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Abstract
Background—The incidence of hypertension and progression of renal disease are greater in men
than women. Data suggests that there is a dimorphic response to angiotensin II (Ang II) in rats,
with male rats exhibiting a greater increase in mean arterial pressure (MAP) than females.
However, during endogenous renin angiotensin systemblockade with angiotensin-converting
enzyme (ACE) inhibition, female rats have a greater MAP response to Ang II. We tested weather
female mice exhibit a greater MAP response to chronic Ang II during ACE inhibtion.

Methods—Twenty-week old male and female C57BL/6J mice (n≥ 6/group), treated with
enalapril (40 mg/kg/day in drinking water), were assigned to groups receiving either Ang II (800
ng/kg/min) or saline for 2 weeks. Enalapril treatment began 4 days prior to and continued
throughout the experiment.

Results—MAP was higher in males than females given enalapril and Ang II (Male: 144±3 vs.
Female: 121±6 mmHg, p<0.05) and was not different between mice treated with enalapril alone
(Male: 99±3 vs. female: 100±3 mmHg). F2-isoprostanes were not increased by Ang II; however,
female mice had significantly higher levels than males. Renal cortical expression of catalase and
Cu/Zn SOD was not different between experimental groups. Urinary protein was higher in male
mice when compared to females, but was not changed after treatment with Ang II in either group.

Conclusions—These data suggest that there are species and sex specific differences in the
mechanism of the blood pressure response to Ang II, even during ACE inhibition.
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Introduction
Clinical and experimental data show that males have higher blood pressure (BP) than
females. This sexual dimorphism is also present, and favors men, in the risk for developing
cardiovascular diseases and progression to end-stage renal disease compared to age-matched
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pre-menopausal women. The renin-angiotensin system (RAS) is a key regulator of BP and
evidence suggests that there are differences in the endogenous RAS between men and
women [21]. For example, boys have higher serum angiotensin-converting enzyme (ACE)
than girls and there is a direct correlation between serum ACE and blood pressure [3]. In
addition, blockade of angiotensin receptors with irbesartan has a greater blood pressure
lowering effect in women than in men [7].

There also appears to be a sexual dimorphism in the blood pressure response to angiotensin
II (Ang II) in rodents, making them potentially useful to examine the mechanisms that lead
to differential blood pressure responses in males and females. For example, male Sprague-
Dawley rats chronically infused with Ang II become hypertensive with altered vascular
function where as female SD rats are protected [17]. In mice, males have a greater pressure
increase after chronic infusion with Ang II when compared to females, a response that is
abrogated after gonadectomy [20]. Because these studies were conducted in animals with an
intact RAS, and because there is evidence for the differential expression of endogenous RAS
components in males and females, we recently tested whether the dimorphic Ang II
responses would persist in male and female SD rats after chronic blockade of the
endogenous RAS with enalapril [15]. Our data revealed that enalapril treatment reduced
blood pressure to a greater extent in female rats, and that the blood pressure response to Ang
II during ACE inhibition was actually greater in female rats than males when animals are fed
a normal salt diet. These data suggested that during conditions where Ang II is increased,
women may be more responsive to therapies involving inhibition of the endogenous ACE.
Given the wide use of mice as experimental models to study mechanisms of hypertension,
we asked whether underlying differences in the endogenous ACE activity may contribute to
the observed dimorphic blood pressure response to Ang II in male and female mice.
Therefore we tested the hypothesis that female mice will have a greater blood pressure
response than males after chronic Ang II infusion on the background of ACE inhibition.

Methods
Animals

Male and female C57BL/6J mice (Jackson Laboratories, Bar Harbor, ME) were maintained
on tap water and standard chow (Teklad; Harlan Sprague-Dawley, sodium chloride content
0.4%) ad libitum in an environment of 12-hour:12-hour light/dark cycle. C57BL/6J mice
were studied because they are among the most common inbred strains of mice used in the
study of hypertension. In addition, C57BL/6J represents the genetic background on which
most genetic models are bred. Nevertheless, it is possible that different inbred strains may
yield varying results. The protocols complied with the Guidelines for the Care and Use of
Laboratory Animals of the National Institutes of Health and were approved by the
Institutional Animal Care and Use Committee of the University of Mississippi Medical
Center.

Experimental protocol
At 20 weeks of age, male and female C57BL/6J mice were treated with the ACE inhibitor
enalapril (40 mg/kg/day) in the drinking water starting 4 days prior to Ang II administration.
We selected this high dose of enalapril based on previous studies demonstrating that a dose
30 mg/kg/day effectively protected the kidney, as evidenced by reduced proteinuria, and
lowered blood pressure in both male and female mice [5]. Enalapril was administered for the
duration of the experiment. On day 5 mice were randomly assigned into experimental
groups (n≥6/group) receiving either Ang II (800 ng/kg/min) or vehicle (saline)
subcutaneously via osmotic minipumps (Alzet 1002) for two weeks. There were a total of 4
experimental groups: Male-Enalapril, Male-Enalapril+Ang II, Female-Enalapril, Female-
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Enalapril+Ang II. Metabolic cages were used to collect 24 h urine samples at the end of the
treatment period. Kidneys were collected and weighed at the end of the protocol.

Measurement of blood pressure
Mean arterial pressure (MAP) was recorded at the end of the 2-week treatment period using
indwelling carotid catheters as we previously described [13,18]. Data are presented as the
mean value over two consecutive days.

Urinary protein excretion
Total urinary protein excretion was measured using a commercially available reagent (Bio-
Rad, Richmond, CA), as we previously described [4]; and were normalized to urinary
creatinine (CR 01 Oxford Biomedical Research, Oxford, MI). Data are expressed as ng
protein/mg urinary creatinine.

Urinary F2-isoprostanes excretion
At the end of the treatment period urinary 8-iso-PGF2α (F2-isoprostanes) excretion was
measured by ELISA (EA 85 Oxford Biomedical Research), as we previously published [15].
Individual samples were normalized to urinary creatinine and are expressed as ng F2-
isoprostsnes/mg urinary creatinine.

Kidney cortex protein expression of Cu/Zn superoxide dismutase (SOD) and catalase
At the end of the studies, kidneys were harvested, and the renal cortex was dissected. Protein
expression of Cu/Zn SOD (1:4000) and catalase (1:4000) were determined by western blot
in renal cortical tissue homogenates, as we have previously described [15]. The positive
control for Cu/Zn SOD and catalase was rat liver extract. The antibodies used were from
Biodesign International (Saco, ME). Anti-GAPDH antibody was used as the loading control.
Data are presented in arbitrary units of protein optical density band/GAPDH.

Statistical Analyses
Data are expressed as mean ± SEM. Statistical analysis was performed using a one way
ANOVA and the Student-Newman-Keuls method for multiple comparison procedures.
Significance was defined at P<0.05.

Results
Body and kidney weights

Body weight was significantly higher in males (Male-Enalapril: 28.4±1.3 and Male-
Enalapril+Ang II: 29.4±0.5 g) than females (Female-Enalapril: 19.6±0.8 and Female-
Enalapril + Ang II: 21.0±0.6 g, p<0.05) and was not affected by treatment with Ang II.
Renal weight was not different among the experimental groups (Male-Enalapril: 6.3±0.3,
Male-Enalapril+Ang II: 5.7±0.1, Female-Enalapril: 6.4±0.1 and Female-Enalapril+Ang II:
6.4±0.2 g/Body wt*10−3, p=NS).

Blood Pressure
MAP was not different between male and female mice given only enalapril (Figure 1).
Chronic Ang II infusion increased MAP in both males and females treated with enalapril,
but the increase was significantly greater in male mice treated with Ang II compared to
females.
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Proteinuria
Urinary protein excretion was significantly higher in males than females during ACE
inhibition alone and was not affected by chronic Ang II administration in either males or
females (Figure 2).

Urinary excretion of F2-isoprostanes
Urinary F2-isoprostanes were measured as a marker for oxidative stress. Female mice
treated with enalapril alone had significantly higher levels of F2-isoprostane excretion
compared to male mice (Figure 3). F2-isoprostane excretion was not affected by Ang II
infusion in either males or females.

Renal cortical protein expression of Cu/ZN SOD and catalase
Neither Cu/Zn-SOD nor catalase expression were different in male and female mice given
enalapril alone (Figures 4A and B). With Ang II infusion, there was a tendency for increased
expression of Cu/Zn-SOD in female mice only. This was not observed in the expression of
catalase.

Discussion
The major findings in the present study are as follows: 1) the sexual dimorphism in the
blood pressure response to Ang II is maintained even during blockade of the endogenous
ACE, with males exhibiting higher BP than females; 2) urinary protein excretion was higher
in males than females and was not affected by Ang II in either group; 3) Urinary F2-
isoprostanes are higher in female mice compared to males and were not increased by Ang II
in either males or females.

Ambulatory BP has been shown to be higher in normotensive men than normotensive
premenopausal women [2,9]. We recently showed that BP is also higher in normotensive
male rats than females [15]. In addition, several models of hypertension exhibit sex
dependent differences in BP with males having higher BP than females [9,10,17]. The
mechanisms responsible for the sex difference in BP are not yet clear; however, they appear
to be closely associated with physiological changes that are known to promote hypertension.
For example, in spontaneously hypertensive rats (SHR), ACE contributes to the dimorphic
BP response given that ACE inhibition eliminates the blood pressure difference between
male and female rats [11]. In addition, oxidative stress appears to have a more prominent
role in the hypertension of male SHR compared with females. This is based on evidence that
female SHR have increased renal NADPH oxidase activity and urinary F2-isoprostanes
compared to male SHR, and that anti-oxidant therapies are more effective for reducing
blood pressure and proteinuria in male SHR compared with females[14].

In order to examine the mechanistic role of RAS in the dimorphic BP response, we
previously used a model of Ang II hypertension in rats during blockade of the endogenous
production of Ang II by ACE inhibition. We found that the sex differences in response to
Ang II in this model were modulated by salt intake. Contrary to the Ang II pressor response
without ACE inhibition, female rats fed a low salt diet during ACE inhibition actually
exhibited a greater BP response to Ang II than males. However, when the same rats were fed
a high salt diet during ACE inhibition, the BP response to Ang II was greater in male rats
compared with females. We utilized a high dose of enalapril in this study to ensure blockade
inhibition of endogenous ACE. Doses lower than the one currently used have been shown to
effectively in both protecting the kidney, with reductions in proteinuria, glomerular
extracellular matrix deposition and mesangial cell activation, and reducing blood pressure in
both male and female mice [5]. Although we cannot rule out the possibility of some residual
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activity of ACE, it should be noted that male and female mice had similar BP after treatment
with enalapril. In contrast to the study in rats, male mice fed a normal salt diet and treated
with enalapril exhibited a greater blood pressure response to chronic Ang II when compared
to female mice.

The present findings are consistent with data from Xue et al. showing that male mice have a
greater blood pressure response to Ang II in the absence of ACE inhibition [20]. Because the
endogenous ACE is blocked with enalapril in this study, our data suggest that differences in
the endogenous production of Ang II may not be the mitigating factor in the dimorphic BP
response to Ang II in mice. One explanation for the dimorphic pressor response during
chronic ACE blockade could be related to either differential expression or differential
regulation of AT1 receptors. For example, sex steroids may play an important role in the
modulation of AT1 receptor function. Studies have shown that estrogens decrease AT1
receptor expression and that ovariectomy increases AT1 receptor expression [8]. A
relatively recent study also alludes to the differential regulation of AT1 receptors in male
and female mice [5]. In this study, Le et al. generated mice with gene duplications for the
AT1a receptor. Despite the same increase in renal AT1a receptor expression between male
and female mice, blood pressure only correlated with AT1areceptor copy number in
females.

The data in the present study highlight not only that there are sex differences in response to
Ang II, but also that there are species specific differences. For example, in our previous
study, we found that Ang II increased urinary albumin excretion in both male and female
rats [15]. We attributed this to a pressor effect. However, in the present study, chronic Ang
II infusion did not result in a further increase in proteinuria in either sex. Thus there was no
apparent pressor effect on proteinuria in the mice. This species differences may be the result
of an increased glomerular permeability in mice compared to rats since mice typically
excrete higher levels of urinary protein under control conditions [1]. There is also evidence
to support the notion that female C57BL/6 mice may be resistant to renal damage during
Ang II infusion. Wesseling et al. demonstrated that a 28 day infusion of AngII caused an
increase in pressure without increasing urinary protein in female C57BL/6 mice [19]. In a
separate study, Liao et al. showed that a 28 day infusion of AngII in male C57BL6 mice
increased pressure and urinary protein levels [6]. Chronic ACE inhibition, which has potent
renal protective effects, was not utilized in these studies. With regard to the sex difference in
proteinuria, male rats have been shown to excrete more protein than females [16]. It is
possible that a similar situation occurs in mice, thus explaining the higher urinary protein in
male mice.

One similarity between the present study in mice and our previous one in rats is that the
increase in BP caused by Ang II in both species is independent of increases in the excretion
of F2-isoprostanes. In addition, chronic Ang II administration did not increase isoprostanes
in rats or mice of either sex. In rats, high salt diet increased urinary F2-isoprostanes in both
males and females, although the increase was slower to develop in males than females [15].
In the present study we found that urinary F2-isoprostanes were higher in female mice than
males and these levels were unchanged after Ang II infusion in either sex. These data are
consistent with our previous studies in SHR in which urinary excretion of F2-isoprostanes
was higher in females than males [14]. We showed previously in normotensive rats that
oxidative stress in males is associated with increased expression of antioxidant enzymes [4].
The lack of an increase in the antioxidant enzymes Cu/Zn-SOD and catalase in mice after
Ang II infusion is consistent with this previous work and a limited role for oxidative stress
in this model.
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Our previous study in rats and present findings in mice that Ang II infusion is not associated
with increased markers of oxidative stress or antioxidant enzymes contrasts with earlier
studies showing that oxidative stress is increased after Ang II infusion. This discrepancy
may be explained by the different does of Ang II used between our studies in rats (150 ng/
kg/min Ang II) and those of others (0.7 mg/day approximately 485 ng/kg/min Ang II) [17].
In mice much higher doses of Ang II are required to maintain a pressor response.
Alternatively, it is possible that treatment with enalapril may have prevented an increase in
oxidative stress. Studies in cell culture have shown that ACE inhibition can inhibit the
NADPH oxidase mediated production of superoxide, independently of Ang II [12]. Finally,
it is important to recognize that F2-isoprostanes are a measure of in vivo lipid peroxidation.
Therefore, it is possible that Ang II infusion increased generation of reactive oxygen species
in the vasculature or kidney specifically, and this may not be reflected by this whole body
measure. Importantly, the data in the present study are consistent with our previous report
that Ang II hypertension in females is not associated with an increase in F2-isoprostanes[4].

In summary, we show that after inhibition of ACE with enalapril, the administration of Ang
II raises BP in male and female mice but to a greater extent in males. This differential
response is not associated with an increase in urinary levels of F2-isoprostanes. Taken
together with our recent observations and the reports of others, these data illustrate the
importance of carefully considering species when examining mechanisms that mimic
hypertension or sex differences in the control of blood pressure in humans. In addition, this
underscores the need for further studies to understand the exquisite regulation of the renin
angiotensin system not only between males and females but also among species. Finally, the
data in the present study highlight the continued need to develop experimental models that
closely resemble human pathophysiology and to recognize that some animal models may be
more representative of different human populations.
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Figure 1.
Chronic Ang II infusion causes a greater increase in mean arterial pressure (MAP) in male
mice treated with enalapril when compared to female mice treated with enalapril. MAP was
not different between male and female mice treated with enalapril and infused with saline. *
p<0.05 vs. Male-Enalapril, Female-Enalapril and Female-Enalapril+Ang II. † p<0.05 vs.
Male- Enalapril, Female-Enalapriland Male -Enalapril+Ang II (n≥ 6/group).
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Figure 2.
Urinary protein excretion is higher in male than female mice. Ang II infusion for two weeks
did not change protein excretion in males or females. * p<0.05 vs. Male- Enalapril and
Male-Enalapril + Ang II(n≥ 6/group).
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Figure 3.
Urinary F2-isprostanes excretion is higher in female than male mice. Ang II infusion for two
weeks did not change F2-isoprostanes excretion in males or females. * p<0.05 vs. Male-
Enalapril and Male -Enalapril + Ang II (n≥ 6/group).
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Figure 4.
(A) Renal cortical protein expression of Cu/Zn SOD and (B) Catalase were not different
between male and female mice and were not affected by Ang II (n=4/group).
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