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Sex differences in the blood antioxidant defense
system in juvenile rats with various genetic
predispositions to hypertension
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This study investigated the contribution of blood oxidative stress (OS) to the development of hypertension, as well as sex

differences in the antioxidant defense system (ADS) in genetic models of hypertension. Nine-week-old normotensive Wistar-Kyoto

(WKY) rats, borderline hypertensive rats (BHR) and spontaneously hypertensive rats (SHR) of both sexes were used. Systolic

blood pressure (SBP) was determined by tail-cuff plethysmography, the trolox equivalent antioxidant capacity (TEAC) and the

concentration of lipid peroxides (LP) were determined in plasma. The activity of the antioxidant enzymes Cu/Zn–superoxide

dismutase (SOD), glutathione peroxidase (GPx) and catalase (CAT) was determined in erythrocytes. SBP was significantly

elevated in BHR and SHR in both sexes. BHR and SHR males had a higher SBP than the respective females. Sex-dependent

differences in the ADS were found only in SHR, in which TEAC, SOD and CAT were significantly higher in males than in

females. No differences in TEAC, SOD, CAT and GPx were observed between BHR (males and females) and WKY controls. LP

levels were similar in all the groups investigated. Significant positive correlations were observed between SBP and both SOD and

CAT. TEAC correlated positively with SOD and LP. As no signs of oxidative damage to lipids were found in young BHR and SHR

of either sex, OS in the blood does not seem to be causatively related to the development of hypertension in these rats.

However, despite activated antioxidant defenses, the positive correlation between plasma TEAC and LP suggests that oxidative

damage is progressing slowly and therefore it seems to be a consequence rather than the cause of hypertension.

Hypertension Research (2016) 39, 64–69; doi:10.1038/hr.2015.117; published online 29 October 2015

Keywords: Antioxidant status; lipid peroxides; oxidative stress; sex differences; borderline hypertension

INTRODUCTION

Arterial hypertension is one of the most frequent health problems in
the global population, and it is an important cause of morbidity and
mortality in the developed countries. It is a major risk factor for
atherosclerosis, stroke, heart attack and renal failure.1 Essential
hypertension (EH) is a multi-factorial, polygenetic disease whose
main cause is unknown. There are several genetic factors that
significantly increase the risk of development and progression of the
disease. In addition, there are lifestyle and environmental factors
(smoking, obesity, a sedentary life style, a high salt and alcohol intake,
stress) that have a role in the development of EH.1,2

One of the factors that may be responsible for the development and
progression of hypertension is oxidative stress (OS). OS results from
increased levels of reactive oxygen species (ROS), caused either by
increased production of ROS or by decreased elimination of ROS by
antioxidants.3 It should be noted that optimal ROS production is
required for normal cell signaling as ROS serve as second messengers

in the activation and regulation of various transcription factors and
kinases that have roles in the processes of cell growth, inflammation,
apoptosis and cell differentiation.4–6

Regarding the association between OS and blood pressure (BP),
OS has been observed in patients with EH, renovascular hypertension,
malignant hypertension and pre-eclampsia, as well as in various
animal experimental models of hypertension.7–13 It is not yet clear
whether OS is a cause or a consequence of high BP.14,15 In addition,
there are sex differences in BP regulation in both humans and animals.
In humans, elevated BP and the risk of cardiovascular diseases is
much higher in men than in age-matched premenopausal women,
but this difference diminishes after menopause.16 In rats, differences in
BP regulation have been observed in various strains, such as
spontaneously hypertensive rats (SHR), Dahl salt-sensitive rats and
deoxycorticosterone-salt hypertensive rats.17–19 In these rats, males
developed an earlier and more severe hypertension than females.20

Interestingly, in adult Wistar-Kyoto (WKY) rats, males had higher
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systolic but not diastolic BP (SBP and DBP, respectively) when
compared with females.21 Several studies have demonstrated that sex
differences in hypertensive adult rats are associated with OS.20,22,23

However, it is very difficult to distinguish if OS is a cause or a
consequence of high BP as both pathologies are typically present
simultaneously.
SHR are a commonly used model of human EH that allows the

unravelling of the molecular mechanisms associated with hyperten-
sion. The disadvantages of using this rat strain result from fast
development of hypertension soon after weaning (that is, between
4 and 7 weeks of life) rather than in middle or later life as seen in
humans. Thus borderline hypertensive rats (BHR) are more suitable
for studying the mechanisms of hypertension development, because
the progression of BP increases in this strain is delayed to a later
period of life than in SHR.24

The aim of this study was to investigate the role of OS in the
development of hypertension in genetic models of hypertension, that
is, in juvenile BHR and SHR. In addition, possible sex differences in
the antioxidant defense system (ADS) in the blood of juvenile male
and female rats were determined.

METHODS

Animals
The rats used in this study were born in the animal facility of the Institute of
Normal and Pathological Physiology of the Slovak Academy of Sciences
in Bratislava, Slovak Republic. Normotensive WKY, BHR (offspring of
spontaneously hypertensive dams and normotensive sires) and SHR (offspring
of spontaneously hypertensive parents) were used. Animals were housed in the
groups of four rats per cage at a temperature of 22–24 °C on a 12:12-h dark–
light cycle and maintained on a standard pellet diet with tap water ad libitum.
All procedures were performed in accordance with European Community and
NIH guidelines for the use of experimental animals and were approved by the
State Veterinary and Food Administration of the Slovak Republic.
After birth, the rats were kept together with their mothers until the end of

the fifth week of life. Then, they were separated from the mothers and
randomly divided according to sex. SBP, heart rate (HR) and body weight
(BW) of rats were measured at the age of 9 weeks. SBP and HR were

determined by non-invasive tail-cuff plethysmography as described
previously.25 At the end of experiment, the rats were killed by decapitation
after brief CO2 anesthesia.

Sample preparation
Blood was collected in heparin-coated tubes and centrifuged (850 g/10 min,
4 °C) to obtain plasma and erythrocytes. Then, plasma was aliquoted and stored
at − 20 °C until analysis. Total antioxidant capacity and concentration of lipid
peroxides (LP) were determined in plasma. Isolated erythrocytes were washed
three times with 0.15mol l− 1 NaCl solution. After centrifugation (900 g/5min,
4 °C), erythrocytes were hemolyzed by adding a triple volume of cold
distilled water and stored at − 20 °C until further analyses. Activities of
Cu/Zn–superoxide dismutase (SOD), glutathione peroxidase (GPx) and catalase
(CAT) and the concentration of hemoglobin (Hb) (measured using the
Drabkin method) were determined in the hemolysate of erythrocytes.26

Methods
The activity of SOD was determined using a commercial kit according to the
manufacturer’s instructions (Sigma-Aldrich, St Louis, MO, USA). The results
are expressed in U SOD per mg Hb. The activity of GPx was determined by a
commercial kit according to the manufacturer’s instructions (Enzo Life
Sciences, New York, NY, USA). The results are expressed in μkat per g Hb.
CAT activity was determined by a modified method based on that used by
Bergmeyer,27 and the results are expressed in μkat per g Hb. The total
antioxidant capacity of plasma was measured using the trolox equivalent
antioxidant capacity (TEAC) assay according to Re et al.28 Quantification was
performed using the dose–response curve for the reference antioxidant trolox, a
water soluble form of vitamin E. The results are presented as mmol of
trolox l− 1. The level of LP in plasma was measured using the method
previously described by El-Saadani et al.,29 and the results are presented in
nmolml− 1 of plasma.

Statistical analysis
The data are presented as the mean± s.e.m. Results were analyzed by factorial
analysis of variances. Two-way analysis of variance (with the sex and phenotype
as categorical factors) and Bonferroni’s post-hoc test were used. There were
n= 6–8 for each parameter determined. Values of Po0.05 are considered
statistically significant. Correlation between variables was determined using

Table 1 Basic biometric parameters and antioxidant status of rats. A—Main effect of phenotype, B—Interaction of phenotype and sex

A WKY, n=12 BHR, n=14 SHR, n=14

BW (g) 240±16 235±11 191±8a,b

SBP (mmHg) 114±3 136±3a 174±6a,b

HR (b.p.m.) 426±11 439±12 468±19

TEAC (mmol l−1) 4.12±0.31 4.03±0.36 4.43±0.28

SOD (U per mg Hb) 74.57±6.2 94.19±4.25a 97.42±8.19a

CAT (μkat per g Hb) 1.96±0.07 2.74±0.13a 3.08±0.24a

GPx (μkat per g Hb) 3.63±0.12 3.79±0.20 3.89±0.21

LP (nmolml−1) 73.23±6.34 85.30±8.11 72.48±4.68

B WKY BHR SHR

Females, n=6 Males, n=6 Females, n=8 Males, n=6 Females, n=8 Males, n=6

BW (g) 182±2 299±11c 185±3 284±4c 164±2d,e 218±4c,d,e

HR (b.p.m.) 461±9 390±9 452±10 431±17 473±30 446±20

Abbreviations: BHR, borderline hypertensive rats; BW, body weight; CAT, catalase; GPx, glutathione peroxidase; HR, heart rate; LP, lipid peroxides; SBP, systolic blood pressure; SHR, spontaneously
hypertensive rats; SOD, Cu/Zn–superoxide dismutase; TEAC, trolox equivalent antioxidant capacity; WKY, Wistar-Kyoto rats.
Data are presented as mean± s.e.m.
aPo0.05 vs. WKY.
bPo0.05 vs. BHR.
cPo0.05 vs. female.
dPo0.05 vs. WKY of the same sex.
ePo0.05 vs. BHR of the same sex.
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Pearson’s correlation coefficient (r). GraphPad Prism 5.0 (GraphPad Software,

Inc., La Jolla, CA, USA) and Statistica 7 (Stat Soft, Inc., Tulsa, OK, USA) were

used for statistical analyses.

RESULTS

Basic biometric and hemodynamic parameters (SBP, BW and HR),
as well as the TEAC, antioxidant enzyme activities and LP concentra-
tions, of WKY rats, BHR and SHR are shown in Table 1. Significant
phenotype-dependent differences (in both hypertensive rat strains)
compared with WKY rats were observed in BW (F2,34= 76.9,
Po0.00001) and BP (F2,34= 136, Po0.00001) but not in HR. For
antioxidant enzymes, significant phenotype-dependent differences
were observed only in CAT (F2,34= 18, Po0.0001) and SOD
(F2,34= 5, Po0.02) (Table 1a), which were elevated compared with
the values found in WKY rats.
Characteristics that varied significantly by sex were BW (F1,34= 613,

Po0.00001), HR (F1,34= 9.3 Po0.004), SBP (F1,34= 25, Po0.0001),
SOD (F1,34= 5.8, Po0.02), CAT (F1,34= 4.3, Po0.05) and GPx
(F1,34= 5.2, Po0.03). Of these parameters, SBP, SOD and CAT were
significantly elevated in males compared with females, whereas GPx
and HR were lower in males than in females.

The interaction of both factors (phenotype and sex) was significant
for BW (F2,34= 27, Po0.0001, Table 1b), SBP (F2,34= 12, Po0.0002,
Figure 1a), HR (F2,34= 9.3 Po0.004, Table 1b), SOD (F2,34= 4.3,
Po0.02, Figure 1c), CAT (F2,34= 4.5, Po0.02, Figure 1d) and GPx
(F2,34= 3.6, Po0.04, Figure 1e). As depicted in Figure 1, the SBP in
BHR and SHR males was significantly higher than that seen in females
(Figure 1a). The TEAC, SOD and CAT activities were significantly
elevated in SHR males over females (Figures 1b–d), whereas GPx was
reduced (Figure 1e). However, despite a significantly elevated BP, there
were no phenotype- and sex-dependent differences in TEAC, SOD,
CAT and GPx between BHR and WKY rats. Furthermore, regardless
of alterations in SBP, there were no phenotype- and sex-dependent
changes observed in LP in individual groups of rats (Figure 1f),
suggesting the absence of oxidative damage to lipids in young (pre)
hypertensive rats.
Significant positive correlations were observed between SBP and

SOD (r= 0.51, Po0.002, n= 36) and between SBP and CAT (r= 0.72,
Po0.0001, n= 36) (Figures 2b and c) but not between SBP and GPx
(r= 0.08, P= 0.66, n= 36) and between SBP and TEAC or LP
(Figures 2a and d). There was a positive correlation between TEAC
and SOD (r= 0.54, Po0.0008, n= 36, Figure 3a) but not between

Figure 1 Blood pressure (a), trolox equivalent antioxidant capacity (TEAC) of plasma (b), activity of Cu/Zn–superoxide dismutase (SOD) (c), catalase (CAT)
(d), glutathione peroxidase (GPx) (e) and the level of lipid peroxides (LP) (f) in Wistar-Kyoto rats (WKY), borderline hypertensive rats (BHR) and spontaneously
hypertensive rats (SHR). White columns—females, black columns—males, *Po0.05 vs. female;+Po0.05 vs. WKY of the same sex; xPo0.05 vs. BHR of the
same sex. Data are presented as mean± s.e.m.
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TEAC and CAT (r= 0.25, P= 0.13, n= 36, Figure 3b). There was also
a positive correlation between SOD and CAT (r= 0.49, Po0.002,
n= 36). Interestingly, increased TEAC correlated negatively with GPx
(r=− 0.47, Po0.004, n= 36, Figure 3c), whereas a positive correlation
was found between TEAC and LP (r= 0.35, Po0.04, n= 36,
Figure 3d).

DISCUSSION

This study investigated the role of OS in the development of
hypertension in juvenile borderline hypertensive and SHR, as well as
sex-dependent differences in the activities of enzymes involved
in the ADS. The main finding of this study is that no signs of
oxidative damage to the lipids in the blood were present in young

Figure 2 Correlations between systolic blood pressure (SBP) and trolox equivalent antioxidant capacity (TEAC) (a), Cu/Zn–superoxide dismutase (SOD)
(b), catalase (CAT) (c) and lipid peroxides (LP) (d). M—males, F—females.

Figure 3 Correlations between trolox equivalent antioxidant capacity (TEAC) and Cu/Zn–superoxide dismutase (SOD) (a), catalase (CAT) (b), glutathione
peroxidase (GPx) (c) and lipid peroxides (LP) (d). M—males, F—females.
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BHR and SHR of either sex despite elevated BP. However, we found
positive correlations between SBP and both CAT and SOD,
and a phenotype-dependent increase in CAT and SOD activities,
suggesting the activation of the ADS in rats with elevated BP.
Despite having an activated ADS, a positive correlation between
TEAC and LP may suggest a lack of sufficient detoxification
of ROS, followed by a slow development of oxidative damage
to lipids in young rats with a positive genetic predisposition to
hypertension.
Although sex differences in SBP control are well known, the

underlying mechanisms are not clear. There is some evidence
supporting the involvement of sex hormones in cardiovascular
regulation. For example, estrogens have been shown to inhibit renin
release and angiotensin-converting enzyme activity, whereas testoster-
one has been shown to stimulate the renin–angiotensin system.30,31

Additionally, pharmacogenetic analysis has shown that, in males, BP
was controlled by two loci on chromosomes 1 and 5 through the
sympathetic nervous system. In contrast, baseline BP in females was
controlled by two loci on chromosomes 3 and 7, and the effect of
these loci was not mediated by the renin–angiotensin system, the
sympathetic nervous system or the L-arginine/nitric oxide system.32 In
our study, which used juvenile rats, there were significant sex-related
differences in BP only in rats with a genetic predisposition to
hypertension, which suggests the possible involvement of accentuated
activity of the sympathetic system in these strains in conjunction with
the effect of sex hormones. In addition, we observed sex differences in
ADS activation in the blood of juvenile rats only in SHR, suggesting
that elevated levels of ROS only have a role in SHR males. The fact
that no activation of the ADS in SHR females was detected in our
study is surprising, as we have recently found high superoxide
production in the aorta of this particular strain of rats. Thus local
tissue ROS production seems to be different from that in circulation.24

Other authors have also reported sex differences in oxidative status in
SHR. Sullivan et al.23 reported that urinary hydrogen peroxide
excretion was higher in 12- to 14-week-old SHR males than in
females. Romero et al.22 also showed that adult female SHR exhibit
lower SBP and less OS in the heart than male SHR. Similar results
were also reported by Sartori-Valinotti et al.,33 who observed increased
expression of antioxidant enzymes (SOD, GPx, CAT) in the kidney of
15-week-old male SHR compared with females. Interestingly, in our
experiment, the level of LP in plasma was not significantly changed
despite the elevated SBP and activated antioxidant enzymes, suggesting
that the ADS in the circulation is able to eliminate the ROS and
prevent oxidative damage to lipids even in 9-week-old SHR males.
However, this does not exclude oxidative damage to nucleic acids or
proteins, which may affect the function of various enzymes.
As described above, OS has been detected in humans with EH and

in various experimental models of high BP.8,9,13,15 Mechanisms
leading to elevated ROS production have been described previously.6

With respect to the effect of OS on BP regulation, it has been shown
that vascular OS has an important role in the development of
endothelial dysfunction (ED), leading to elevated total peripheral
resistance and thus to an increase in BP. One mechanism of
OS-induced ED in the vasculature may be related to ROS-mediated
NO deactivation with simultaneous accentuation of the influence of
endothelium-derived constricting factors.34 Yet, despite these findings,
it is still unclear whether OS-induced ED precedes the development of
hypertension or if it is causatively related to the increase in BP. We
used BHR, a model of human prehypertension, to elucidate this issue.
In young BHR, BP is significantly elevated compared with WKY rats as
early as 5 weeks of age.24,35 However, despite a higher BP and vascular

superoxide production, we did not observe ED at the age of
7 weeks24,35 or an altered ADS in the blood of 9-week-old BHR (this
study). In addition, there are numerous studies showing that elevated
BP occurs in pubertal and young SHR (up to 10 weeks of age) in the
absence of ED.36 Collectively, these studies in young rats do not
support the idea that vascular OS and/or OS-induced ED precede
hypertension in genetic models of hypertension. Instead, local
disturbances in ROS levels, mainly in the brain, could trigger
hypertension via sympathoexcitation.37

In this study, we also investigated relationships among BP, the
antioxidant capacity of blood and the individual enzymes involved in
the ADS in a population of rats with various BP. Interestingly, both
SOD and CAT correlated positively with BP. Similar correlations
between BP, SOD and CAT in the red blood cells of adult male SHR
have been observed previously.38 Thus elevated SOD and CAT in the
blood might serve as early markers of OS and/or hypertension
development. However, no such relationship was observed between
BP and GPx in this study, GPx was significantly reduced in male SHR
(which concurrently developed the highest BP and the highest SOD
and CAT activities) compared with females and GPx correlated
negatively with TEAC. Other authors have also reported reduced
GPx activity in the heart tissue or the kidneys of SHR males from the
age of 8 weeks.39,40,41 This phenomenon may result from inactivation
of GPx by several mechanisms. One cause of decreased GPx activity
might lie in a lack of its substrates—hydrogen peroxide or LP. We
found increased CAT activity in SHR males; as CAT catalyzes the
cleavage of hydrogen peroxide into water and oxygen, it thus
eliminates the substrate of GPx. As a result of CAT activity, LP are
not formed and thus GPx activity is reduced. Another potential cause
of the reduction in GPx activity might be a decrease in glutathione
levels.42

In conclusion, this study showed increasing activity of the anti-
oxidant enzymes SOD and CAT in the blood of young rats with a
positive genetic predisposition to hypertension but no evidence of
oxidative damage to their blood lipids. As no signs of oxidative
damage to lipids were found in young BHR and SHR of either sex,
while increased SBP was observed compared with WKY controls, it
appears that OS in the circulation is not causatively related to the
development of hypertension in these rats. However, despite having an
activated antioxidant defense, the positive correlation between the
TEAC and LP levels in the plasma suggests a slow progression of
oxidative damage. This seems to be a consequence rather than a cause
of high BP and may have a negative role in later periods of life.
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