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Approximately one third of all deaths are attributed to cardiovascular disease (CVD), making it the biggest killer worldwide.
Despite a number of therapeutic options available, the burden of CVD morbidity continues to grow indicating the need for
continued research to address this unmet need. In this respect, investigation of the mechanisms underlying the protection

that premenopausal females enjoy from cardiovascular-related disease and mortality is of interest. In this review, we discuss
the essential role that rodent animal models play in enabling this field of research. In particular, we focus our discussion on

models of hypertension and atherosclerosis.

Abbreviations

ABPM, ambulatory blood pressure monitoring; ACE, angiotensin converting enzyme; Ang, angiotensin; ApoE,
apolipoprotein E; AT1R, angiotensin II receptor type 1; AT2R, angiotensin II receptor type 2; BP, blood pressure; CVD,
cardiovascular disease; DOCA, deoxycorticosterone acetate; EDHF, endothelium-derived hyperpolarizing factor; ER,
oestrogen receptor; ET, endothelin; KO, knockout; LDLr, low density lipoprotein receptor; L-NAME, nitro-L-arginine
methyl ester; MCP, monocyte chemoattractant protein; OVX, ovariectomized; RAS, renin-angiotensin system; SHR,
spontaneously hypertensive rats; VCAM-1, vascular cell adhesion molecule 1

Introduction

Cardiovascular disease (CVD) now stands as the major cause
of mortality worldwide. According to the World Health
Organization, an estimated 17.1 million people died from
CVD in 2004, and recent estimates suggest that in the west, a
third of all deaths are a direct consequence of CVD (http://
www.BHF.org.uk). The scale of this worldwide epidemic
underlies the urgency for identifying novel potential targets
and therapeutics.

In this respect, perhaps one of the most striking charac-
teristics of this epidemic is that in the main, irrespective of
country, the incidence of most forms of CVD is lower in

premenopausal women than in age-matched men (Barrett-
Connor, 1997; Lerner and Kannel, 1986; Danaei et al., 2011),
a pattern that is rapidly lost and, at worst, completely
reversed post-menopause (Kannel et al., 1976). This fact has
led scientists to believe that sex hormones play an important
role in determining susceptibility to CVD. In particular, there
is a wealth of evidence suggesting that female sex hormones
exert beneficial effects and that the loss of these at meno-
pause underlies the increase in incidence of CVD post-
menopause. Fortunately, these prominent sex differences are
similarly evident in animal models. For instance, spontane-
ously hypertensive rats (SHR), the most commonly used
animal model of hypertension (Doggrell and Brown, 1998;

298 British Journal of Pharmacology (2012) 167 298-312

© 2012 The Authors
British Journal of Pharmacology © 2012 The British Pharmacological Society


mailto:a.ahluwalia@qmul.ac.uk
http://www.BHF.org.uk
http://www.BHF.org.uk

Pinto et al., 1998), show age-dependent increases in blood
pressure (BP) that is greater in males compared with age-
matched females. This example demonstrates that animal
models of disease can faithfully replicate the sex bias evident
in the clinical situation and support its utilization for eluci-
dation of mechanisms and therapeutics of hypertension.
However, the similarity between humans and animal disease
models is not always evident. A good exemplar of this is
mouse models of atherosclerosis where, in contrast to
humans, a greater plaque burden is evident in females com-
pared with age-matched males.

The primary aim of this review is to highlight the sexual
dimorphism evident in animal models of CVD. In particular,
we limit our attention to hypertension and atherosclerosis in
rodents and discuss the limitations of some of the techniques
used. In addition, we discuss the role that sex hormones play
in any diversity evident. Despite their importance, we do not
extend our review further to wider models of CVD such as
ischaemic disease where sex differences have also been iden-
tified. We refer the readers to some excellent reviews that
cover these aspects (Murphy and Steenbergen, 2007; Vacca-
rino et al., 2011).

I. Hypertension

Prior to menopause, BP is lower in women than in men
resulting in a lower incidence overall of hypertension in
women. In the National Health and Nutrition Examination
Survey III of 9901 adults in the USA, women had lower
systolic BP than men, as measured by automated clinic bra-
chial artery BP measurement, across the ages of 18-59.
However, with increasing age, this sex difference was lost
(Burt et al., 1995). Such differences in BP are also evident in
24 h ambulatory BP measures (Wiinberg et al., 1995). Impor-
tantly, 24 h ambulatory BP monitoring (ABPM) is becoming
increasingly accepted as the most accurate method for deter-
mination of BP and diagnosis of hypertension due to avoid-
ance of the white coat effect (Mancia et al., 2007). Even in a
small cohort of healthy, young and normotensive volunteers
in our own clinical study, rested clinic systolic BP was
25 mmHg lower in women than in men (Kapil ef al., 2010).
These sex differences have variously been attributed to the
predominantly beneficial or detrimental activity of the sex
hormones oestrogen (Ashraf and Vongpatanasin, 2006) or
testosterone (Kaushik et al., 2010) respectively.

Despite these findings in humans, studies in commonly
used healthy laboratory animals tend to demonstrate no dif-
ferences between males and females in resting conscious BP
measurement, using tail-cuff (Ashton and Balment, 1991;
Sainz et al., 2004; Scotland et al., 2005), a technique analo-
gous to clinic BP measurement. A similar absence of differ-
ence is also evident in some studies using the more accurate
and sensitive radiotelemetric method (analogous to 24 h
ABPM) in either rats (e.g. Calhoun et al., 1995; Haywood &
Hinojosa-Laborde, 1997; Sampson et al., 2008) or mice (e.g.
Xue et al., 2005). However, in a recent study, telemetric meas-
urement of BP in rats was sufficiently sensitive to expose
~4 mmHg higher resting BP in males compared with females
(Sartori-Valinotti et al., 2008). Interestingly, in male mice
lacking a functional oestrogen receptor B (ERB), one of the
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two ER subtypes that govern oestrogen activity, telemetric
assessment of BP demonstrated raised pressures compared
with wild-type controls (Zhu ef al., 2002). These latter two
studies suggest that the relative absence of data demonstrat-
ing sex differences in healthy animals may simply be a reflec-
tion of the limitations of the technology used. Such studies
highlight the importance of using radiotelemetry when
investigating subtle differences in BP. To make reasonable
comparisons between animal models and the clinical situa-
tion, in this review, we will focus our discussion on studies
conducted in conscious animals, as there is now general
acceptance that the measurement of baseline BP in anaesthe-
tized animals is not a good reflection of awake BP. In addition,
where possible, we will attempt to limit our discussion to
studies using the most sensitive technique of BP measure-
ment: radiotelemetry. However, in some instances, our dis-
cussion will inevitably focus on tail-cuff BP measurements
where radiotelemetric evidence is not yet available.

Despite a relative absence of reliable data demonstrating
sex differences in baseline BP in healthy animals, it is clear
that the picture is entirely different in rodent models of
hypertension (Table 1). For the sake of brevity, we have
limited our discussion to the most commonly used mouse
and rat models. For a broader description of the different
models of hypertension available across the species, we refer
readers to an excellent review on the subject (Lerman et al.,
2005). There are several important caveats to consider in our
discussion. Human hypertension is a complex disease influ-
enced by both environmental factors and genetic variability,
and it is a combination of these that underlies the condition.
Very few animal models combine these two factors, and
therefore most animal models provide information on dis-
crete aspects of hypertension that may be relevant to
humans. In addition, in terms of the sex differences in hyper-
tension and the influence of sex hormones, the normal men-
strual cycle of rodents lasts ~4 days, and rodents do not
naturally enter menopause. These differences should be con-
sidered when extrapolating observations from animal models
to the clinical setting.

SHR

Sex differences. The SHR is the most commonly used model
of primary hypertension and is thought to be a consequence
of a number of genetic variants (see Doggrell and Brown,
1998; Pinto et al., 1998), although it is important to appreci-
ate that the genetic variants in these animal models may not
be identical to those identified in human essential hyperten-
sion to date. A recent large meta-analysis of data collected
from two models of genetic hypertension including the SHR
has identified a number of genetic associations. It is notewor-
thy that there were no genes identified that were common to
those genes highlighted in genome-wide associations for
human essential hypertension and BP. However, there were a
number of genes revealed in rats that exhibit transcriptional
differences in pathways that are also altered and could be
relevant in human essential hypertension and variants that
similarly have been implicated in smaller studies investigat-
ing genetic links with human essential hypertension, for
example, UCP3 and the natriuretic peptide genes NPPA and
NPPB (see Marques et al., 2010).
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Table 1

Sexual dimorphism of blood pressure in animal models of hypertension measured in conscious animals

Magnitude in blood pressure
shift of hypertensive males

over females

References

Type of hypertension

MAP T ~10 mmHg
SBP T ~35 mmHg
SBP T ~25 mmHg
SBP T ~25 mmHg
SBP T ~30 mmHg
MAP T 30 mmHg
MAP T ~30 mmHg
MAP T ~50 mmHg
SBP T ~30 mmHg,
MAP T27 mmHg

Spontaneously hypertensive rat

DOCA-salt

Dahl salt-sensitive
Renal-wrap + salt
Transgenic mRen2(27)
mRen2.Lewis
L-NAME-treated rats

eNOS KO SBP T ~22 mmHg
eNOS/COX-1 KO SBP T ~21 mmHg
Angll-induced MAP T30 mmHg

MAP T ~20 mmHg

Developmentally induced MAP T ~20 mmHg

Sullivan et al. (2010)

Chen and Meng (1991)

Reckelhoff et al. (1998)

Ouchi et al. (1987)

Dahl et al. (1975)

Haywood and Hinojosa-Laborde (1997)
Lee et al. (1996)

Pendergrass et al. (2008)

Sainz et al. (2004)

Scotland et al. (2005)
Scotland et al. (2005)
Xue et al. (2005)
Sampson et al. (2008)
Alexander (2003)

In all models described, there is a greater elevation of blood pressure in males compared with females that matches closely to the clinical
scenario. Several animal models that have not been discussed within the text are included here to highlight the consistency observed amongst

different hypertensive animal models.

Angll, angiotensin Il; DOCA, deoxycorticosterone acetate; COX-1 KO, COX 1 knockout; eNOS KO, eNOS knockout; L-NAME, nitro-L-arginine

methyl ester; MAP, mean arterial pressure; SBP, systolic blood pressure.

The SHR model is characterized by progressively increas-
ing arterial pressure, vascular dysfunction and eventual left
ventricular hypertrophy. Importantly, SHRs show clear sex
differences in many aspects of cardiovascular function
including the degree of hypertension (Sullivan et al., 2010).
Both sexes are severely hypertensive with animals being pre
to mildly hypertensive for the first 5-6 weeks of life with
conscious systolic BPs generally in the range of 120-
150 mmHg (Beierwaltes etal., 1982; Harrap etal., 1990;
Touyz et al., 1999). However, the rise in BP from 8 to 20 weeks
is, in general, more rapid in onset and substantially greater in
males than in females (Chen and Meng, 1991; Reckelhoft
et al., 1998). Recent evidence demonstrates that while this
sexual dimorphism is evident for up to 9 months that by 12
months of age females have similar BP to males, with peak
systolic BPs in the region of 200 mmHg; pressures evident in
males often by 6 months of age (Chan et al., 2011).

Role of sex hormones. In the SHR, it seems that it is predomi-
nantly the male sex hormones that underlie the BP differ-
ences between the sexes (Kienitz and Quinkler, 2008).
Castration of SHR males prior to adulthood decreased the
extent of BP rise with age (Table 2), an effect overcome by
testosterone replacement (Chen and Meng, 1991; Reckelhoft
et al., 1998). In contrast, several studies show no differences
in BP between intact or ovariectomized (OVX) females, or
OVX females with oestrogen replacement (Chen and Meng,
1991; Harrison-Bernard et al., 2003; Reckelhoff et al., 1998;
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Wassmann et al., 2001). Yet chronic oestrogen treatment in
intact females results in lower BP in some studies (Hoeg et al.,
1977; Williams et al., 1988). However, caution needs to be
exercised when interpreting data using hormone treatment
and/or gonadectomy in animal models. In many studies,
gonadectomy is conducted soon after weaning while in some
studies, surgery is conducted in adulthood, such differences
resulting of course in differences in the length of exposure of
animals to sex hormones, which in turn may result in differ-
ences in sensitivity to hypertensive stimuli. Indeed, there is
some evidence implicating ovarian hormones in rising BP,
where removal of ovaries from young SHR prevented the
development of hypertension (lams and Wexler, 1977). In
addition, the ‘replacement’ of hormones in gonadectomized
animals is commonly used as a method to restore the circu-
lating levels of sex hormones following ovariectomy or cas-
tration but also often on top of normal physiological levels.
In the study of Hoeg et al. mentioned earlier, oestrogen treat-
ment was administered to intact females at doses of ~300-
350 pug-kg'-day'. The more commonly used doses found
within the literature of 200-1000 pg-kg'-day!, administered
using osmotic mini-pumps or subcutaneous pellets, produce
circulating levels of oestrogen 4-10 times greater than normal
physiological levels. In a recent investigation examining the
effects of chronic oestrogen administration in mice, it was
demonstrated that doses of 17B-oestradiol (20 ug-kg'-day™
equating to ~0.4 ug'-day™’) resulting in physiological levels
(~100 pg-mL™) induced cardioprotective effects, yet higher



Table 2

Effect of gonadal hormones on blood pressure in animal models

Sex and cardiovascular disease

Male Female
CAS + Intact + oVvX + Intact + Age at
Model/parameter test test OVX oestrogen oestrogen gonadectomy References
SHR 4 N = o ) 4 weeks Chen and Meng (1991),
P P J 4 weeks Reckelhoff et al. (1998)
> 4-5 weeks Harrison-Bernard et al. (2003)
4 Hoeg et al. (1977);
Williams et al. (1988)
lams and Wexler (1977)
DOCA-salt 4 N T 7N 3 weeks Crofton et al. (1989)
T AN 6 weeks Crofton and Share (1997)
David et al. (2001)
Dahl S P N ) N 6 weeks Dahl et al. (1975)
4 T 7N 4-5 weeks Harrison-Bernard et al. (2003)
T 6 weeks Dahl et al. (1975)
8 weeks Yanes et al. (2009)
7-8 weeks Hinojosa-Laborde et al. (2004)
NZGH 4 N 5 weeks Song et al. (2006)
L-NAME-treated 4 “ 13-14 weeks Sainz et al. (2004)
Angll-induced mice 4 T 12-16 weeks Xue et al. (2005)
Developmentally induced | 10 weeks Ojeda et al. (2007)

T increased BP; ™ /' restored towards normal by increased BP; | decreased BP; /* ™ restored towards normal by decreased BP; <> no change
in BP; SHR, spontaneously hypertensive rat; DOCA, deoxycorticosterone acetate; NZGH, New Zealand Genetically Hypertensive; L-NAME,

nitro-L-arginine methyl ester.

doses exerted detrimental effects (Zhan et al., 2008). There-
fore, both gonadectomy and hormone replacement investi-
gations need to be interpreted carefully with the above
caveats in mind.

Mechanisms of effects. In terms of the specific pathways
involved in the differences between the sexes in many
studies, the renin-angiotensin system (RAS) has been identi-
fied as playing an important role. Evidence demonstrates that
blockade of the RAS pathway attenuates the hypertension
evident in both sexes (Reckelhoff etal., 2000). However,
chronic angiotensin (Ang)II infusion in SHR elevates BP to a
greater extent in males compared with females (Figure 1;
Yanes ef al., 2006). This difference in sensitivity to AnglII has
been attributed to increased Angll receptor type 1 (AT:R)
expression and activation since in SHR males treatment with
the AT;R blocker normalized BP (Yanes et al., 2006). Moreo-
ver, recent studies demonstrate greater renal AT;R mRNA
expression in males compared with females (Sullivan et al.,
2010). In contrast, it has been suggested that enhanced Angll
receptor type 2 (AT,R) in females might, in part, underlie the
reduced pressor responses to Angll in females because AnglI-
mediated vasodilatation and the ratio of AT,R : AT;R is higher
in female compared with male SHR (Silva-Antonialli ef al.,
2004). The authors of this paper suggested that up-regulation
of this vasodilator-arm of the RAS may underlie the reduced
susceptibility of females to hypertension. In SHR, ovariec-
tomy increased AT;R mRNA and, accordingly, AT,R antago-
nism prevented endothelial dysfunction, although this was

not related to BP (Wassmann et al., 2001). Studies exploring
the effect of gonadectomy or hormone treatment in animals
on the RAS pathway suggest substantial similarities with
humans. Indeed, while oestrogen promotes elevation of angi-
otensinogen mRNA levels in both animals and humans, it
also attenuates plasma renin levels, angiotensin converting
enzyme (ACE) activity and AT;R expression. In contrast, tes-
tosterone also promotes angiotensinogen mRNA, but it also
increases renin levels and activity and does not appear to
have any inhibitory effects (for a review, see Fischer et al.,
2002). Interestingly, there is some evidence to suggest that in
aging SHR, the hypertension evident in females is related to
endothelin (ET) 1 bioactivity because BP was decreased by ET,
receptor blockers in ‘postmenopausal’ but not young female
rats (Yanes ef al., 2010). Together, this evidence supports a
role for testosterone in driving the RAS, an effect that likely
underlies the differences between the sexes in SHR with an
increasing role for ET-1 in the aging female.

Deoxycorticosterone acetate (DOCA)-salt

Sex differences. The DOCA-salt rat is considered a model of
secondary hypertension and is characterized by endothelial
dysfunction, cardiac hypertrophy, proteinuria and glomeru-
losclerosis. It is the only model where targeted treatment of
the RAS is ineffective in reducing BP (Pinto et al., 1998). This
may be related to the fact that a feature of this model is the
presence of abnormally low plasma renin activity assessed by
measurement of Angl generation, that is, 0.32 * 0.11 in
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Figure 1

Potential mechanisms involved in the sex differences of hypertension. Several pathways have been implicated in underlying the differences in
blood pressure evident between males and females in the various models of hypertension. RAS, the endothelin pathway and the vasodilating
endothelium-dependent pathways are all thought to play prominent roles.

DOCA-salt rats compared with 2.05 = 0.35 ng Angl-mL™"-h™"
in control rats (Lariviere et al., 1993a).

The hypertension that develops in this model has been
attributed to increased synthesis of the potent vasoconstric-
tor ET (Lariviere et al., 1993a,b). Accordingly, blockade of the
ET receptors ET, and ET; reduce BP in this model (Bird et al.,
1995; Schiftrin et al., 1995). This model involves uninephrec-
tomy in early adulthood, followed by treatment with DOCA
and excess salt intake (i.e. 1% NaCl in drinking water). This
results in increased antidiuretic hormone (vasopressin)
causing both water retention leading to increased blood
volume and vasoconstriction. While these effects result in an
increase in systolic BP in both sexes, the magnitude of this
increase is much greater in males (a rise of ~60 mmHg) than
in females (rise of ~35 mmHg; Ouchi et al., 1987). DOCA-salt
treatment in mice similarly causes greater increases in mean
arterial BP in males than in females when measured by radio-
telemetry, sex differences that were not evident when BP was
measured via an implanted catheter in anaesthetized mice
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(Karatas et al., 2008). This observation highlights the essential
need for determination of BP in conscious animals.

Role of sex hormones and mechanisms. Similarly to the SHR, in
DOCA-salt hypertension, the rise in systolic BP is not only
attenuated by castration but also, in contrast to SHR, exacer-
bated by the removal of the ovaries (Crofton et al., 1989).
These changes were reversed by testosterone and oestrogen
treatment in gonadectomized males and females respectively
(Crofton and Share, 1997). Interestingly, oestrogen treatment
of intact males also attenuated systolic BP, yet testosterone
treatment in females did not cause a rise in systolic BP in
intact females (Crofton and Share, 1997). The authors specu-
lated that this difference may reflect either a relative absence
of testosterone receptors in the vasculature or CNS in female
animals, or that there may be relatively higher aromatase
activity in females. The irreversible synthesis of oestrogens
from androgens is catalysed by the cytochrome P450 aro-
matase (Simpson et al., 2002). Disruption of the single gene,



Cyp19, which encodes cytochrome P450 aromatase, results in
prevention of oestrogen production from androgens (Fisher
etal.,, 1998). Within the cardiovascular system, aromatase
expression in endothelial cells is thought to underlie a sub-
stantial component of androgen-derived oestrogen (Mukher-
jee et al., 2002). Thus, any administered testosterone could
feasibly be converted to oestrogen. Further support for a
protective effect of oestrogen in DOCA-salt rats is provided
(by David et al., 2001) where OVX elevated systolic BP, and it
returned to normal with oestrogen treatment. A role for oes-
trogen is supported by studies using a slightly different model
of hypertension, aldosterone + salt. In this model, ER agonists
including the non-selective 173-oestradiol and both the ERa
and the ERP selective agonists, 16aLE2 and 8BVE2, respec-
tively, caused lowering of BP in OVX female animals (Arias-
Loza et al., 2007).

The DOCA-salt rat is a model of hypertension dependent
upon enhanced activity of the ET-1 pathway. In particular,
alterations in ET,/ETy receptor signalling have been impli-
cated. In vitro investigations demonstrate increased contrac-
tile sensitivity to ET-1 in endothelium-denuded aortas from
male but not from female DOCA-salt rats. These effects are
associated with up-regulated aortic mRNA expression of ET-1
and ET; receptors (David et al., 2002). Thus, the DOCA model
of hypertension appears to be a model predominantly asso-
ciated with enhanced ET-1 activity, and females, relative to
their male counterparts, are protected due to a relative
decrease in ET receptor expression and activity (Figure 1).

Dabhl salt-sensitive (Dahl S) rats

Sex differences. The Dahl S rat is a genetic model of salt-
sensitive hypertension demonstrating an acute sensitivity to
salt loading (8%NaCl vs. <0.5% for normal salt diet) that
accelerates the rate of BP rise. Like the SHR, and indeed
humans, both sexes of the Dahl S rats develop high BP even-
tually (~200 mmHg systolic BP); however, the onset and rate
of rise in pressures is considerably delayed and slower in
females (Dahl et al., 1975).

Role of sex hormones and mechanisms. It has been suggested
that the difference between the sexes relates to oestrogen-
induced suppression of Angll binding to AT;R. Indeed,
Hinojosa-Laborde et al. (2004) demonstrated that as oestro-
gen levels decreased with ageing, AT;R binding was increased,
and this corresponded with higher mean arterial pressures, a
process accelerated by removal of the ovaries. This view is
further supported by findings demonstrating that 0.5% salt-
fed OVX Dahl S female animals exhibit higher systolic BP
(measured using tail-cuff) than sham-operated Dahl S
females. Moreover, treatment with the AT;R antagonist can-
desartan or with oestrogen decreased BP, in the former, to
below the levels of sham-operated intact females (30-
40 mmHg decrease in systolic BP; Harrison-Bernard et al.,
2003). The authors suggested that these findings support the
contention that oestrogen acts as an AT:R inhibitor. It has
also been suggested that the reduced rise in BP in females may
relate to an enhanced vasodilator effect of the RAS pathway
in this sex. Angll can also be converted by ACE2 to form
Angl-7, which causes sustained reductions in BP (measured
using tail-cuff) of hypertensive female but not male rats
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(Eatman et al., 2001). In a second publication, these benefi-
cial effects of Ang(1-7) in this model were blocked by antago-
nism of the Mas receptor (Bayorh et al., 2002).

Similarly to DOCA-salt rats, OVX Dahl S rats have higher
systolic BP than high-salt intact (Dahl et al., 1975) or normal-
salt sham-operated animals (Harrison-Bernard et al., 2003),
suggesting that it is the female sex hormones that provide
protection against hypertension. Similarly, prolonged BP
measurement over 10 months in female Dahl S rats on a
low-salt diet demonstrated substantially greater BP in OVX
animals that was prevented with oestrogen supplementation
(Hinojosa-Laborde et al., 2004). Moreover, in this study, the
authors demonstrated that over the 10 months of measure-
ment, a natural drop in oestrogen levels occurred with age in
intact females and that this progressive decrease was associ-
ated with a progressive increase in mean arterial BP
(Hinojosa-Laborde et al., 2004). However, animals were
treated with a dose of 17-B-oestradiol (5 mg implanted sub-
cutaneously in silastic tubing and replaced every 12 weeks)
that resulted in circulating levels of oestrogen exceeding
normal maximum levels of oestrogen found in the reproduc-
tive cycle by ~4 times. It is uncertain whether such dosing
regimens accurately reflect the actions of oestrogen under
physiological conditions.

Whether testosterone has any role to play in this sexual
dimorphism is not completely clear. In contrast to the SHR,
castration of males does not alter the development of hyper-
tension, measured using tail-cuff (Dahl et al., 1975). In con-
trast, a very recent study using radiotelemetry has challenged
these findings demonstrating that castrated Dahl S rats, fed a
high-salt diet, have lower BP than intact males, and moreo-
ver, that replacement of testosterone (to physiological levels)
reversed these effects (Yanes et al., 2009).

It has been suggested that augmentation of intrarenal
angiotensinogen contributes to the rise in BP in male Dahl S
rats on a high-salt diet (Kobori et al., 2003); however, this is
not the case in females, nor in castrated males. Thus, testo-
sterone appears to be important in mediating increased renal
angiotensinogen. With the absence of any alterations to
intrarenal renin gene expression, it is likely that AnglII pro-
duction would be increased in the high-salt Dahl S males over
females, but this was not measured (Yanes et al., 2009).

Angll-induced hypertension

Sex differences. To take advantage of knockout (KO) technol-
ogy, there has been considerable effort invested in establish-
ing models of hypertension in mice that might be relevant for
the human condition. In this respect, models based upon the
continuous release of the potent vasoconstrictor Angll have
emerged, and it is clear that the same sexual diversity also
extends to mice. In particular, studies using constant infusion
of Angll (800 ng-kg'-min™" by osmotic mini pump) demon-
strate a rapidly developing and persistent rise in radiotelemet-
ric BP that is greater in males compared with females (mean
arterial BP increased by ~50 mmHg in males and ~15 mmHg
in females) (Xue et al., 2005).

Role of sex hormones and mechanisms. Interestingly, the
degree of hypertension in mice treated with Angll was sub-
stantially attenuated in gonadectomized males and enhanced

British Journal of Pharmacology (2012) 167 298-312 303



K] Bubb et al.

in OVX females (Xue et al., 2005), the latter being reversed by
oestrogen ‘replacement’. The authors implicated oestrogen
receptors in these responses because there was a ~4-fold
greater elevation in mean arterial BP in OVX mice treated
with oestrogen plus ICI-182 780, a non-selective oestrogen
receptor antagonist (Xue et al., 2007). Furthermore, it is likely
that the ERo receptor subtype plays an important role
because arterial BP was substantially greater in ERa KO
females compared with intact wild-type females but similar to
OVX wild-type animals (Xue et al., 2007). This effect of AnglI
is also evident in rats where chronic Angll infusion (400-
500 ng-kg'-min™") causes greater increases in arterial pressure
in males than in females (Tatchum-Talom etal., 2005;
Sampson et al., 2008). This was associated with endothelial
dysfunction and up-regulation of smooth muscle vasocon-
strictor responses (Tatchum-Talom et al., 2005). Interestingly,
infusion of a low concentration of AnglIl (50 ng-kg'-min™")
did not alter BP in males, yet in females, mean arterial BP was
reduced, and this was dependent on AT,R activation.

Together, these studies suggest that a clear sexual dimor-
phism exists in responses to AnglI, in both rats and mice that
likely involve distinct differences in AT receptor subtype
expression.

Hypertension produced by disrupted
endothelium-derived vasodilator function
Sex differences. The three major endothelium-derived vasodi-
lators, NO, prostacyclin and endothelium-derived hyperpo-
larizing factor (EDHF), play a substantial role in the
regulation of peripheral vascular resistance and therefore BP.
Sex differences in the contribution of these dilators to vascu-
lar function have been observed. In particular, many of the
vasoprotective effects of female sex have been attributed to
oestrogen-induced enhancement of NO generation and/or
activity within the blood vessel wall (reviewed in Orshal and
Khalil, 2004; Villar et al., 2008). As an example of the impact
of enhanced vascular NO function on BP are the studies of
Sainz and co-workers in Wistar rats. In this study, the effect of
chronic administration of nitro-L-arginine methyl ester
(L-NAME), an inhibitor of NOS, administered in the drinking
water (0.5-0.75 mg-mL™") for 2 weeks on BP was measured.
The authors found that blockade of NOS activity elevated BP
(measured using tail-cuff) in both sexes; however, a greater
increase was evident in male animals (~A35 mmHg) com-
pared with females (~A20 mmHg, a difference further exacer-
bated after S5 weeks treatment (to 60 and 30 mmHg
respectively; Sainz et al., 2004). Orchidectomy of males
decreased mean arterial BP by 30 mmHg, implicating testo-
sterone, while ovariectomy had no significant effect. The
authors suggested that this effect of .-NAME was due to
enhanced activity of the RAS because the increases in BP were
likewise associated with increases in plasma renin activity.
Curiously, the treatment of intact males with oestrogen
reduced L-NAME-induced hypertension, but testosterone
treatment in females had no effect. This latter finding is
reminiscent of the studies in DOCA-salt rats (Crofton and
Share, 1997) and provides further support for the suggestion
of a deficit of testosterone receptors in intact females.
Greater dependence of male BP on eNOS-derived NO is
also supported by our own studies using mice with genetic
ablation of eNOS, where we demonstrated elevated systolic
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BP (tail-cuff) in males but not in females (Scotland et al.,
2005). Although in another study, BP (tail-cuff) was shown to
be elevated in eNOS KO mice (an effect associated with
increases in plasma renin activity), but there was no evident
difference between the sexes (Shesely et al., 1996). The reason
for the difference between these studies is uncertain but may
be explained by differences in the source of the eNOS defi-
cient mice, an explanation proposed for other divergent find-
ings in the literature (Sharp et al., 2002). Interestingly, we also
demonstrated that while BP was similar in both sexes in
wild-type and COX-1 KO mice (i.e. mice deficient in vascular
prostacyclin) that male mice deficient in both eNOS and
COX-1 were hypertensive but females were not (Scotland
et al., 2005). In addition, we demonstrated a loss of both
endothelium-dependent vasorelaxation of isolated resistance
arteries and bradykinin-induced hypotension in male but not
in female eNOS”-/COX-17" mice. These studies support a role
for EDHF in regulating vascular tone in females, while in
males, endothelial NO is the main source for this vasodilator
regulation. It is noteworthy that loss of endothelium-derived
NO bioactivity is thought to characterize and contribute to
the phenomenon of ‘endothelial dysfunction’. Endothelial
dysfunction describes the change of endothelium phenotype
from vasodilator and anti-inflammatory to vasoconstrictor
and pro-inflammatory, which is thought to play an impor-
tant role in the pathogenesis of hypertension (Schulz et al.,
2011). Of course, if females rely less on endothelial NO to
regulate vascular tone, as proposed in the above studies, this
might provide at least some explanation for the relative pro-
tection from hypertension that females enjoy, at least during
the premenopausal period (Figure 1).

Developmental models
Emerging evidence supports the concept that disease suscep-
tibility can be determined during the developmental stages
in utero. There is a growing interest in investigating this
concept to explore how diseases can be ‘programmed’ to
occur later in life whether that be in utero or in early post-
natal life (Gluckman et al., 2008). Interestingly, elevated BP
and/or predisposition to develop cardiovascular complica-
tions have been common occurrences in the offspring of
many of the animal models used to investigate an adverse
intrauterine environment. Like other models of hyperten-
sion, many of these developmental adversities result in a sex
bias in the extent of CVD (for a review, see Gilbert and
Nijland, 2008). Reduced uterine perfusion, a model of pla-
cental insufficiency, caused greater hypertension in male
compared with female offspring (Alexander, 2003). Interest-
ingly, this form of hypertension was associated with testo-
sterone, as placenta-restricted males had elevated serum
testosterone compared with control males, an effect reversed
by castration (Ojeda et al., 2007). Protein restriction during
pregnancy resulted in hypertensive male (Woods et al., 2001)
but normotensive female offspring at 6 months of age
(Woods et al., 2005). A low-calorie diet for the duration of
gestation resulted in an earlier onset of hypertension in
males than in females, although both sexes were eventually
affected to the same degree (Ozaki et al., 2001).

The common theme among these animal models is that
males are affected to a greater degree than females. Although,
mild hypertension during pregnancy in rabbits led to



elevated mean arterial BP in female offspring, but no differ-
ence in BP was evident between males born to hypertensive
or normotensive mothers (Denton et al., 2003). This is sup-
portive of data from humans, where females born to mothers
with preeclampsia were at an increased risk of systolic blood
pressure greater than 140 mmHg compared with controls, yet
male offspring had no greater hypertensive risk than controls
(Seidman et al.,, 1991). In addition, rats fed a high-fat diet
during pregnancy produced female but not male offspring
with elevated systolic BP at 1 year (Khan et al., 2003). It is
noteworthy that in this study, systolic BP was ~140 mmHg in
females of fat-fed dams compared with ~125 mmHg in con-
trols; however, systolic BP was ~140 mmHg in males of both
groups. It is possible, therefore, that this higher baseline in
males may account for, or contribute to, the sex differences
observed. These preclinical studies are of particular current
interest because the emerging picture intimates important
epigenetic consequences of maternal nutrition on ensuing
adult health, including increased susceptibility to hyper-
tension. Such models should prove useful in ascertaining
the importance/risk of consumption of certain dietary
constituents.

A role for sex chromosomes?

While gonadal hormones clearly underlie a major compo-
nent of the sex differences in BP, there is also good evidence
that the sex chromosomes per se are involved (for a review,
see Charchar etal.,, 2003; Sampson efal., 2012). Cross-
breeding of SHR and Wistar Kyoto rats, to produce the Y
consomic rat model, first demonstrated a clear association of
higher BP with the SHR Y chromosome (Ely and Turner,
1990). Further studies in SHR demonstrated that the SRY
locus, the sex-determining (testis formation) region of the Y
chromosome, plays an important role in the raised BP
evident in males in this model (Turner et al., 2009). However,
the development of the four core genotype (FCG) mouse
model suggests that perhaps other chromosomal loci play a
role. In the FCG mice, the SRY gene that is deleted from the
Y chromosome has been transferred to an autosome. This
creates an XY Sry male mouse, which, when mated with
normal females, gives rise to the FCG progeny, which include
XX and XY mice with ovaries (female) and XX and XY mice
with testes (male). Interestingly, gonadectomy of either the
male or the female XX mice resulted in elevation of mean
arterial BP in response to Angll infusion compared with XY
mice. This suggests that the X chromosome carries no pro-
tective effect against BP elevation (Ji et al., 2010). Yet the
location on the X chromosome of the genes for both AT,R
(Koike et al., 1994) and ACE2 (Tipnis et al., 2000), both of
which are involved in the antihypertensive actions of the
RAS and are altered in sex-dependent hypertension (Pender-
grass et al., 2008), is surely not a coincidence. Such studies
suggest that loci other than the SRY may also be important
for BP regulation.

Il. Atherosclerosis

As with hypertension, atherosclerotic disease is less prevalent
in premenopausal women compared with age-matched men.

Sex and cardiovascular disease

In 2008 in the UK, of the deaths due to CVD in individuals
aged up to 55, only ~18% of the deaths due to coronary heart
disease and 45% due to stroke were in women: differences lost
after menopause. The reasons for these sex differences are
clearly multiple and include issues pertaining to differences
in awareness and understanding of disease as well as differ-
ences in susceptibility to risk factors between the sexes. As an
example of the latter recent evidence suggests that the detri-
mental effects of smoking with respect to coronary events is
greater in women than in men (Huxley and Woodward,
2011). However, in addition, it is clear that differences in the
molecular pathways involved in both suppression and stimu-
lation of plaque development between the sexes play a role,
and it is this difference, in rodent models of atherosclerosis,
that we focus upon in this review.

In contrast to hypertension, where most evidence impli-
cates testosterone in males as underpinning sex differences,
in atherosclerotic disease, the weight of evidence implicates
oestrogen as the effector of protection in females. This view
is supported by a plethora of experimental studies in
animals and observational data in women (for a review, see
Mikkola and Clarkson, 2002; Dubey et al., 2004; Perez-Lopez
et al., 2010). However, prospective studies investigating the
effect of oestrogen administration to postmenopausal
women are equivocal and have shown a decrease (Stampfer
et al., 1991), no change (Grady et al., 2002) or an increase in
cardiovascular risk (Wilson etal., 1985; Rossouw et al.,
2002). These divergent findings have caused a great deal of
concern regarding the predictive value of preclinical studies,
since in vivo animal models have consistently demonstrated
a reduction in atherosclerotic lesion size in response to oes-
trogen of between 30 and 75%, (Bourassa etal., 1996;
Elhage et al., 1997; Marsh et al., 1999). Closer examination
of the studies in women has, however, identified beneficial
anti-atherosclerotic effects of oestrogen treatment in specific
groups of women, particularly those with few postmeno-
pausal years (Manson et al., 2007). These observations have
led to the proposal of the ‘timing hypothesis’ where it is
suggested that hormone treatment of women in the early
stages of menopause and therefore with minimal CVD
burden is protective. In contrast, following menopause CVD
burden rapidly increases and exposure of women with sig-
nificant atherosclerotic burden and therefore several post-
menopausal years exposes the pro-thrombotic activity of
oestrogens.

Several different animal models have been used over the
years to study atherosclerosis. Most of the models utilize
dietary feeding of high cholesterol (1-2%) to stimulate or
perpetuate plaque formation. In mouse models of atheroscle-
rosis, variations of the ‘Paigen’ high-fat diets (1.25% choles-
terol, 0.5% cholic acid, 15% cocoa butter and 1% corn oil) are
more commonly used with the ‘“Western’ diet being the diet
of choice (21% milk fat, 0.2% cholesterol =1% corn oil;
Smith and Breslow, 1997). The atherosclerosis susceptible
New Zealand White rabbit (Buja et al., 1983) and the Watan-
abe heritable hyperlipidemic (WHHL) rabbit (Tanzawa et al.,
1980) were the first main laboratory animals to be used for
studying the effects of sex on atherosclerosis. As in human
disease, the onset and extent of plaque formation in these
rabbit models is both less and delayed in females compared
with males (Hayashi et al., 1995), and attributed to the pro-
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tective actions of oestrogen (Hayashi ef al., 2006). Similar
effects have also been demonstrated in primates (Adams et al.,
1985; Roger et al., 2011).

The advent of mouse models of atherosclerosis has,
however, massively accelerated research in this field, and
these are now the most commonly used models of athero-
sclerosis. This is largely due to a number of benefits pertain-
ing to cost and size over some of the classical models of
atherosclerosis in larger species. The two most commonly
used murine models are the apolipoprotein E (ApoE) KO and
low-density lipoprotein receptor (LDLr) KO mouse models.
The remainder of this review will focus on observations noted
in these two mouse models only.

ApoE KO mouse

Sex differences. Hypercholesterolaemia is a major risk factor
for atherosclerosis (Bhatnagar ef al., 2008) and is defined as a
cholesterol greater than 240 mg-dL™ (6.2 mmol-L™!, American
Heart Association). Male and female ApoE KO mice fed a
normal chow diet have total cholesterol levels between the
ranges of 3.1-15.7 mmol-L™" (118-606 mg-dL") (Nakashima
etal.,, 1994; Grimsditch etal., 2000; Teupser etal., 2004;
Maeda et al., 2007; Surra et al., 2010) and 2.4-9.7 mmol-L™!
(92-374 mg-dL™") (Grimsditch et al., 2000; Teupser etal.,
2004; Maeda etal., 2007; Surra etal.,, 2010) respectively.
However, when ApoE KO mice are fed a Western-type diet,
cholesterol levels rise to ~38.9 mmol-L"! (1500 mg-dL™") in
both sexes (Nakashima et al., 1994; Grimsditch et al., 2000).
Feeding a Western diet, generally for 3 months, accelerates
formation and increases lesion size, for example, at 40 weeks
plaque coverage of the aorta is just under 15% in chow fed
mice but ~40% in mice fed a Western diet (Tabibiazar et al.,
2005). The use of such diets, therefore, saves both time and
inevitably costs associated with long-term maintenance of
animals. The larger plaque coverage is also particularly
useful when interrogating the potential of novel anti-
atherosclerotic therapeutics. It is important to note that the
discussion earlier relates to animals bred on a C57BL/6 back-
ground, as different strains of mice have varying degrees of
susceptibility to atherosclerosis (Grimsditch etal., 2000;
Teupser et al., 2003; Surra et al., 2010).

Despite comparable cholesterol levels, lesion formation is
generally greater in female compared with male ApoE KO
mice fed a chow or Western diet (Grimsditch et al., 2000;
Teupser et al., 2004; Maeda et al., 2007; Smith et al., 2010;
Surra et al., 2010). Lesion formation in mice tends to occur
along the entire length of the aorta with a high incidence at
the aortic root and arch (Nakashima et al., 1994; Bourassa
et al., 1996; Maeda et al., 2007). Commonly, it is within these
particularly susceptible regions that sex differences are
evident in the size of lesion. Although in one study, a trend
toward males having more extensive lesions has also been
demonstrated (Tangirala et al., 1995). Importantly, the influ-
ence of sex appears to change with age and while in studies
lasting 3 months, females have increased atherosclerosis, in
mice fed a chow diet for 18 months, males had larger lesions
than aged-matched females (Caligiuri et al., 1999; Pereira
etal., 2010), corresponding well with human observational
studies. In addition, this difference was accompanied by a
twofold increase in plasma cholesterol levels in the males
(Pereira et al., 2010).
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Role of sex hormones. Despite this rather mixed picture
regarding the differences between males and females, the
evidence for a cardioprotective effect of oestrogens in this
mouse model is unequivocal. OVX female mice exhibit
enhanced atherosclerotic lesion area in comparison with
sham-operated females, despite both groups expressing com-
parable cholesterol levels (Bourassa et al., 1996; Marsh et al.,
1999). Furthermore, low-dose oestrogen administration
(0.5 pg-day™) reduces lesion area with no change in choles-
terol levels (Elhage et al., 1997). Importantly, the effects of
oestrogen are consistently independent of any effects on cho-
lesterol and, as such, intimate that cholesterol level is not the
sole driver of atherosclerotic lesion formation. Indeed,
atherosclerosis is a chronic inflammatory disorder (Ross,
1999), and several key inflammatory processes/mediators
have been implicated in pathogenesis (Libby ef al., 2010). As
such, the possibility that sex may influence the inflammatory
responses has generated some interest and is discussed later
in this review.

LDLr-KO mice

Sex differences. As with the ApoE KO mouse, lesion forma-
tion in the LDLr KO mouse occurs along the length of the
aorta. The densest plaque formation is found at the arch and
in branches off the arch including the brachiocephalic artery.
Plaque size then decreases down the length of the aorta and
is predominantly evident at sites of bifurcation (Nakashima
et al., 1994). The total cholesterol levels in these mice are
lower than in the ApoE KO mouse at ~2.6 mmol-L™"!
(100 mg-dL™") in both sexes when fed a chow diet (Arai et al.,
1999; Teupser et al., 2004). Similarly to the ApoE KO mice,
studies using LDLr KO mice in general utilize a Western-type
diet to accelerate the atherosclerotic process due to minimal
atherosclerosis in mice fed a chow diet (Teupser et al., 2003).
Under such conditions, cholesterol levels are raised to
approximately 38.9 mmol-L! (1500 mg-dL™") in both sexes
(Nakashima et al., 1994; Grimsditch et al., 2000; VanderLaan
et al., 2009).

Role of sex hormones. In LDLr KO mice, the evidence is less
consistent with data demonstrating that males have a ten-
dency toward more lesions than females (Tangirala et al.,
1995) and vice versa in spite of similar plasma cholesterol
levels (Teupser et al., 2003; VanderLaan et al., 2009). However,
ovariectomy of female mice enhances atherosclerotic lesion
area by ~100% in comparison with sham-operated females
(Marsh et al., 1999).

Influence of sex on inflammation
in atherosclerosis
As noted earlier, the lack of effect of oestrogen on cholesterol
levels has led some researchers to investigate the possibility
that the inflammatory processes key to the development of
atherosclerosis may be the target for this sex hormone. The
approach that has been taken to address this possibility has
been to compare lesion size in mice that are deficient not
only in ApoE or LDLr but also in some of the key inflamma-
tory adhesion molecules and chemokines that have been
implicated in these models.

In this respect, a number of different key adhesion
molecules have been targeted. LDLr KO mice have been



compared with mice also deficient for the adhesion molecule
P-selectin. P-selectin is an essential molecule involved in the
early ‘cell-rolling’ stages of inflammatory cell recruitment
(Mayadas et al., 1993), and we have shown more recently that
lower levels of P-selectin expression underlie reduced cell
recruitment induced by the inflammatory cytokines IL-1f or
TNFo in females compared with males (Villar et al., 2011).
Interestingly, in male LDLr/P-selectin KO, mice lesion size is
reduced by ~60% in comparison with LDLr KO mice after 8
weeks of high-fat diet (Johnson et al., 1997). In contrast, no
difference in lesion size between the genotypes is evident in
female mice (Johnson etal.,, 1997), suggesting an essential
role for P-selectin in the atherosclerotic process in males but
not in females. It is noteworthy that leukocyte recruitment in
response to inflammatory stimuli is suppressed in female
compared with male mice and that, in part, this difference
relates to increased expression of P-selectin in males com-
pared with females (Villar et al., 2011). However, in ApoE KO
mice, the beneficial effects of 17B-oestradiol on plaque for-
mation have shown to be independent of P-selectin or the
adhesion molecule, intercellular adhesion molecule 1, the
latter of which plays an important role in inflammatory cell
adhesion (Gourdy et al., 2003). In this study, however, 17f-
oestradiol treatment caused a 31% reduced expression level of
the adhesion molecule vascular cell adhesion molecule 1
(VCAM-1), an adhesion molecule involved in firm adhesion
of leukocytes. VCAM-1 is also raised in human coronary
intimal neovasculature with a strong correlation to intimal
leukocyte accumulation (O’Brien et al., 1996).

Thus, the deletion of a single adhesion molecule appears
to have little effect upon lesion formation in female mice.
Interestingly, however, mice doubly deficient in both P- and
E-selectin on a LDLr KO background after 8 weeks of high-fat
diet show reduced lesion size in both sexes, albeit with a
greater reduction observed in male compared with female
mice (Dong et al., 1998). This study suggests that perhaps
some redundancy exists with respect to the inflammatory
responses in atherosclerosis. It is interesting to note, however,
that the females deficient in P- and E-selectin developed cuta-
neous infections starting at ~16 weeks of age, limiting the
study of sex differences in the longer term (Dong et al., 1998).
Such a finding highlights a potential issue with using animals
in which multiple pro-inflammatory targets have been
deleted, potentially rendering animals in an immunocom-
promized state.

In addition to the selectin adhesion molecules, a number
of chemokines have been implicated in the beneficial effects
of female sex hormones. Fractalkine (CX3CL1), a chemokine
implicated in cell adhesion and transmigration, is expressed
in human atherosclerotic lesions (Lucas et al., 2003). Accord-
ingly, fractalkine-deficient male and female ApoE and LDLr
KO mice expressed fewer and smaller lesions associated with
fewer macrophages (Teupser etal.,, 2004). In this study,
peripheral blood leukocyte, neutrophil, lymphocyte and
monocyte numbers were similar in both sexes in wild-type
and KO animals (Teupser et al., 2004). Nonetheless, it has
been shown that fractalkine-deficient animals have decreased
numbers of blood leukocytes expressing the cell surface
marker F4/80, a marker used for the identification of mono-
cytes (Cook et al., 2001). Such an observation raises the pos-
sibility that the reduction in lesion size observed is due to a

Sex and cardiovascular disease

reduction in circulating monocyte numbers, hence less avail-
able for plaque initiation and development, rather than a
specific block of inflammatory cell recruitment at the lesion
site. Because a plethora of chemokines have been identified as
having dual functions with respect to both local inflamma-
tory responses as well as haematopoiesis (Youn et al., 2000),
we suggest that it is paramount to assess circulating cell
numbers in doubly deficient animals in atherosclerosis to
ensure that the effects seen do not simply relate to alteration
in haematopoiesis.

Another key chemokine implicated in atherosclerosis is
monocyte chemoattractant protein (MCP)-1, which plays a
pivotal role in monocyte recruitment and is expressed in
human atherosclerotic coronary arteries (Nelken et al., 1991).
Male and female double MCP-1/ApoE KO mice exhibit 64%
and 71% reduced atherosclerotic lesion size, respectively,
compared with ApoE KO mice, again with no change in
cholesterol levels (Dawson et al., 1999). This study suggests
that MCP-1 is not influenced by sex; however, postmenopau-
sal women taking 1 mg 17B-oestradiol supplement demon-
strated a 17% reduction in serum MCP-1 levels after 12
months (Stork et al., 2002), indicating that oestrogen can
interfere with MCP-1 generation.

In line with an important role for inflammation in the
pathogenesis of atherosclerosis, several studies suggest that
infection increases susceptibility to CVD (reviewed in Rosen-
feld and Campbell, 2011). Multiple pathogens have been
implicated in the pathogenesis of atherosclerosis, although
whether sexual dimorphism exists in this phenomenon has
been largely untested. In one study, ApoE heterozygote mice
infected with Porphyromonas gingivalis, a bacterium associated
with periodontal disease, exhibited no sex difference in rela-
tion to aortic atheroma lesion score (Champagne et al., 2009).
Whether this might be the case across the broad range of
infectives implicated in atherosclerosis is, as of yet, unknown.

It is clear that sex differences in the extent of atheroscle-
rosis exist, both in humans and in mice. Moreover, the evi-
dence supports the view that oestrogen is a driving factor for
these differences. However, the exact molecular pathways
underlying these sex differences are unclear, although emerg-
ing data have highlighted differences in inflammatory
responses. Hopefully, further research encouraged by these
early studies investigating the link between sex, inflamma-
tion and atherosclerosis will enhance our understanding of
the processes involved in atherosclerosis development in
both sexes and thereby potentially identify novel therapeutic
targets.

Conclusion

In summary, animal models are essential for elucidating the
mechanisms involved in the sex differences clearly evident in
both hypertension and atherosclerosis. For both of these con-
ditions, there are a number of models available for use, but
not all models are suitable for every experimental protocol. In
particular, when attempting to dissect the mechanisms
underlying any sex differences, it is essential to carefully
design the studies to account for physiological changes and
compensatory regulation and redundancy in response to
altering hormone levels or removal of genes. With continued
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investigation in this field, it is likely that novel targets for the
development of therapeutics will be identified to aid in the
battle of our worldwide epidemic of CVD.
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