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Abstract Cardiac hypertrophy is an adaptive response of the heart to hemodynamic
overload that is initially designed to maintain cardiac functioning, but prolonged
hypertrophy becomes detrimental and results in cardiac dysfunction and heart failure
(HF). Population studies have indicated that men and women are different in their
risk and etiology in developing HF. In fact, female sex hormones are believed to
have a cardioprotective role during premenopause. Although cardiac remodeling in
experimental volume overload has also been shown to occur in males, there is still a
paucity of information regarding sex differences in the pattern of ventricular remod-
eling and contractile function in response to volume overload. Therefore, this article
discusses the sex differences in changes of ventricular dimensions and contractile
function in cardiac hypertrophy and HF due to volume overload. Furthermore, it
describes cardiomyocyte Ca>*-handling properties that could potentially contribute
to sex differences in cardiac remodeling and contractile function. The influence
of sex hormones that are present during these processes is also highlighted. Since
sex differences in the development of cardiac hypertrophy have been reported to
occur in pressure overload and myocardial infarction, some of these changes are also
described for a comparative perspective. Understanding the sex differences in the
pathophysiology of heart disease may form the foundations for the development of
new approaches for sex-specific treatment and prevention of HF.
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Introduction

Globally cardiovascular disease (CVD) is the leading cause of death, however; signif-
icant differences exist between males and females in the development of CVD [1-
12]. Premenopausal women have a reduced risk of CVD, in fact, the incidence and
severity of CVD increases markedly after menopause [13]. Women tend to develop
heart disease 10—15 years later than men, pointing to the existence of specialized
mechanisms in females that attenuate their risk of developing heart disease [14].
Females have also been reported to be less susceptible to ischemic insult and have
improved survival following myocardial ischemic-reperfusion injury [15, 16].

The incidence of heart failure (HF) due to elevated blood pressure and diabetes is
greater in women than in men [17]. However, as compared to men, the development
of HF in women is more benign and is predominantly characterized by preserved
systolic function and diastolic dysfunction [17]. Interestingly, older women tend to
be more hypertensive and are less likely to present with coronary heart disease [18].
Postmenopausal women with diabetes are at a 3- to 6-fold higher risk of a myocardial
infarction (MI), in comparison to a 2- to 4-fold risk of MI in men [19]. Women seem
to be better protected and show a later onset of cardiac decompensation than men
with HF [20]. In terms of survival in older adults with HF, women fare significantly
better than men [21]. It is interesting to note that since 1984, more women die of HF
each year, and yet more men are diagnosed with HF [22].

In women, an increased left ventricle (LV) mass or degree of hypertrophy has
been suggested to be a stronger predictor of mortality than traditional measures of
LVsize and function [23]. Thus, changes in the size, shape, structure, and function
(so-called ventricular remodeling or cardiac remodeling) of the heart, may occur in
a sex-dependent manner. Accordingly, it is planned to discuss sex differences in the
changes in LVdimensions and contractile function in cardiac hypertrophy and heart
failure due to volume overload as well as to describe the potential of cardiomyocyte
Ca?*-handling properties that may contribute to sex differences in cardiac remodeling
and contractile function (Fig. 6.1). Also, the role of sex hormones in these processes
will be highlighted. Reference to cardiac remodeling and cardiac function in response
to pressure overload and MI will also be made for the purpose of comparison.

General Characteristics of Cardiac Remodeling
and Function in Hypertrophy and Heart Failure

Geometrical and structural alterations in the heart are the hallmarks of cardiac remod-
eling. Such cardiac changes occur in a range of different cardiac pathophysiological
conditions including hypertrophic cardiomyopathy, dilated cardiomyopathy, diabetic
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Fig. 6.1 Development of cardiac hypertrophy and heart failure at early stages and late
stages of inducing volume overload, respectively. Alterations in subcellular Ca?*-handling and
myofibrillar Ca?*-sensitivity are suggested to be associated with heart failure

cardiomyopathy, ischemic cardiomyopathy as well as hypertensive cardiomyopathy,
which can progressively lead to HF. With an excessive workload or sustained hemo-
dynamic overload, ventricular myocytes grow in response to a complex cascade of
events [24] such as mechanical stress, ischemia, and the activation of multiple intra-
cellular signaling pathways by neurohormones. In the initial stage, cardiac hyper-
trophy may be seen as a beneficial response to normalize LV wall stress and preserve
normal cardiac contractile function, whereas the prolongation of hypertrophy leads
to HF and sudden death [25-27]. This transition of cardiac hypertrophy to HF is
generated by the occurrence of marked ventricular dilatation once the myocardial
hypertrophic response is exhausted [27]. The progressive deterioration of LV func-
tion is an established characteristic of HF in men; however, it appears that a different
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pattern of ventricular remodeling occurs in women, which is designed to preserve
cardiac contractility.

Sex Differences in Cardiac Remodeling in Hypertrophy
and Heart Failure Due to Volume Overload

Experimental and clinical studies have revealed sex differences in myocardial remod-
eling in aging, pressure overload, volume overload and MI. The outcome of the
remodeling processes are that women more often present HF with preserved systolic
function, but exhibit an increased risk for acute low output syndrome [28]. Experi-
mental studies have also shown that males experience 10-times higher mortality due
to MI than females [14]. Female rats showed a different pattern of LV remodeling
than males with less increase in the thickness of the noninfarcted portions of LV
than males, but comparable LV cavity enlargement and systolic dysfunction due to
MI [17, 18]. Although, we have earlier reviewed the mechanisms of sex differences
in cardiac dysfunction due to heart disease [29-31], there is still a relative paucity
of information regarding cardiac remodeling in hypertrophy and heart failure due to
volume overload. Some studies have been conducted to examine differences in male
and female rats during both the hypertrophic and failing stages following induction
of volume overload. Gardner et al. [32] have identified that after 8 wks post AV
fistula, mortality was tenfold less in female rats as compared to male rats. Although
females had increased LV and right ventricle (RV) weights, these animals showed
no signs of CHF whereas the males had increased lung weight, marked ventricular
dilatation and increased compliance thus indicating the presence of HF. It should be
pointed out that this study was carried out at 8 wks post fistula and the LV volume
and function studies were carried out under in vitro conditions.

We have also observed sex differences in the cardiac remodeling process in volume
overload induced by an AV-shunt [33]. Both males and females developed significant
cardiac hypertrophy. Furthermore, echocardiographic data revealed increases in both
diastolic and systolic left ventricle internal diameters (LVID) in male rats, whereas
females showed no significant change in these parameters. It seems that the principle
difference between males and females at this time point is that females show an
increase in LV posterior wall thickness (PWT) indicating that concentric hypertrophic
remodeling has taken place (Fig. 6.2). On the other hand, in males it appears that
eccentric cardiac hypertrophy leading to ventricular dilatation occurs. Our study also
examined remodeling at 16 wks post-AV shunt. In this regard, significant cardiac
hypertrophy was seen to remain 16 wks post AV shunt in both males and female
rats (Fig. 6.3). Such sex differences in cardiac remodeling have been shown in other
models of heart failure, including pressure overload [34], MI [35], and spontaneously
hypertension [36]. For example, it was shown that following pressure overload; males
were unable to maintain concentric hypertrophy and transitioned to HF much faster
than their female counterparts who were able to maintain a concentrically remodeled
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Fig. 6.2 Echocardiographic analysis of male and female rats 4 weeks post-AV shunt for
inducing cardiac hypertrophy due to volume overload. Data are taken from our paper—Dent
MR, Tappia PS, Dhalla NS. J Card Fail 16: 439-449, 2010. Erratum in: J Card Fail. 17:179, 2011
[33]. LVIDs, systolic left ventricular internal diameter; LVIDd, diastolic left ventricular internal
diameter; PWTs, systolic posterior wall thickness; PWTd, diastolic posterior wall thickness; *P <
0.05 versus sham values

heart, therefore delaying the transition to HF [34]. It is interesting to note that in
aortic stenosis, women tolerate pressure overload with less concentric remodeling and
myocardial fibrosis, but are more likely to develop symptoms, which may be related
to higher wall stress and filling pressures in women [37]. Experimentally, female
rats also demonstrated a different pattern of LV remodeling than males following
MI, the LV noninfarcted region was not as thick in females as it was in male animals.
Although both males and females exhibited similar infarct size, females were able
to preserve LVdiastolic filling capacity [35].

It appears that the major sex difference that occurs in many of models of HF is
that females are able to develop cardiac hypertrophy in such a way that they main-
tained cardiac function and delay the transition to HE. It has been suggested by
Grossman et al. [38] that increased LVEDP is the trigger for developing eccentric
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Fig.6.3 Echocardiographic analysis of female and male sham and arteriovenous shunt groups
at 16 weeks. Data are taken from our paper—Dent MR, Tappia PS, Dhalla NS. J Card Fail 16: 439—
449, 2010. Erratum in: J Card Fail. 17:179, 2011 [33]. LVIDs, systolic left ventricular internal diam-
eter; LVIDd, diastolic left ventricular internal diameter; PWTs, systolic posterior wall thickness;
PWTd, diastolic posterior wall thickness; *P < 0.05 versus sham values.

hypertrophy or inappropriate hypertrophy that is unable to maintain cardiac function.
However, females subjected to volume overload were able to increase LV wall thick-
ness, thereby developing concentric hypertrophy to compensate for the increased
workload and maintain relatively normal cardiac function.

The development of cardiac hypertrophy in response to volume overload subse-
quent to chronic aortic valve regurgitation (AVR) in both male and female rats has
also been evaluated [39]. In this regard, AVR-inducd volume overload resulted in
comparable increases in LV dilation and heart weight mass in both male and female
rats, as compared to respective sham controls. However, the relative LV wall thick-
ness as measured by the ratio between wall thickness to end-diastolic diameter, was
diminished in male rats, but remained unchanged in females as compared to respec-
tive sham controls. Treatment of the experimental animals with the angiotensin II
receptor blocker (ARB), valsartan, was observed to reverse LV thickening in female
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rats only, with no effect on LV dilation in both sexes. In addition, valsartan treatment
normalized left atrial mass and E-wave slope, but only in female AVR rats [39].

Earlier we have reported differences in basal hemodynamic parameters between
male and female rats [33]. In this regard, it was observed that both the rate of contrac-
tion (+dP/dt) and rate of relaxation (-dP/dt) were significantly lower in the female
control rats as compared to the male counterparts at 4 (Fig. 6.4) and 16 wks (Fig. 6.5)
time points, except —dP/dt at 4 wks. While LVEDP was seen to be higher at 4 wks,
no changes in baseline left ventricular systolic pressure (LVSP) and left ventricular
end-diastolic pressure (LVEDP) values were seen at 16 wks in both female and male
rats (Figs. 6.4 and 6.5). On the other hand, hemodynamic assessment at the same time
points i.e. at 4 and 16 wks post-AV shunt revealed that LVEDP, unlike other param-
eters, was significantly increased only in males at 4 wks post-AV shunt (Fig. 6.4).
However, at 16 wks post-AV shunt, cardiac function was significantly depressed in
males as evidenced by decreases in + dP/dt and -dP/dt as well as a significant increase
in LVEDP; these parameters were unaltered in the 16 wk post-AV shunt female group
(Fig. 6.5). No significant differences in heart rate (beats/min) were observed in both
male and female rats at 4 wks and 16 wks post-AV shunt as compared to respective
sham control values. In this study, an echocardiographic assessment of normal and
post-AV male and female hearts was also conducted. In this regard, at 4 wks post-AV
shunt (hypertrophy stage), an increase in the cardiac output, but decrease in the frac-
tional shortening were seen in male rats (Fig. 6.4). At 16 wks following AV shunt
(HF stage), while cardiac output was increased, a decrease in fractional shortening
were seen in male rats. On the other hand, a small, but significant increase in the
cardiac output, was observed at 16 wks post-AV shunt, but no changes occurred in
fractional shortening (Fig. 6.5).

Role of Estrogen in Cardiac Hypertrophy and Heart Failure

Since there is an elevated risk of CVD in postmenopausal women, the role of female
sex hormones has generally been considered to be a major factor in providing protec-
tion against CVD in premenopausal women. Observations from several investigations
such as Women’s Health Initiative Studies, Cochrane Review Studies, Early Versus
Late Intervention Trial with Estradiol Study, and Kronos Early Estrogen Preven-
tion Study have indicated that hormone replacement therapy (HRT) may exert some
beneficial action in women. However, it was also observed that the beneficial action
occurs in those women that were under 60 yrs of age, and if HRT was started within
10 years of menopause. On the other hand, there was no benefit to be found in women
who were of more than 60 years, and in particular if their HRT was initiated at more
than 10 years of menopause [40].

Estrogen has been thought to have a cardioprotective effect. However, the recent
outcomes of the Heart and Estrogen Replacement Study (HERS) and The WHI have
indicated that estrogen or a combination estrogen-progestin therapy increased the
coronary heart disease events and therefore physicians were advised to use hormone
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Heart Failure: 16 weeks AV Shunt
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Fig. 6.5 Hemodynamic changes in male and female rats at 16 weeks post AV shunt. Values are
taken from our paper—Dent MR, Tappia PS, Dhalla NS. J Card Fail 16: 439-449, 2010. Erratum
in: J Card Fail. 17:179, 2011 [33]. Sham, age-matched controls; + dp/dt, rate of contraction; -dP/dr,
rate of relaxation. LVEDP, LVend-diastolic pressure; LVSP, LVsystolic pressure. * P < 0.05 versus
sham-operated control values

replacement therapy strictly for menopausal symptom relief [41]. Another publica-
tion reported on the CV data from two arms of WHI and concluded that the age of
initiation of therapy may play a role on the effect on coronary heart disease outcomes.
It appears that younger women who are closer to menopause have a lower event rate
than women where therapy was initiated over the age of 60 [42]. In different rat
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models of CHF estrogen has been suggested to play a major role in the under-
lying mechanisms for the gender differences in the cardiac remodeling process. For
example, in the in vitro study by Brower et al. [43] it was found that ovariectomy
lead to the development of eccentric hypertrophy and low contractility measurements
as opposed to concentric hypertrophy and maintained contractility in the control
females. In addition, the prevention of adverse cardiac remodeling in volume over-
load induced by aortocaval fistula in the female rat has been suggested to be the result
of an estrogen-altered mast cell phenotype and/or prevention of mast cell activation
[44].

Subsequent studies conducted by this group showed that the administration of
phytoestrogens added to the female advantage against volume overload [45] and the
estrogen treatment prevented pulmonary edema and clearly attenuated LV hyper-
trophy and dilatation but did not maintain contractility [46]. In contrast, Drolet
et al. [47], observed that in an aortic regurgitation model, female rats had increased
cardiac remodeling than males, which imposed a greater workload on their hearts;
it was concluded that hormone status did not have any implication on the remod-
eling process [47]. Following MI, it was shown that 178-estradiol increased LV
and cardiomyocyte hypertrophy [48] and prevented deterioration of cardiac function
[49]. In contrast, 17B-estradiol attenuated hypertrophy following pressure overload
[48, 50]. These authors concluded that the effect of estrogen on cardiac hypertrophy
might be dependent on the initial stimulus [49]. Interestingly, we have shown that the
administration of estrogen in ovariectomized female rats following the induction of
volume overload induces a higher degree of hypertrophy than that seen in the intact
control female rats. Echocardiographic analysis has also revealed that the treatment
of the AV shunt ovariectomized female rat with estrogen results in attenuation in the
ventricular dilatation, as well as increased the wall thickness. These findings indicate
that estrogen may be implicated in the signaling mechanism that initiate concentric
hypertrophy as opposed to inappropriate eccentric hypertrophy.

To investigate the role of estrogen in cardiac function in heart failure, we have
earlier conducted experiments in sham-operated as well as ovariectomized animals
with or without 17-f estradiol treatment. Figure 6.6 shows that in contrast to intact
female rats, AV shunt produced significant depressions in + dP/dt, -dP/dt and LVSP
and a marked increase in LVEDP in ovariectomized rats; these alterations were either
fully or partially prevented by estrogen treatment. Although ovariectomy reduced
LVEDP, unlike +dP/dt, -dP/dt and LVSP, this change was not affected by estrogen
treatment (Fig. 6.6). Furthermore, echocardiographic assessment of cardiac perfor-
mance of females and ovariectomized female rats treated with or without estrogen,
revealed a preservation of fractional shortening and cardiac output subsequent to
induction of volume overload by an AV shunt [33]. Since cardiac function as repre-
sented by +dP/dt was maintained and a partial attenuation of the increase in the
LVEDP was observed upon administration of estrogen to ovariectomized animals,
estrogen likely plays an important role in the cardiac remodeling observed in females
subjected to volume overload. Indeed, alterations in intraventricular dimensions of
intact female rats and ovariectomized females treated with or without estrogen, in
sham and AV animals can be prevented by estrogen treatment [33].
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Fig. 6.6 Hemodynamic changes in female, ovariectomized treated with or without estrogen
rats at 16 weeks post AV shunt. Data are taken from our paper—Dent MR, Tappia PS, Dhalla
NS. J Card Fail 16: 439-449, 2010. Erratum in: J Card Fail. 17:179, 2011 [33]. Sham, age-matched
controls; + dP/dt, rate of contraction; -dP/dz, rate of relaxation. LVEDP, LVend-diastolic pressure;
LVSP, LVsystolic pressure; OVX, ovariectomized. * P < 0.05 versus sham-operated control values

Interestingly, sex differences in LV function at different stages of LV hypertrophy
due to pressure overload induced by the banding of the abdominal aorta have also
been reported [S1]. In early stage of LV hypertrophy, increased LV mass index,
heart weight-to-tibial length, cardiomyocyte diameter, concentric LV geometry, and
moderate interstitial fibrosis were detected in both male and female rats subjected to
aortic banding. These changes were associated with impaired relaxation, increased
contractility, and preserved ventricular-arterial coupling in both sexes. However, the
late stage was associated with eccentric remodeling, increased fibrosis, and enhanced
chamber stiffness in male rats only. Furthermore, augmented contractility declined
in male rats, but not in the female animals. It was concluded that contractile augmen-
tation, preserved ventricular-arterial coupling, and improved myocardial compliance
in female rats contribute to sex differences in LV function during the progression of
pressure overload-induced LV hypertrophy [51].
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Sex Differences in Cardiomyocyte Ca%*-handling Proteins

Contractile abnormalities in HF have been linked to ventricular remodeling and
progressive defects in cardiomyocyte Ca®*-handling as well as changes in myofib-
rillar sensitivity to Ca?* [52-56]. Sex differences have been reported to exist in
cardiac contractility [57], as well as the inotropic responses to Ca?* [58], myocar-
dial Ca**-channel density [59] and the cardiac response to adrenergic stimulation
[57, 60]. Thus, it has been postulated that sex hormones may have a role to play
for changes in cardiac remodeling in males and females under a variety of different
cardiac pathologies including volume overload and pressure overload [33, 45, 61—
64]. Since the sarcoplasmic reticulum (SR) and sarcolemma (SL) are intimately
involved in the Ca?* handling and cardiac contractility, differences in abnormalities
in SR and SL functions would be seen to contribute to sex differences in the develop-
ment of cardiac dysfunction. Furthermore, alterations in the sensitivity of myofibrils
(MF) to Ca®* in male and female hearts would also be a factor in determining the
sex difference.

The functionality of sex hormones has been examined in ovariectomized female
rats as well as castrated male rats. Treatment of the ovariectomized female rats
with estrogen eliminated defective cardiac function as well as alterations in SR
Ca**-pump, Ca**-release channels (RyR,), and SL Na*-Ca®*-exchange activities
[65, 66]. While ovariectomy in female rats and castration in male rats have both
been reported to produce a shift in myosin enzymes and decrease cardiac contractile
function, treatment with estrogen and testosterone was demonstrated to attenuate
these changes [67]. It is also pointed out that castration in male rats has also been
reported to depress SL Na*-Ca’*-exchanger and L-type Ca?*-channels mRNA levels,
with partial normalization upon testosterone treatment [68—70].

It should be noted that 17-f estradiol and estrogen receptors have a sex-specific
role in mitochondrial function and Ca%* ion channel activity in the heart [71] as well
as for sustaining cardiac contractile function. These observations provide further
evidence that sex hormones are an important factor in determining differences in
the regulation of cardiac function in male and females. The relation between sex
and contractile properties at the actin-myosin level in patients with chronic volume
overload due to mitral regurgitation (leakage of blood backwards through the mitral
valve during each contraction from LV) has recently been examined [72]. This study
demonstrated that female fibers from patients exposed to chronic volume overload
developed higher force values at a given Ca®* concentration compared to fibers
from male patients. The Ca®* sensitivity among the male and female patients was
significantly different, and it was suggested that males have higher Ca* sensitivity
and might compensate for lower force values at maximal Ca?* concentrations by a
higher affinity for this cation. Thus, female patients with mitral regurgitation would
appear to work in a more energy efficient manner [72].

It should be mentioned that MI represents the major form of HF and a large amount
of the experimental data have been obtained by employing male hearts. Consequently,
the effects of female sex hormones in modifying MI-induced changes in Ca**-cycling
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proteins need to be examined in females with and without ovariectomy. On the other
hand, the deleterious effects of testosterone and castration in the MI-induced changes
in Ca®*-cycling proteins should also be examined. It is possible that a divergent
pattern of sex differences in the Ca®*-cycling proteins may exist depending on the
etiology of HF. In this regard, some of our work on MI-induced HF has indicated
that changes in the SR Ca”*-cycling proteins are more marked as compared to the
changes at the level of the SL and myofibrils.

It is interesting to note that temporal sex differences in Ca®*-signaling have
been reported in pressure overload-induced LV hypertrophy [73]. An initial hyper-
trophy of the LV due to pressure overload-induced by thoracic aortic constriction
was seen in female mice and was associated with a concomitant down-regulation
of SERCA2a, CaMKII activation, and GSK3p inactivation. Although both male
and females showed systolic dysfunction, which may be associated with the down-
regulation of RyR2, only males exhibited preserved diastolic LV function. Thus, HF
caused by different etiology may exert different types of changes for Ca>*-handling
in a sex-dependent manner. These possibilities, in volume overload-induced cardiac
hypertrophy and heart failure, therefore warrant further investigation. In addition,
since MI is the most prevalent cause of HF when compared to other etiologies
such as pressure overload, volume overload, valvular defects and other type of
cardiomyopathies [74-76], sex-differences in MI-induced HF should also be further
examined.

Conclusions

It is evident that echocardiographic and hemodynamic studies have revealed signif-
icant sex differences in cardiac remodeling and contractile function due to volume
overload. Females undergo concentric remodeling and maintain an appropriate level
of cardiac hypertrophy that is sufficient to delay the transition to HF. In contrast,
males develop eccentric hypertrophy and transition to HF. Estrogen plays a key role
in cardiac remodeling following the induction of volume overload. While the mech-
anisms involved in sex differences in cardiac remodeling and contractile function are
still a matter for extensive research, understanding sex differences in the pathophys-
iology of heart disease may help in developing novel sex-specific interventions for
the management and prevention of HF.
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