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Abstract

Sex differences in the development of hypertension and cardiovascu-
lar disease have been described in humans and in animal models. In
this paper we will review some of our studies which have as their
emphasis the examination of the role of sex differences and sex
steroids in modulating the central actions of angiotensin II (ANG II)
via interactions with free radicals and nitric oxide, generating path-
ways within brain circumventricular organs and in central sympatho-
modulatory systems. Our studies indicate that low-dose infusions of
ANG II result in hypertension in wild-type male mice but not in intact
wild-type females. Furthermore, we have demonstrated that ANG II-
induced hypertension in males is blocked by central infusions of the
androgen receptor antagonist, flutamide, and by central infusions of
the superoxide dismutase mimetic, tempol. We have also found that,
in comparison to females, males show greater levels of intracellular
reactive oxygen species in circumventricular organ neurons following
long-term ANG II infusions. In female mice, ovariectomy, central
blockade of estrogen receptors or total knockout of estrogen α recep-
tors augments the pressor effects of ANG II. Finally, in females but not
in males, central blockade of nitric oxide synthase increases the
pressor effects of ANG II. Taken together, these results suggest that
sex differences and estrogen and testosterone play important roles in
the development of ANG II-induced hypertension.
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Introduction

In general, men are at greater risk for
cardiovascular disease and hypertension than
premenopausal women of the same age (1,2).
Ambulatory blood pressure measurements
have consistently found that men aged 50-60
years have higher blood pressures than pre-
menopausal, age-matched women (3,4). In
animal models of hypertension, studies have

also shown that males have higher blood
pressure than females (5-7). Angiotensin II
(ANG II) is an important factor in many
forms of clinical and experimental hyperten-
sion. In animals, low doses of ANG II are
known to induce neurogenic hypertension
via the central nervous system by acting
through brain circumventricular organs (8,9).
An increasing body of evidence has shown
that the central and peripheral effects of
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ANG II involve activation of reactive oxy-
gen (10,11). Similarly, central and peripher-
al studies with estrogen (E2) and testoster-
one have shown that many of their cardio-
vascular-related effects may involve modu-
lation of the generation of reactive oxygen
species (ROS) and nitric oxide (NO) (12-
14). In many systems, cardiovascular ho-
meostasis is maintained by the balance be-
tween the ROS and NO systems. Therefore,
understanding the nature of any imbalance
in NO/ROS signaling activated by ANG II
and the contribution of sex differences and
sex steroids to such dysfunction will be of
key importance for developing new treat-
ments for ANG II-related cardiovascular dis-
ease. The purpose of this review is to sum-
marize recent developments that implicate a
role for sex-related mechanisms modulating
the central actions of ANG II and, in particu-
lar, the role of free radical- and NO-generat-
ing pathways.

Sex differences in angiotensin II-
induced hypertension

Central actions of ANG II increase sym-
pathetic nerve activity and modulate reflex

regulation of heart rate through actions of
the peptide on sensory circumventricular
organs (15) such as the area postrema, sub-
fornical organ and organum vasculosum of
the lamina terminalis (8,16-20). It has been
reported that chronic low-dose ANG II-in-
duced hypertension, which develops over a
period of days, is not due to the peripheral
vasoconstrictor activity of ANG II, but is
most likely the result of excitation of the
sympathetic nerve activity (8,17). Recent
studies from our laboratory have shown in
mice that decreases in blood pressure in-
duced by ganglionic blockade are much
smaller on day 1 as compared to day 7 of
ANG II infusion, thus suggesting that an
enhancement of sympathetic outflow contri-
butes to the ANG II-induced progressive
increase in blood pressure (21). The results
obtained by Hendel and Collister (18) con-
firm that the chronic phase of ANG II hyper-
tension has a significant neurogenic compo-
nent and that this sympathoexcitation is me-
diated via the subfornical organ.

There is increasing evidence that the ac-
tions of ANG II on the central nervous sys-
tem may differ between sexes. Doursout et
al. (22) have reported that the blood pressure
and dipsogenic responses to centrally ad-
ministered ANG II in conscious dogs are
substantially augmented in males relative to
females. Recent studies from our laboratory
have shown that 1) low-dose infusion of
ANG II increases blood pressure in male but
not female mice (Figure 1A), and 2) gona-
dectomy attenuates ANG II-induced hyper-
tension in male mice and augments hyper-
tension in females (Figure 1B). Furthermore,
we have reported that ganglionic blockade
produces greater reductions in blood pres-
sure in males compared to females during
ANG II infusion, and reflex bradycardic re-
sponses are blunted in males but not in fe-
males during chronic ANG II infusion. These
results suggest that female mice are pro-
tected against the development of ANG II-
induced hypertension and that sex hormones

Figure 1. A, Telemetry measure-
ment (TA11PA-C20, Data Sci-
ences International, St. Paul,
MN, USA) of mean arterial pres-
sure (MAP) before and during
infusion of angiotensin II (ANG
II, 800 ng kg-1 min-1) in male and
female mice. Control days are
denoted by C, followed by the 7
days of ANG II infusion. *P <
0.05 compared to baseline, +P <
0.05 compared to females (two-
way ANOVA). B, Averaged in-
creases in MAP induced by ANG
II infusion in intact and gonadec-
tomized mice. Data are reported
as means ± SEM for 6 mice in
each group. **P < 0.05 compared
to castrated males, ++P < 0.05
compared to ovariectomized
(OVX) females (one-way
ANOVA).
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play an important modulatory role in the
pathogenesis of ANG II-induced hyperten-
sion. Furthermore, attenuated baroreflex sen-
sitivity and increases in sympathetic outflow
appear to contribute to the hypertension ob-
served in the male (21).

Although the mechanisms underlying the
sex differences in ANG II-induced hyper-
tension are unknown, substantial evidence
has accumulated to show that sex differ-
ences and sex hormones affect components
of the renin-angiotensin system (23). For
example, testosterone treatment in ovariec-
tomized (OVX) female rats increases plas-
ma renin activity, while plasma renin activ-
ity, plasma angiotensin-converting enzyme
activity and angiotensinogen mRNA de-
crease after castration of males (24,25). In
contrast, E2 may decrease components of
the renin-angiotensin system (23). E2 has
been shown to reduce angiotensin type 1
(AT1) receptor binding and mRNA in the
subfornical organ in female rats (26); this
may indicate that E2 might attenuate ANG II
activation of subfornical organ neurons and
the development of ANG II-induced hyper-
tension in females.

The role of sex hormones and their
central receptors in angiotensin II-
induced hypertension

Physiologically relevant concentrations
of E2 have both rapid and long-term positive
cardiovascular effects which are mediated
by two types of estrogen receptors (ER),
ERα and ERß (27). Crucial roles for ERα in
the protection against vascular injury, acti-
vation of endothelial NO synthase (NOS)
and anti-atherosclerotic effects have been
amply documented (28,29). Genetic dele-
tion of ERß results in the development of
hypertension in middle-aged female and male
mice due to multiple abnormalities of ion
channel function in blood vessels (30). How-
ever, very little is known about the role of
ER in the central nervous system regarding

Figure 2. Comparison of in-
creases in mean arterial pres-
sure (∆MAP) induced by angio-
tensin II (ANG II, 800 ng kg-1

min-1) infusion in intact, central
ICI182,780 (ICI, 1.5 µg kg-1 day-1)-
treated, ovariectomized (OVX),
and estrogen receptor alpha
knockout (ERαKO) female mice.
Data are reported as means ±
SEM for 6 mice in each group.
*P < 0.05 compared to intact fe-
males (one-way ANOVA).

the mediation of the cardiovascular protec-
tive effects of E2.

Saleh et al. (31,32) have shown that in
OVX female rats, E2 administration into
several hindbrain nuclei, such as the nucleus
of the solitary tract, nucleus ambiguous and
parabrachial nucleus, and into the intrathe-
cal space inhibits sympathetic efferent activ-
ity but enhances parasympathetic efferent
activity. These effects of E2 were blocked
by pretreatment with the ER antagonist,
ICI182,780. Moreover, central injection of
ICI182,780 blocked increased vagal nerve
activity and decreased renal nerve activity
induced by bolus injections of E2 (iv), there-
by indicating that peripherally administered
E2 modulates baseline autonomic tone via
the activation of central ERs (33). Studies
from our laboratory have shown that 17ß-
estradiol facilitates area postrema calcium-
activated K+ currents and inhibits area pos-
trema neuronal activity (34). 17ß-estradiol
also inhibits an increase in (Ca2+)i induced
by application of ANG II to cultured area
postrema neurons (35). This evidence rein-
forces the importance of a central antihyper-
tensive action of E2.

Recently, we reported that central infu-
sion of the ER antagonist ICI182,780 facili-
tates ANG II-induced hypertension in fe-
males. Furthermore, we have shown that in
female ERα knockout mice ANG II increases
blood pressure in a similar manner to that
seen in OVX, wild-type females (Figure 2),
suggesting that E2 protects against ANG II-
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induced hypertension in females via actions
on the ERα (36,37).

Studies in humans and animals suggest
that testosterone is a pro-hypertensive hor-
mone (38). Studies using ambulatory blood
pressure monitoring techniques in children
have shown that with increasing age, blood
pressure increases in both young boys and
girls. However, after the onset of puberty,
boys have higher blood pressure than age-
matched girls (39). These data show that in
adolescence and puberty, when androgen
levels are increasing, blood pressure is higher
in males than in females. In animal models,
blood pressure is higher in male spontane-
ously hypertensive, Dahl salt-sensitive, and
deoxycorticosterone acetate-salt hyperten-
sive rats as compared to the same hyperten-
sive models when females are studied (7,40,
41). Treatment of OVX normotensive fe-
males or castrated males with testosterone
increases blood pressure to levels similar to
those of intact males, and testosterone in-
creases blood pressure in OVX female spon-
taneously hypertensive rats. Moreover,
chronic blockade of androgen receptors with
the antagonist flutamide reduces blood pres-
sure in male spontaneously hypertensive rats
to the level found in female spontaneously
hypertensive animals (42). Thus, increases
in androgens in humans and in normotensive
and hypertensive rats lead to higher blood
pressure.

The mechanisms by which testosterone
affects blood pressure are multifaceted and
involve direct effects on vascular, renal and
heart cells (38,43). However, there are very
few studies on the central effects of andro-
gen as well as its receptor on blood pressure
and cardiovascular regulation, and this is
just beginning to be investigated. Data from
our laboratory show that the use of intracere-
broventricular flutamide infusion to block
androgen receptors in the central nervous
system significantly attenuates the develop-
ment of ANG II-induced hypertension in
male mice (Figure 3). These results indicate
that central androgen receptors might medi-
ate the hypertensive effects of sex hormones
during infusions of ANG II in mice (44). The
mechanisms underlying the role of male sex
hormones and androgen receptors in alter-
ing ANG II activation of the central nervous
system need to be studied further.

Reactive oxygen species and
nitric oxide in sex differences in
angiotensin II-induced hypertension

Reactive oxygen species and sex differences

Oxidative stress can be characterized by
an imbalance between the generation and the
scavenging of oxide radicals (e.g., O2

- or
hydrogen peroxide) and has been identified
as a key component of the pathogenesis of
central and peripheral diseases (45). Recent
studies have shown that superoxide radicals
are critical determinants of the central ac-
tions of ANG II (11,46,47). These studies
demonstrate that overexpression of super-
oxide dismutase (SOD) within the region of
the subfornical organ by administration of
an adenoviral vector containing the gene
coding human MnSOD and CuZnSOD
blocks the pressor, bradycardic and dipso-
genic effects of centrally administered ANG
II. Further, these investigators also found
that MnSOD is co-expressed with AT1 re-
ceptors in the subfornical organ, thus sup-

Figure 3. Averaged change in
mean arterial pressure (∆MAP)
induced by angiotensin II (ANG
II, 800 ng kg-1 min-1) infusion in
intact, castrated (Cas), and cen-
tral flutamide (Flu, 0.8 mg kg-1

day-1)-treated male mice. Data
are reported as means ± SEM
for 5 mice in each group. *P <
0.05 compared to intact males
(one-way ANOVA).
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porting the hypothesis that central ANG II-
induced hypertension involves ROS activa-
tion within ANG II-sensitive circumventricu-
lar organs. Recent data from our laboratory
have shown that lateral icv infusion of tempol,
a SOD mimetic, blocks systemic ANG II-
induced hypertension in male mice (48,49).
This suggests that central ROS activation is
required for ANG II-induced hypertension
in males (Figure 4).

Testosterone and E2 have been shown to
alter oxidative stress at both peripheral and
central sites. In endothelial cells E2 has re-
cently been shown to inhibit ANG II-in-
duced increases in expression of nicotin-
amide adenine dinucleotide phosphate, the
reduced form (NADPH) and NOS (13). In
vascular smooth muscle cells, E2 decreases
ANG II-induced free radical production and
up-regulates MnSOD and extracellular SOD,
suggesting that the cardiovascular protec-
tion of E2 against peripheral ANG II-in-
duced oxidative stress is due to an increase
in SOD activity induced by E2 (12). Using
real-time measurements of reactive oxygen
generation with dihydroethidium in living
brain slices, our laboratory has shown that
ANG II increases ROS production in subfor-
nical organ neurons and that this effect is
blocked by tempol (Figure 5A). Importantly,
incubation of the slices in E2 blocks ANG II-
induced increases in ROS (Figure 5B), sug-
gesting that E2 may inhibit central ANG II
effects by inhibiting ROS production (50).

Nitric oxide and sex differences

NO synthesized from its precursor L-
arginine by the enzyme NOS is an important
mediator of intracellular signaling in various
tissues. Neuronal NOS (nNOS) activity has
been demonstrated in central and peripheral
autonomic nervous system sites that are in-
volved in the control of blood pressure regu-
lation (51). There are a large number of
studies examining the central effects of NO
on sympathetic outflow. For example, within

Figure 4. Mean blood pressures
(MAP) during infusion of tempol
(200 nM kg-1 min-1) into the lat-
eral ventricles were not signifi-
cantly different from baseline
blood pressure; however, cen-
tral administration of tempol dur-
ing subcutaneous infusion of an-
giotensin II (ANG II, 800 ng kg-1

min-1) attenuated the increases
in blood pressure observed with
infusion of ANG II alone. Data
are reported as means ± SEM
for 7 mice in each group. *P <
0.05 compared to baseline; +P <
0.05 compared to ANG II alone
(one-way ANOVA).

Figure 5. A, Pseudocolor images showing increases in ethidium fluorescence intensity in
the subfornical organ during superfusion of slices with angiotensin II (ANG II). Arrows
indicate cells in which intensity increased. B, Changes in ethidium fluorescence evoked by
superfusion of ANG II (100 nM) in the absence and presence of tempol (1 mM). ANG II-
evoked increases in intracellular reactive oxygen species (ROS) in the subfornical organ
brain slice are blocked by tempol. C, The effects of 17ß-estradiol (E2, 100 nM) on ANG II
(100 nM)-induced intracellular generation of ROS. In the presence of E2, ANG II-induced
percent increase of fluorescence intensity is significantly inhibited. Data are reported as
means ± SEM. *P < 0.05 compared to E2 alone or E2 + ANG II (one-way ANOVA).
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the hypothalamus, the largest population of
NO cells is found within the paraventricular
nucleus. Increases in NO within the para-
ventricular nucleus result in decreases of
sympathetic outflow and blood pressure, and
NO plays an important central role in reduc-
ing arterial pressure during recovery from
psychological stress (52).

A differential modulation of nNOS ex-
pression and/or activity has been proposed
to be related to observed sex differences in
NO release. Recent studies demonstrate that
E2 up-regulates endothelial NOS in endo-
thelial cells (53) and nNOS in the brain (54,
55). Many of the actions of E2 on the brain
have been suggested to be through an NO-
mediated mechanism (54,55). Castration in-
creases and androgen treatment decreases
nNOS activity in the brain (56). Immunohis-
tochemical studies from our laboratory also
revealed co-localization of nNOS and ERα
in the subfornical organ of female mice (57).
Moreover, Wang et al. (58) recently reported
that there are sex differences in the develop-
ment of long-term Nω-nitro-L-arginine meth-
yl ester (L-NAME)-induced hypertension in
rats. L-NAME-treated females exhibited a
significantly higher elevation of blood pres-
sure than males. Results from our laboratory
have demonstrated that the increases in blood
pressure induced by ANG II are significant-
ly greater in female mice given central infu-
sions of L-NAME than in control mice (57)
(Figure 6). This raises the possibility that
activation of the endogenous NO system
may buffer the stimulatory effects of ANG II
on central sympathetic nervous system ac-
tivity, especially in females.

In many systems the harmful effects of
ROS are offset by NO production (45). When
these systems are out of balance, an increase
in production of ROS results in a decreased
bioavailability of NO (59). Increased pro-
duction of superoxide radicals results in the
scavenging of NO and an increased produc-
tion of peroxynitrite. Preliminary data from
our laboratory show that, in male mice, L-
NAME had no effect on ANG II-induced
hypertension. However, the depressor effect
of tempol was inhibited by central co-ad-
ministration of L-NAME, suggesting that
NO may modulate the depressor effect of
tempol in the development of ANG II-in-
duced hypertension (49).

Figure 6. Mean blood pressures
(MAP) during infusion of Nω-ni-
tro-L-arginine methyl ester (L-
NAME, 0.5 mg kg-1 day-1) into
the lateral ventricles were not
significantly different from base-
line blood pressures in female
mice; however, central adminis-
tration of L-NAME augmented an
angiotensin II (ANG II, 800 ng
kg-1 min-1)-induced increase in
blood pressure. Data are re-
ported as means ± SEM for 6
mice in each group. *P < 0.05
compared to baseline, +P < 0.05
compared to ANG II alone (one-
way ANOVA).

Figure 7. Schematic representations of the hypothetical mechanisms of interaction of sex
hormones, angiotensin II (ANG II), nitric oxide (NO), and reactive oxygen species (ROS).
Both estrogen and testosterone are assumed to have actions in the central nervous system
that modulate the activity of ROS and neuronal NO synthase (nNOS) pathways, thereby
modulating the hypertensive effects of central angiotensin type 1 (AT1) receptor activation
by ANG II. SOD = superoxide dismutase; NAD(P)H = nicotinamide adenine dinucleotide
phosphate, the reduced form.
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Conclusions

Our studies have demonstrated that there
are sex differences in ANG II-induced hy-
pertension in conscious mice, and that sex
hormones such as androgen and E2 as well
as their central receptors modulate this form
of ANG II-induced hypertension. Our stud-
ies have also indicated that the interactions
among sex hormones and ROS/NO within
the circumventricular organs significantly
influence ANG II-induced hypertension.
Thus, given the links between NO and ROS
and the role of sex hormones and ANG II in

neurohumoral activation, it can be hypoth-
esized that sex hormones, ANG II, NO, and
ROS work in concert to regulate autonomic
function. Figure 7 illustrates the balance
between ROS and NO which is suggested to
be involved in activation of the AT1 recep-
tor. Both E2 and testosterone are hypoth-
esized to modulate the effects of AT1 recep-
tor activation by modulating the ROS/NO
balance. The interactions of these factors are
likely to contribute to cardiovascular protec-
tion or impairment. Ongoing studies in our
laboratory focus on this hypothesis and are
exploring the related mechanisms.
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