major non-enzy-
matic endogenous antioxidant and has been reported
to play an important role in protecting the skeletal and
heart muscles from exercise-induced oxidative stress
(20, 42).  Prolonged physical exercise depletes GSH
in the body; also exercise training maintains GSH
levels or GSH redox status in the heart and skeletal
muscle (25, 28).  In the present study, total GSH
levels in rat heart and gastrocnemius muscles were
not affected by exhaustive exercise and endurance
training.  However, in the heart, the interaction was
significant.  Endurance training increased levels of
GSH in response to exhaustive exercise in tissues.
This situation can be explained in part by a higher
gamma-glutamyl transpeptidase activity in this tissue,
the GSH is actively used in heart and skeletal muscles
during prolonged exercise and that GSH deficiency is
tolerated by the heart and skeletal muscles, possibly
compensated for by an increased GSH uptake from
the plasma (26, 27).  Previous studies have demon-
strated inter-gender difference in antioxidant capacity
for different organs, and this may partially account
for longer lifespan of the female (9, 23).  In the
present study, the levels of total GSH in the heart and
gastrocnemius muscles were affected by gender.  In
the heart, GSH levels were higher in untrained female
rats compared to male rats at rest.  GSH levels in the
gastrocnemius were not different between the female
and male rats at rest, but female rats showed higher
GSH levels than the male after exhausted exercise in
the untrained groups.  Exhaustive exercise increased
GSH levels in trained male rats, but it did not altered
in female rats.  Similarly, Goldfarb et al. (14) stated

that women have higher resting plasma antioxidant
levels than men.  However, oxidative stress markers
increased similarly in both sexes in response to ex-
ercise of similar intensity and duration.  Barp et al. (4)
have suggested that myocardial antioxidant enzyme
activities affected by sex hormones and estrogen may
have an antioxidant role in heart muscle, while test-
osterone does not.  Borrás et al. (8, 9) and Viña et al.
(46) emphasized that mitochondria from the female
produced less hydrogen peroxide than those from the
male and have higher levels of mitochondrial reduced
glutathione, SOD and glutathione peroxidase than
the male.  Also, oxidative damage is higher in the
male than in the female.  These differences between
male and female, when present, has been attributed
to estrogen action.  The estrogens increase antioxi-
dant levels leading to a lower efflux of ROS from the
mitochondria.  Also, estrogen does not act as anti-
oxidants; rather, it acts by regulating the expression
of antioxidant genes (46, 47).  However, another
study suggested that differences in oxidative stress
could not be caused by differences in estrogen levels.
Instead, other possibilities, such as differences in
body size, could be responsible for such differences
(39).  The female has a stronger antioxidant defense
system against oxidative damage than the male (23)
and the adaptation to altered antioxidant capacity
induced by exercise appears to be affected by gender
differences (49).

On the other hand, total SOD activity was not
affected by gender and exhaustive exercise in the
tissues, but effects of endurance training on total
SOD activities in the rat heart was found.  SOD ac-
tivities in the gastrocnemius were similar between
female and male rats at rest after exhaustive exercise
and training.  The endurance training caused a de-
crease in SOD activities in the heart.  Parallel to the
present results, Gul et al. (17) and da Rocha et al.
(12) found that SOD activities in the heart were not
affected by endurance training in male rats.  However,
increased SOD activities in the heart have been
reported in young and mid-aged female rats after 12-
week endurance training program (22).  The total
SOD activities in the heart and gastrocnemius muscle
showed a similar response to exhaustive exercise
and training for both sex groups.  Inconsistencies in
findings of the studies may be partly explained by the
different study designs, tissues and also from the
different oxidative stress parameters and method-
ologies used for their determinations.  A limitation
of the study is that we examined only three markers of
oxidative stress.  However, it is possible that other
markers of oxidative stress may provide additional
information about the effects of sex differences and
exercise training on exercise-induced oxidative stress
in the heart and muscle tissues.
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In conclusion, evidence from the current study
suggests that gender was a major determinant of
changes in MDA, NO and GSH levels after exhaustive
exercise or endurance training.  Also, the main and
interactions effects of acute exhaustive exercise, en-
durance training and gender indicate that responses
to oxidative stress in the heart and gastrocnemius
muscle tissues are different.  In general, most of the
experimental studies related to exercise-induced
oxidative stress and antioxidant changes are performed
on either male or female, and results based on one
sex are generalized to both.  The present results
suggest that gender differences should be considered
when evaluating the effects of acute exercise and/or
training on oxidative stress and antioxidant status.
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F.V., Mann, G.E. and Vi ña, J.  17β-oestradiol up-regulates
longevity-related, antioxidant enzyme expression via the ERK1
and ERK2MAPK/NFκB cascade.  Aging Cell. 4: 113-118, 2005.

  9. Borrás, C., Sastre, J., García-Sala, D., Lloret, A., Pallardó, F.V. and
Viña, J.  Mitochondria from females exhibit higher antioxidant

gene expression and lower oxidative damage than males.  Free
Radic. Biol. Med. 34: 546-552, 2003.

10. Cao, G., Giovanoni, M. and Prior, R.L.  Antioxidant capacity in
different tissues of young and old rats.  Proc. Soc. Exp. Biol. Med.
211: 359-365, 1996.

11. Casini, A.F., Ferrali, M., Pompella, A., Maellaro, E. and Comporti,
M.  Lipid peroxidation and cellular damage in extrahepatic tissues
of bromobenzene-intoxicated mice.  Am. J. Pathol. 123: 520-531,
1986.

12. da Rocha, R.F., de Oliveira, M.R., Pasquali, M.A., Andrades, M.E.,
Oliveira, M.W.S., Behr, G.A. and Moreira, J.C.F.  Vascular redox
imbalance in rats submitted to chronic exercise.  Cell Biochem.
Funct. 28: 190-196, 2010.

13. Ginsburg, G.S., O’Toole, M., Rimm, E., Douglas, P.S. and Rifai, N.
Gender differences in exercise-induced changes in sex hormone
levels and lipid peroxidation in athletes participating in the Hawaii
Ironman triathlon.  Ginsburg-gender and exercise-induced lipid
peroxidation.  Clin. Chim. Acta 305: 131-139, 2001.

14. Goldfarb, A.H., McKenzie, M.J. and Bloomer, R.J.  Gender com-
parisons of exercise-induced oxidative stress: influence of antioxi-
dant supplementation.  Appl. Physiol. Nutr. Metab. 32: 1124-1131,
2007.

15. Gomez-Cabrera, M.C., Viña, J. and Ji, L.L.  Interplay of oxidants
and antioxidants during exercise: implications for muscle health.
Phys. Sportsmed. 37: 116-123, 2009.

16. Gopal, I.  The effect of gender on exercise-induced oxidative
stress.  dissertation.  The Faculty of the Graduate School at the
University of North Carolina.  Available from: UMI Number;
9818223. 1997.

17. Gul, M., Demircan, B., Taysi, S., Oztasan, N., Gumustekin, K.,
Siktar, E., Polat, M.F., Akar, S., Akcay, F. and Dane, S.  Effects of
endurance training and acute exhaustive exercise on antioxidant
defense mechanisms in rat heart.  Comp. Biochem. Physiol. A Mol.
Integr. Physiol. 143: 239-245, 2006.

18. Huh, K., Shin, U.S., Choi, J.W. and Lee, S.I.  Effect of sex hormones
on lipid peroxidation in rat liver.  Arch. Pharm. Res. 17: 109-114,
1994.

19. Ilhan, N., Kamanli, A., Ozmerdivenli, R. and Ilhan, N.  Variable
effects of exercise intensity on reduced glutathione, thiobarbituric
acid reactive substance levels, and glucose concentration.  Arch.
Med. Res. 35: 294-300, 2004.

20. Ji, L.L.  Exercise-induced modulation of antioxidant defense.
 Ann. N. Y. Acad. Sci. 959: 82-92, 2002.

21. Kaikkonen, J., Porkkala-Sarataho, E., Tuomainen, T.P., Nyyssonen,
K., Kosonen, L., Ristonmaa, U., Lakka, H.M., Salonen, R., Korpela,
H. and Salonen, J.T.  Exhaustive exercise increases plasma/serum
total oxidation resistance in moderately trained men and women,
whereas their VLDL + LDL lipoprotein fraction is more susceptible
to oxidation.  Scand. J. Clin. Lab. Invest. 62: 599-607, 2002.

22. Kakarla, P., Vadluri, G., Reddy, K.S. and Leeuwenburgh, C.
Vulnerability of the mid aged rat myocardium to the age-induced
oxidative stress: influence of exercise training on antioxidant
defense system.  Free Radic. Res. 39: 1211-1217, 2005.

23. Katalinic, V., Modun, D., Music, I. and Boban, M.  Gender dif-
ferences in antioxidant capacity of rat tissues determined by 2,2'-
azinobis (3-ethylbenzothiazoline 6-sulfonate; ABTS) and ferric
reducing antioxidant power (FRAP) assays.  Comp. Biochem.
Physiol. C-Toxicol. Pharmacol. 140: 47-52, 2005.

24. Knight, J.A., Smith, S.E., Kinder, V.E. and Anstall, H.B.  Reference
intervals for plasma lipoperoxides: age-, sex-, and specimen-related
variations.  Clin. Chem. 33: 2289-2291, 1987.

25. Leeuwenburgh, C. and Ji, L.L.  Glutathione depletion in rested
and exercised mice: biochemical consequence and adaptation.
Arch. Biochem. Biophys. 316: 941-949, 1995.

26. Leeuwenburgh, C., Leichtweis, S., Hollander, J., Fiebig, R., Gore,
M. and Ji, L.L.  Effect of acute exercise on glutathione deficient
heart.  Mol. Cell. Biochem. 156: 17-24, 1996.



244 Balcı, Pepe, Güney, Özer and Revan

27. Lew, H., Pyke, S. and Quintanilha, A.  Changes in the glutathione
status of plasma, liver and muscle following exhaustive exercise
in rats.  FEBS Lett. 185: 262-266, 1985.

28. Lew, H. and Quintanilha, A.  Effects of endurance training and
exercise on tissue antioxidative capacity and acetaminophen
detoxification.  Eur. J. Drug Metab. Pharmacokinet. 16: 59-68,
1991.

29. Liu, J., Yeo, H.C., Overvik-Douki, E., Hagen, T., Doniger, S.J.,
Chyu, D.W., Brooks, G.A. and Ames, B.N.  Chronically and acutely
exercised rats: biomarkers of oxidative stress and endogenous
antioxidants.  J. Appl. Physiol. 89: 21-28, 2000.

30. Lovlin, R., Cottle, W., Pyke, I., Kavanagh, M. and Belcastro, A.N.
Are indices of radical damage related to exercise intensity?  Eur.
J. Appl. Physiol. 56: 313-316, 1987.

31. Mastaloudis, A., Yu, T.W., O’Donnell, R.P., Frei, B., Dashwood,
R.H. and Traber, M.G.  Endurance exercise results in DNA damage
as detected by the comet assay.  Free Radic. Biol. Med. 36: 966-975,
2004.

32. Miranda, K.M., Espey, M.G. and Wink, D.A.  A rapid, simple
spectrophotometric method for simultaneous detection of nitrate
and nitrite.  Nitric Oxide 5: 62-71, 2001.

33. Miyazaki, H., Oh-ishi, S., Ookawara, T., Kizaki, T., Toshinai, K.,
Ha, S., Haga, S., Ji, L.L. and Ohno, H.  Strenuous endurance training
in humans reduces oxidative stress following exhausting exercise.
Eur. J. Appl. Physiol. 84: 1-6, 2001.

34. Ozbay, B. and Dülger, H.  Lipid peroxidation and antioxidant
enzymes in Turkish population: Relation to age, gender, exercise,
and smoking.  Tohoku J. Exp. Med. 197: 119-124, 2002.

35. Oztasan, N., Taysi, S., Gumustekin, K., Altinkaynak, K., Aktas, O.,
Timur, H., Siktar, E., Keles, S., Akar, S., Akcay, F., Dane, S. and
Gul, M.  Endurance training attenuates exercise-induced oxidative
stress in erythrocytes in rat.  Eur. J. Appl. Physiol. 91: 622-627,
2004.

36. Pepe, H., Balcı, S.S., Revan, S., Akalin, P.P. and Kurtoğlu, F.
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