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The purpose of the present study was to examine myocardial antioxidant and oxidative stress changes in male and female rats in the
presence of physiological sex hormone concentrations and after castration. Twenty-four 9-week-old Wistar rats were divided into four
groups of 6 animals each: 1) sham-operated females, 2) castrated
females, 3) sham-operated males, and 4) castrated males. When
testosterone and estrogen levels were measured by radioimmunoassay, significant differences were observed between the castrated and
control groups (both males and females), demonstrating the success of
castration. Progesterone and catalase levels did not change in any
group. Control male rats had higher levels of glutathione peroxidase
(50%) and lower levels of superoxide dismutase (SOD, 14%) than
females. Control females presented increased levels of SOD as compared to the other groups. After castration, SOD activity decreased by
29% in the female group and by 14% in the male group as compared
to their respective controls. Lipid peroxidation (LPO) was assessed to
evaluate oxidative damage to cardiac membranes by two different
methods, i.e., TBARS and chemiluminescence. LPO was higher in
male controls compared to female controls when evaluated by both
methods, TBARS (360%) and chemiluminescence (46%). Castration
induced a 200% increase in myocardial damage in females as determined by TBARS and a 20% increase as determined by chemiluminescence. In males, castration did not change LPO levels. These data
suggest that estrogen may have an antioxidant role in heart muscle,
while testosterone does not.
Introduction
Reactive oxygen species are formed under both physiological and pathological conditions in mammalian tissues. Because of
their high reactivity, they may interact with
biomolecules, inducing oxidative injury. Reactive oxygen species have been implicated
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in the pathophysiology of a large number of
diseases. Evidence from experimental as well
as clinical studies suggests the role of oxidative stress in the pathogenesis of heart dysfunction (1). Protection against oxidative
damage is provided by enzymatic and nonenzymatic antioxidant defenses. Recently,
the antioxidant effect of sex hormones and
Braz J Med Biol Res 35(9) 2002
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its cardioprotection have received considerable interest.
Epidemiological studies have demonstrated that premenopausal women appear to
be protected from coronary artery disease as
compared to men of the same age (2-4). It is
also known that in premenopausal women,
the incidence of myocardial infarction and
other complications related to atherosclerotic disease is lower than in men (5). The
incidence of cardiovascular diseases after
menopause is similar to that observed in
males. These findings suggest a protective
role for endogenous estrogen.
After menopause, the coronary artery disease risk is increased by several metabolic
and vascular changes, which may be related
in part to estrogen deficiency. Estrogen has
favorable effects on lipid profiles, endothelial cell function, vascular reactivity and hemostatic factors. Exogenous estrogen protects against atherosclerosis by modulating
low-density lipoprotein oxidation, binding
free radicals and lowering plasma cholesterol (6,7). Enhanced expression of endothelial nitric oxide synthase and its inducible
isoform in the myocardium have also been
observed with the administration of exogenous estrogen (8,9).
The benefits of estrogen replacement
therapy in reducing risk factors for cardiovascular disease account for only about 50%.
This implies that additional mechanisms must
exist whereby estrogen exerts a cardioprotective action (10). Previous studies have
concentrated mostly on the vascular effects
of estrogen, but cardio-protection by estrogen is not necessarily restricted to the vasculature. In a recent review, Babiker and collaborators (11) stated that the benefits of
estrogen gradually shift from the vascular
system to the myocardium. This view is supported by the fact that functional estrogen
receptors have been detected in the myocardium. These receptors regulate the expression of many genes including connexin 43
and heavy chain a-myosin (major contracBraz J Med Biol Res 35(9) 2002
tile proteins in the heart) (12). Estrogen has
also been shown to be a calcium channel
blocker, possibly providing additional cardiovascular protection (13).
In addition to vascular and myocardial
effects, estrogen may exert its protective
effect via a third property, namely its ability
to act as an antioxidant. All estrogens have a
phenolic hydroxyl group at position 3 and a
methyl group at position 13. The presence of
this phenol group gives estrogen its antioxidant property by scavenging oxygen free
radicals. Furthermore, estrogens can induce
antioxidant enzyme expression by stimulating the antioxidant defense system (14).
A condition of low iron, such as that
caused by menstruation, is another mechanism proposed for cardioprotection in premenopausal women. Reduced levels of iron
may result in decreased formation of hydroxyl radicals via the Fenton reaction, and
a consequent reduced potential for oxidative
damage (15).
The purpose of the present study was to
characterize myocardial pro-oxidant and antioxidant profiles in male and female rats to
determine whether physiological differences
in sex hormone production may cause
changes in these parameters. We also determined if the elimination of sex hormones in
male and female rats could alter oxidative
stress patterns in the myocardium.
Material and Methods
Experimental protocol
Nine-week-old Wistar rats (12 males and
12 females) weighing on average 278 &plusmn; 37 g
were divided into four experimental groups:
1) male control submitted to simulated orchidectomy (sham-operation), 2) males castrated according to the procedure of Baker et
al. (16), 3) female control submitted to simulated ovariectomy (sham-operation), and 4)
females castrated by bilateral ovariectomy
performed according to the procedure of
1077
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Baker et al. (16). All females were in the
estrous phase at the time of surgery (16).
The stage of the estrous cycle was determined by vaginal swab. The phases observed
were: diestrus, when mucus, leukocytes and
some nucleated cells were present (2 to 3
days on average); proestrus, when only nucleated cells were present (12 h); estrus, when
only cornified cells were observed (24 h - rut
phase), and metaestrus, when leukocytes,
cornified cells and some nucleated cells were
present (16).
phate buffer, pH 7.0, 0.17 mM reduced glutathione, 0.2 U/ml glutathione reductase, and
0.5 mM tert-butyl hydroperoxide. Glutathione peroxidase activity is reported as nmol
min-1 mg protein-1 (20).
Catalase activity was measured in the
homogenates after treatment with Triton X100 by monitoring the decrease in absorption at 240 nm. The reaction medium consisted of 50 mM sodium phosphate buffer,
pH 7.2, and 10 mM H2O2 (21). The results
are reported as nmol/mg protein (22).
Hormonal measurements
Lipid peroxidation measurements
Sex hormone levels (estradiol, progesterone and testosterone) were evaluated in
plasma 7 days after surgery by radioimmunoassay using a Biomedicals kit (Biomedical Technologies, Inc., Stoughton, MA, USA).
Lipid peroxidation (LPO) was measured
by two methods: tert-butyl hydroperoxideinitiated chemiluminescence and thiobarbituric acid reactive substances (TBARS).
In the chemiluminescence method, light
emitted from the reaction between tert-butyl
hydroperoxide and lipids is measured with a
liquid scintillation counter. This counter was
adapted to count light emission using a tritium channel (LKB Rack Beta Liquid Scintillation Spectrometer, model 1215, LKBProdukter AB, Bromma, Sweden). The protein content was adjusted to 1 mg/ml of
reaction medium (120 mM KCl, 30 mM
sodium phosphate buffer, pH 7.4) and added
to 3 mM tert-butyl hydroperoxide in a final
volume of 4 ml. The results are reported as
counts per minute (cpm)/mg protein (23).
In the TBARS method, absorbance measurements at 535 nm were used to measure
the reaction between thiobarbituric acid
and the LPO products, resulting in the formation of a chromogen (Schiff ’s base). The
homogenate was diluted to 1 mg protein/ml
in 140 mM KCl and 20 mM potassium phosphate buffer, pH 7.3, and the same volume
of 10% trichloroacetic acid was added
(1:1). The precipitate was removed by centrifugation and the supernatant incubated
with 0.67% thiobarbituric acid for 15 min
at 100&ordm;C. The results are reported as nmol/
mg protein. Commercially available malon-
Preparation of tissue homogenates
Immediately following blood collection,
rats were killed by cervical dislocation and
their hearts were removed. The hearts were
cooled in ice and homogenized in 1.15%
(w/v) KCl containing 1 mM PMSF. The
homogenates were centrifuged at 700 g for
10 min to discard nuclei and cell debris and
the supernatant fraction obtained was frozen
at -70&ordm;C for further measurements (18).
Antioxidant enzyme activities
Superoxide dismutase (SOD) activity was
determined in heart homogenates by rate
inhibition of pyrogallol auto-oxidation at
420 nm. This activity was determined from a
standard curve of commercially available
SOD (percentage inhibition of pyrogallol
auto-oxidation). The enzyme activity was
reported as U SOD/mg protein (19).
Glutathione peroxidase activity was measured in heart homogenates by monitoring
NADPH oxidation at 340 nm. The reaction
medium consisted of 30 nM sodium phos-
Braz J Med Biol Res 35(9) 2002
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aldehyde was used as a standard (24).
Results
Protein measurement
Sex hormone data are shown in Table 1.
As expected, testosterone levels in the castrated male group and estrogen levels in the
castrated female group were undetectable.
No significant differences in progesterone
levels were detected between control and
castrated female groups (Table 1). These data
confirm the efficacy of surgical castration.
Enzymatic antioxidant defense mechanisms were evaluated in the myocardium of
male and female rats. The activity of SOD,
which detoxifies the superoxide anion, was
lower (14%) in the male control group than
in the female control group (P&lt;0.05). After
castration, SOD activity was decreased by
29% (P&lt;0.001) in the female group and by
14% (P&lt;0.05) in the male group when compared to their respective controls (Table 2).
Glutathione peroxidase, an enzyme that metabolizes H2O2 and organic peroxides, was
50% higher in the male control group than in
the female control group (P&lt;0.05). Castration induced a small nonsignificant increase
in glutathione peroxidase activity in females
and a similar decrease in males (Table 2).
The male control group also showed a 20%
nonsignificant reduction in the activity of
catalase, an enzyme responsible for metabolizing hydrogen peroxide. No significant differences were found in catalase activity when
comparing the male and female castrated
groups (Table 2).
In order to detect increased oxidative
damage to cardiac tissue, LPO was assessed
by two methods, i.e., TBARS and chemiluminescence. LPO was significantly higher in
male controls than in female controls both
by the TBARS (360%) and chemiluminescence (46%) methods (Figure 1A,B; P&lt;0.001
and P&lt;0.01, respectively).
In females, castration caused a 200%
increase in LPO (P&lt;0.01) as determined by
TBARS (Figure 1A) and a 20% increase
(P&lt;0.05) as determined by chemiluminescence (Figure 1B). Male LPO levels did not
The protein content of the homogenate
was measured by the method of Lowry et al.
(25) using bovine serum albumin as a standard.
Statistical analysis
The data were compared by one-way
ANOVA followed by the Student-NewmanKeuls multiple comparison test. Results are
reported as means &plusmn; SEM and differences
were considered to be significant when P&lt;0.05.
Table 1. Plasma sex hormone levels in different groups of rats.
Sex hormone
Estradiol (pg/ml)
Progesterone (ng/ml)
Females
Males
Control
Castrated
Control
Castrated
44.30 &plusmn; 5.34
ND*
NA
NA
5.72 &plusmn; 0.96
6.58 &plusmn; 1.20
NA
NA
0.67 &plusmn; 0.09
ND*
Testosterone (ng/ml)
NA
NA
Data are reported as means &plusmn; SEM for six animals in each group. NA, not analyzed; ND,
not detected.
*P&lt;0.001 compared to the control group of the same sex (Student t-test).
Table 2. Antioxidant activity in cardiac muscle homogenates from different groups
of rats.
Antioxidant
enzymes
Females
Control
SOD (U/mg protein)
(F = 26.20)
Castrated
Males
Control
Castrated
38.82 &plusmn; 0.83 27.60 &plusmn; 1.34* 33.38 &plusmn; 0.87* 28.51 &plusmn; 1.33*
GPx (nmol min-1 mg 67.10 &plusmn; 5.64 78.28 &plusmn; 5.71 100.59 &plusmn; 6.31* 94.09 &plusmn; 11.06
protein-1) (F = 4.07)
CAT (pmol/mg
protein) (F = 2.30)
31.60 &plusmn; 1.44 25.50 &plusmn; 1.76
25.40 &plusmn; 1.39
28.10 &plusmn; 2.76
Data are reported as means &plusmn; SEM for six animals in each group. SOD, superoxide
dismutase; GPx, glutathione peroxidase; CAT, catalase.
*P&lt;0.05 compared to the control group of the same sex (ANOVA).
Braz J Med Biol Res 35(9) 2002
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While there have been many studies on
the relationship between sex hormones, LPO
and antioxidants, the present study is the
first to examine these parameters in the presence of physiological hormone concentrations in myocardial tissue. Most of the previous experiments were conducted on postmenopausal women or castrated female animals on estrogen replacement therapy (26).
One of the aims of the present study was
to evaluate the oxidative stress and antioxidant defenses in the myocardium of male
and female control rats. Oxidative stress was
assessed by LPO. A wide variety of procedures have been used to measure LPO, but
they are indirect and lack sensitivity, selectivity as well as practicability. Furthermore,
there is no ideal method to measure LPO,
and the literature suggests using more than
one to improve accuracy. Therefore, if the
results obtained with the use of different
techniques are concordant, then the results
are acceptable. In the present study, the results obtained by TBARS and chemiluminescence were in agreement. Lower levels of
TBARS and chemiluminescence were observed in the female control group (Figure
1A,B), which presented higher estrogen levels, as compared to the male control group.
The reduction in LPO in the presence of
estrogen confirms the antioxidant action of
this hormone and its scavenger properties,
which minimize free radical damage to membrane lipids (27).
Myocardial catalase was not different
between male and female control groups in
terms of antioxidant activity (Table 2). This
finding may mean that hydrogen peroxide
production in the heart is not influenced by
sex hormones, since this enzyme is specific
for hydrogen peroxide. However, with respect to superoxide dismutase, female rat
hearts have a higher activity than male con-
TBARS (nmol/mg protein)
Discussion
trol hearts (Table 2). Since females have
enhanced SOD activity (which is an important antioxidant enzymatic defense) and in
view of the non-enzymatic defense offered
by estrogen, oxidative stress was kept under
control, as shown by the LPO data. Although
glutathione peroxidase activity was decreased
in females as compared to male controls, the
pro-oxidant/antioxidant balance was in the
favor of the antioxidants and the oxidative
damage was reduced in females.
Glutathione peroxidase enhancement in
male hearts, that do not have estrogen protection, is not enough to balance free radical
production. This appears to be an example
of oxidative stress-induced up-regulation of
an antioxidant enzyme (28).
The antioxidant potential of various steroid hormones (estriol, estradiol, estrone,
progesterone, testosterone, androstenedione,
cortisol and others) have been evaluated and
it was shown that estrogens, especially estriol and estradiol, are natural antioxidants,
while the other steroids do not present significant antioxidant activity (29).
The other aim of the present study was to
determine whether the removal of sex hormones could affect the oxidative stress pattern observed under physiological conditions.
Bilateral castration was performed in male
CL (cps/mg protein) x 102
change after castration (Figure 1A,B).
3.0
A
2.5
2.0
1.5
1.0
0.5
0
200
*
*
F-CONT
F-CAST
B
*
160
120
80
40
0
F-CONT
F-CAST
+
1234
1234
1234
1234
1234
1234
1234
1234
1234
1234
M-CONT M-CAST
*
1234
1234
1234
1234
1234
1234
1234
1234
1234
1234
1234
Figure 1. Lipid peroxidation.
A, Thiobarbituric acid reactive
substances (TBARS) in heart
muscle homogenates from
different groups (F = 18.53).
B, Chemiluminescence (CL)
applied to the heart muscle
homogenates of different experimental groups (F = 6.46).
*P&lt;0.05 compared to the female control group. +P&lt;0.05
compared to the castrated female group (ANOVA). M =
male, F = female, CONT =
control, CAST = castrated.
Data are reported as means &plusmn;
SEM for six animals in each
group.
M-CONT M-CAST
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and female rats, and 7 days after surgery,
hormonal levels were quantified. A marked
increase in LPO was observed in females
after castration, thus approaching male values (Figure 1A,B). This finding suggests that
the antioxidant potential of estrogen may be
an important contributor to the cardiovascular protection of the hormone, in addition to
its regulatory effects on LDL oxidation, endothelium-derived relaxing factors and antioxidant enzymes (30). Seven days postcastration were enough to reduce sex hormones to undetectable levels; however, this
period may not be long enough to change
enzyme activity. This may be the case for
catalase, which is not affected by castration.
Another possibility is that catalase activity
in the heart is so low that small changes were
not detected (28).
SOD seems to be more sensitive to hormonal changes. In the present study, we
found a decrease in SOD activity when both
estrogen and testosterone were removed.
Others have reported changes in SOD activity in the presence of variations in estrogen
(26,30,31). Most of these studies demonstrated a decrease in SOD activity when
exogenous estradiol was administered (32,
33). This apparent discrepancy may be due
to the fact that some of those experiments
were performed on cell cultures or on previously castrated animals on hormone replacement therapy with estrogen concentrations
much higher (micromolar) than physiological levels (nanomolar). However, there was
also an increase in SOD activity when exogenous 17&szlig;-estradiol was administered (34).
We have demonstrated that long-term depletion of ovarian hormones (21 and 28 days)
induces an increase in myocardial SOD activity (Barp J, Morgan-Martins MI, Marroni
C, Vercelino R, Fernandes TRG and Bell&oacute;Klein A, unpublished data). Decreased superoxide anion (O2&middot;-) production by the endothelium in response to estrogen is considered to contribute to the vascular protective
properties of estrogen (31). This is because
O2&middot;- can inactivate nitric oxide and thus lead
to endothelial dysfunction (35). In this study,
SOD activity was also found to be decreased
after short-term depletion of the male sex
hormone, suggesting that testosterone could
also influence the enzymatic defense system. There is some information on oxidative
stress in men showing a pro-oxidant effect of
testosterone (36).
Previous studies from our laboratory have
indicated the need to consider seasonal variations in antioxidant enzyme activities evaluated by LPO (37). The present data emphasize the fact that gender differences should
be considered when studying oxidative stress.
Our results showed apparent changes in
myocardial oxidative stress and in antioxidants between male and female controls as
well as after castration.
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