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Abstract

Cardiac hypertrophy is an adaptive response to abnormal physiological and pathological stimuli, which can be classified into
concentric and eccentric hypertrophy, induced by pressure overload or volume overload, respectively. In both physiological and
pathological scenarios, females generally show a more favorable form of hypertrophy compared with their male counterparts.
However once established, cardiac hypertrophy is a stronger risk factor for heart failure in females. Pre-menopausal women are
better protected against cardiac hypertrophy compared with men, but this protection is abolished following menopause and is
partially restored after estrogen replacement therapy. Estrogen exerts its protection by counteracting pro-hypertrophy signaling
pathways, whereas androgen mostly plays an opposite role in cardiac hypertrophy. We here summarize the progress in the
understanding of sexual dimorphisms in cardiac hypertrophy and highlight recent breakthroughs in the regulatory role of sex
hormones and their intricate molecular networks, in order to shed light on gender-oriented therapeutic efficacy for pathological

hypertrophy.
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Introduction

Cardiovascular disease is the leading global cause of death [1].
Nearly all types of cardiovascular disease are associated with
cardiac hypertrophy [2]. Cardiac hypertrophy is an increase in
heart mass or an enlargement of the heart muscle [3], which can
be broadly divided into two types: physiological hypertrophy and
pathological hypertrophy. Physiological hypertrophy generally
develops in regular physical activity including growth and preg-
nancy, or chronic exercise training such as aerobic exercise and
strength training, and maintains normal heart function [4]. In
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contrast, pathological cardiac hypertrophy is caused by various
adverse stimuli such as hypertension, valvular stenosis or regur-
gitation, and obesity [4, 5]. Either physiological or pathological
hypertrophy is an adaptive response to mechanical stimuli [3].
Mechanical stimuli can be classified as pressure overload and
volume overload [6]. Pressure overload induces concentric car-
diac hypertrophy, whereas volume overload produces eccentric
cardiac hypertrophy. As for physiological hypertrophy, acrobic
exercise and pregnancy result in volume overload and eccentric
hypertrophy, while strength training leads to a pressure load and
concentric hypertrophy. In pathological hypertrophy, hyperten-
sion and aortic stenosis produce concentric hypertrophy due to an
increase in systolic wall stress, while valvular regurgitation and
arteriovenous fistula produce eccentric hypertrophy due to an
increase in diastolic wall stress [7]. Notably, there is overlap
between the mechanisms of physiological and pathological car-
diac hypertrophy, for it is evidenced that some signaling effectors
play an essential role in both physiological and pathological hy-
pertrophy [3, 8, 9].

In recent years, a growing number of preclinical and clinical
studies have clearly indicated the important role of gender in
cardiac hypertrophy. Previous clinical studies have shown that
cardiac hypertrophy appears later in women than it does in men;
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however once established, cardiac hypertrophy is a stronger risk
factor for heart failure (HF) in women than in men [10]. To
interrogate the mechanism underlying the discrepancy, some
studies believe that it is mainly attributed to sex hormones such
as estrogen and androgen and their receptors [11, 12]. The
ground for the involvement of sex hormones is that the incidence
of cardiomyopathies is lower in premenopausal women than in
age-matched men, whereas this trend disappears when it comes
to postmenopausal women [13, 14]. Here, we review the litera-
ture comparing the gender differences in pathological and phys-
iological cardiac hypertrophy in humans as well as in animal
models, and further discuss the underlying functional character-
istics of sex hormones and their intricate molecular networks.

Gender Differences in Pathological Cardiac
Hypertrophy—Human Studies

The most frequent precursor and facilitator of heart failure is
pathological cardiac hypertrophy, due to hypertension or other
non-ischemic origins in women, whereas due to an ischemic
etiology in men [10]. In patients with severe aortic stenosis,
the ventricular remodeling is more severe in men, with more
inflammatory response and fibrosis, resulting in a poorer
prognosis than that of women [15]. Another clinical study,
the CURRENT AS study, has revealed that a longer 5-year
survival rate is shown in women rather than men with severe
aortic valve stenosis [16]. Also, in aortic stenosis, after aortic
valve replacement, the left ventricular (LV) ejection fraction in
women is significantly higher than men, indicating a better
adaptation to long-term mechanical stress loads in women
[17]. In mitral regurgitation induced by valve prolapse, wom-
en show benign presentation by more often with thick leaflets
and less often with flail, posterior leaflet prolapse or severe
regurgitation [18]. Interestingly, in obesity-induced cardiac
hypertrophy, compared with obese females who showed a
combination of concentric and eccentric cardiac hypertrophy,
obese males predominantly present concentric hypertrophy
[19]. Noticeably, it is previously reported that cardiovascular
mortality of concentric cardiac hypertrophy was higher than
that of eccentric hypertrophy [6, 20]. Given that concentric
hypertrophy is more strongly related to cardiovascular mortal-
ity than eccentric hypertrophy [19], those observations may
explain the observed gender difference that obese women
have lower cardiovascular risk than obese men.

Although women usually show higher adaptability in patho-
logical cardiac hypertrophy, cardiac hypertrophy itself would
impair the gender advantage in women. Recent studies have
pointed out that in women with severe hypertension-induced
LV hypertrophy, the mechanical overload caused by blood pres-
sure will offset the gender-related benefits in cardiovascular risk
[21]. Compared with men, women with cardiovascular disease
hold a greater proportion of diastolic dysfunction if they have
progressed into heart failure with preserved ejection fraction
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(HFpEF) [22], which suggests that the protective effect in the
development of cardiac hypertrophy shown in female patients is
not obvious in the end stage of pathological cardiac hypertrophy
or the heart failure stage.

Gender Differences in Pathological Cardiac
Hypertrophy—Experimental Studies

Gender factors have been systematically investigated in most
animal models, including rodents, rabbits, and dogs, but the
mechanisms responsible for the sex differences in hypertrophy
have been studied mainly in rodents. The mechanical load in
animal models usually includes pressure overload or volume
overload, which simulates the process of human cardiac hyper-
trophy under persistent pathological hemodynamic stimulation.

Pressure Overload Model

Chronic pressure overload produced by transverse aortic con-
striction (TAC) triggers the progression from compensatory
hypertrophy to heart failure [23]. It has been indicated that
male but not female rats show an early heart failure phenotype
characterized by ventricular dilatation after 20-week TAC
[24]. Other studies have also reported that male mice show a
higher proportion of pathological cardiac hypertrophy, fibro-
sis, apoptosis, and heart failure than female mice in chronic
stress loads, and female mice possess more potent cardiac
reserve under similar LV hypertrophy and systolic wall ten-
sion [25]. Further investigations using male and female rats
with banded abdominal aorta to induce pressure overload have
revealed that there is no significant sex difference in the early
stage (6 weeks) of LV hypertrophy after banding. However,
after 12 weeks, male rats show a decrease in myocardial con-
tractility, accompanied by increased myocardial wall stiffness
and impaired diastolic function, while female rats show no
deterioration of LV structure and function [26].

During pressure overload, cardiomyocyte apoptosis is more
augmented in male mice, which indicates that the molecular level
of gender differences in cardiac hypertrophy is consistent with
the morphological animal level [25]. In addition, signaling path-
ways involved in cardiac hypertrophy are also differentially
expressed between males and females. The expression of
Ca2+/calmodulin-dependent protein kinase phosphatase
(CaMKP), a key protein in the development of cardiac hypertro-
phy, increases in male rats while decreased in female mice after
TAC [27].

Volume Overload Model

Unlike pressure overload, volume overload induces eccentric
hypertrophy due to long-term stimulation of the diastolic ven-
tricular wall by a large amount of blood flow into the ventric-
ular cavity. The animal models used for volume overload
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study are created by arteriovenous shunt (AV), or novelly, by
aortic insufficiency (Al) [6, 28]. The gender-related specific
characteristics found in volume overload model of AV are also
consistent with those reported in pressure overload. After
8 weeks of AV, the mortality of male rats was more than 10
times higher than that of female counterparts, and male rats
showed more significant ventricular dilatation and lower ventric-
ular compliance [29]. Hemodynamic analysis also unveiled that
an increase in left ventricular end-diastolic pressure (LVEDP) as
well as a decrease in fractional shortening occurred in males only
after 4 weeks of AV, and the difference was more pronounced
with time after surgery [30]. However, in the Al model, despite
similar regurgitation severity, female rats developed more LV
eccentric hypertrophy in response to chronic Al than males [31,
32]. Al seems to impose a greater LV workload on females
relative to their smaller body and heart size [31]. Intriguingly,
the gene expression of fatty acid oxidation (FAO)-related LV
enzyme activity and mitochondrial function decreased only in
male Al rats, while remained closer to normal in female ones;
therefore, female rats still kept higher cardiac reserve to tolerate
persistent severe Al [32].

An increase in apoptosis in the male heart and a reduction in
females were observed at 16 weeks of AV operation, character-
ized by prominent increases in the pro-apoptotic proteins such as

BAX, caspases 3 and 9 in males [33]. In addition, the 3-receptor
expression in the volume overloaded heart was also different
between genders. Though the {31-receptor affinity had no differ-
ence in male and female rats, the AV-induced increase in 31-
receptor density in female rats was higher than that in males, and
the levels of adrenaline and norepinephrine in plasma were lower
in females [34]. Thus, in the activated cardiac 3-receptor system
due to volume overload, excessive catecholamine leads to lower
[3-receptor level in male rats, which makes a poor compensation
to cardiac remodeling compared with female rats [34].

Role of Sex Hormones in Pathological Cardiac
Hypertrophy

Based on the strong link between gender and pathological cardiac
hypertrophy, it is speculated that the gender differences in patho-
logical cardiac hypertrophy could be attributed to sex hormones
and their receptors [35, 36]. Indeed, estrogen and androgen have
been found to exert different effects on the heart and peripheral
circulation in human and rodents (Table 1) [45, 49]. In addition,
several clinical trials indicate that hormone replacement therapy
reduces cardiovascular risk if it starts within the first years after
menopause [50-52]. Thus, sex hormones are critically involved in
cardiac hypertrophy-related signaling pathways (Fig. 1) [13, 51].

Table 1 Effect of sex hormones on cardiac hypertrophy
Sex hormones Cardiac hypertrophic types Effect on cardiac hypertrophy References
Estrogen Transverse aortic constriction induced Reduces ventricular weight and ventricular weight/body [37]
pressure overload hypertrophy weight ratio
Attenuates deterioration in LV systolic function and [36]
contractility
Rescues pre-existing HF by stimulating angiogenesis [38]
and suppressing fibrosis
Abdominal aorta coarctation induced Reverses left ventricular weight and matrix [35]
pressure overload hypertrophy metalloprotease 2 level
Aortocaval fistula induced chronic volume Attenuates left ventricular dilatation and maintains [39]
overload hypertrophy function in male AV rats.
Angiotensin II induced cardiac Inhibits cardiac hypertrophy and interstitial fibrosis [40]
hypertrophy
Phenylephrine induced cardiomyocyte Enhances cardiomyocyte hypertrophy (low level) [41]
hypertrophy or inhibits cardiomyocyte hypertrophy (high level)
Phytoestrogen or Aortocaval fistula-induced chronic Improves ventricular compliance and contractility [35]
combination volume overload hypertrophy Prevents LV dilatation and Improves LV compliance. [42]
with estrogen
Testosterone Testosterone-induced cardiac Increases cardiac mass and fibrosis in ovariectomized [43]
hypertrophy guanylyl cyclase-A knockout mice.
Increases expression of 3-myosin heavy chain, [44]
«-skeletal actin, cell size, and amino acid incorporation.
Induces myocardial collagen deposition and [45]
contractile reduction
Increases cardiac myocyte size and [3H]-leucine [46]
incorporation
Increases LV weight and (3-myosin heavy chain level [47]
Angiotensin II-induced cardiac Promotes hypertrophic response [48]

hypertrophy
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Fig. 1 Estrogen and androgen modulated signaling pathways in
pathological cardiac hypertrophy. Estrogen mediates its anti-
hypertrophic effects by binding to its receptors, ERot and ER 3. ER stim-
ulation under pathological stimuli attenuates MEK1/2-ERK1/2-Elk1 sig-
naling cascade, to ameliorate hypertrophic genes reprogramming and
hypertrophic response. ER induces high MKP-1 levels to reduce p38
activation and attenuate hypertrophy. ER abrogates calcineurin-
mediated hypetrophic effects through a NFAT-MEF2/GATA4 mecha-
nism. ER activates PI3K/Akt pathway, as well as PI3K/MCIP1 signaling
leading to compromised calcineurin expression. ER induces eNOS-sGC-
c¢GMP-PKGl« signaling cascade providing cardioprotection against car-
diac hypertrophy. Compared with estrogen/ER, androgen/AR shows a
mostly opposite effect in pathological cardiac hypertrophy. Besides
MEK1/2-ERK1/2-Elk1 and eNOS-sGC-cGMP-PKGI« signaling cas-
cades, AR promotes calcium handling protein activity through IP3 and
CaMKII stimulation and GSK-3f3 inhibition. AR, androgen receptor;

Estrogen and Its Cardioprotective Role

Population-based studies have found that postmenopausal
women show higher risk of cardiovascular disease than non-
menopausal women under the same age and women with
early menopause have higher cardiovascular risk than those
with late menopause [50]. Moreover, women who initiate hor-
mone (conjugated equine estrogen) replacement therapy clos-
er to menopause tend to have reduced risk of cardiovascular
disease, compared with the increased risk among women
more distant from menopause [51]. Another clinical trial also
using conjugated equine estrogen for hormone replacement
therapy demonstrates that it contributes to the reduction of
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Ak, protein kinase B; CaMKII, Ca**/calmodulin-dependent protein ki-
nase II; cGMP, cyclic guanosine monophosphate; eNOS, endothelial ni-
tric oxide synthase; ERa/f3, estrogen receptor o or (3; ERK1/2, extracel-
lular signal-regulated kinase 1/2; Elk1, E26 transformation-specific like-
1; GSK33, glycogen synthase kinase 3 (3; GATA4, GATA binding pro-
tein 4; IP3/Ca>*, inositol 1,4,5-trisphosphateinositol-mediated Ca’;
MEK1/2, MAP kinase/ ERK kinase 1/2; MMP2, matrix metalloprotease
2; MCIP, myocyte-enriched calcineurin interactin protein; MKP-1:
MAPK phosphatase-1; MEF2, myocyte enhancer factor 2; mTORCI,
mammalian target of rapamycin complex 1; NFAT, nuclear factor of ac-
tivated T cells; NF-«B, nuclear factor of kappa light chain gene enhancer
in B cells; PGC-1«, peroxisome proliferative activated receptor gamma
coactivator 1 alpha; PI3K, phosphatidylinositol 3-kinase; PKGl«, protein
kinase Ia; S6K1, 40S ribosomal protein S6 kinase 1; sGC, soluble
guanylyl cyclase; hypertrophic gene program, such as ANP, BNP, CTGF

LV mass in hypertensive postmenopausal women, although
the effect does not appear to be associated with changes in
growth-promoting factors, such as blood pressure, serum
angiotensin-converting enzyme activity, plasma aldosterone,
and insulin resistance [52].

Consistent with the clinical studies that have demonstrated the
postmenopausal loss of cardioprotection in women, many preclin-
ical studies have shown that the ability to maintain better cardiac
function is offset by bilateral ovariectomy in female rats under
pressure overload, recapitulating that estrogen is vital in delaying
the progress of cardiac hypertrophy under pressure overload [37].
Moreover, in pressure overload mice, 17beta-estradiol (E2) delays
the occurrence of cardiac hypertrophy and prevents fibrosis in the
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heart by an estrogen receptor-dependent mechanism [35, 36]. A
recent study even reported that E2 rescued pre-existing HF by
stimulating angiogenesis and suppressing fibrosis [38], although
van Eickels et al. reported that E2 attenuated the hypertrophic
response but not cardiac fibrosis and cell proliferation in the heart
[37]. In volume load models, estrogen and phytoestrogen effec-
tively resist adverse left ventricular remodeling and play a
cardioprotective role in female rats after AV [29, 42]. Even in male
rats, supplement of estrogen attenuates left ventricular dilatation
and maintains function in AV rats [39].

Mitogen-Activated Protein Kinase (MAPK) Pathway

It is documented that 17beta-estradiol (E2) inhibits AnglI-
induced cardiac hypertrophy and fibrosis in female mice by in-
activation of extracellular signal-regulated kinase (ERK), as well
as by stimulation of brain natriuretic peptide to attenuate intersti-
tial fibrosis [40]. E2 replacement also reduces p38 activation and
attenuates hypertrophy induced by pressure overload in ovariec-
tomized mice [37]. Mechanistically, in norepinephrine-induced
hypertrophy, E2 induces high MAPK phosphatase-1 (MKP-1)
levels, which precluded p38 activation, suggesting that p38 acti-
vation is critically involved in norepinephrine-induced hypertro-
phy [53]. A recent study also found that E2 was able to protect
cardiomyocytes from Angll-induced injury through upregulation
of Sirtuin 1 and activation of adenosine monophosphate-
activated protein kinase (AMPK) [54].

eNOS Pathway

A study using ovariectomized female rats showed that ovari-
ectomy augmented pressure overload-induced cardiac hyper-
trophy, deteriorated heart function, and increased mortality,
which could be attributed to impairment of endothelial nitric
oxide synthase (eNOS) and Akt activities by ovariectomy
[55]. Notably, PDES is overexpressed in cardiac hypertrophy,
and PDES inhibitors such as sildenafil have provided
cardioprotection against cardiac hypertrophy in experimental
and clinical studies, via a mechanism involving estrogen, in an
eNOS-soluble guanylyl cyclase (sGC)-cyclic guanosine
monophosphate (cGMP)-PKGI« (protein kinase Ic) pathway
[56]. This mechanism may explain why a large clinical trial
testing the efficacy of sildenafil in patients with heart failure
failed [57], for it mainly enrolled male patients, whereas sil-
denafil ameliorates pressure overload cardiac hypertrophy
through the aforementioned estrogen-dependent mechanism
in females but not males.

Extracellular Signaling
The efficacy of estrogen treatment in chronic volume overload

was associated with a reduction in oxidative stress and circu-
lating endothelin-1 levels, as well as prevention of matrix

metalloproteinase-2 and -9 activation and breakdown of col-
lagen in the early stage of remodeling [39]. Of note, a study
further showed that low levels of estrogen produced cardio-
myocyte hypertrophy through ERK1/2/sodium-hydrogen ex-
change isoform 1 (NHE-1) activation and intracellular alka-
linization whereas an antihypertrophic effect was seen at high
concentrations [41].

Calcium-Related Signaling

In consistence with the different hypertrophic response to
pressure or volume overload between females and males, a
sexually dimorphic role for estrogen in the modulation of
signaling activity in cardiac myocyte has been well document-
ed. Cardiac hypertrophy is characterized by abnormality of
intracellular Ca®* homeostasis, as well as Ca>* activation of
two major hypertrophic signaling pathways, the Ca®*/calmod-
ulin-dependent protein kinase II (CaMKII)-histone
deacetylase (HDAC)-myocyte enhancer factor 2 (MEF2)
pathway and the calcineurin (CaN)-nuclear factor activation
transcription (NFAT) pathway, both in turn enhances hyper-
trophy or apoptosis of cardiomyocytes [36, 58]. Thus, several
studies have investigated the regulation of calcium-related
signaling by estrogen [35, 36]. Estrogen receptor (ER) knock-
out (ERKO) mice show increased expression of L-type calci-
um channel-related molecules at mRNA and protein levels in
ventricular myocytes [59], while estrogen also reduces the
activity of L-type calcium channels in vitro [60]. TAC was
associated with increased CaMKP expression in male LV
whereas it tended to be decreased in females, leading to dif-
ferences in CaMKII and MEF2 activation between sexes [27].
On the other hand, two independent groups reported that es-
trogen reduced pressure overload-induced hypertrophy by an
ER-dependent mechanism that increased calcineurin degrada-
tion, depressed expression of NFAT [35, 36]. Moreover, mod-
ulatory calcineurin-interacting protein (MCIP1), an anti-
hypertrophy protein which directly inhibits calcineurin ex-
pression, is induced by estrogen [40]. Therefore, estrogen
plays an important role in inhibiting the development of car-
diac hypertrophy through regulation of Ca**-related path-
ways. Even so, considering published data concerning regu-
lation of Ca®* handling proteins by estrogen in volume over-
load is still in paucity, more relevant studies are warranted to
elucidate their reciprocal effects.

Estrogen Receptor

An ERKO model has been further used to elucidate the protec-
tive mechanisms by which estrogen exerted in pressure over-
load. There are two subtypes of estrogen receptors, ERox and
ERf{. TAC was performed after knocking out the correspond-
ing subtypes of female mice. Compared with WT female mice,
the heart weight to body weight ratio in ER ¢ knockout female

@ Springer



78

J. of Cardiovasc. Trans. Res. (2020) 13:73-84

mice was similar, but in ERf3 knockout female mice, the ratio
was significantly increased, implying that the cardiac protec-
tion of estrogen under pressure overload stimulation is mediat-
ed by ERf [25, 61, 62].

Androgen and Its Pro-hypertrophic Role

Compared with the mostly cardioprotective role of estrogen in
pathological cardiac hypertrophy, androgen, mainly character-
ized by testosterone and its highly active metabolite dihydro-
testosterone (DHT), shows an opposite effect in cardiac hyper-
trophy [63]. By binding to androgen receptor (AR), androgen
exerts a pro-hypertrophic effect on cardiomyocytes [63]. In
preclinical studies, testosterone is considered to play a critical
role to mediate cardiac hypertrophy and fibrosis induced by
Angll in male rats [48]. Anti-androgenic therapy with finaste-
ride (an antiandrogen) or relevant androgen receptor antago-
nists has exhibited attenuation on cardiac hypertrophy, fibrosis,
and dysfunction in not only male, but also in female mice [64,
65]. In women, low total testosterone concentration is associat-
ed with a decreased risk of prevalent hypertension [66]. The
above findings indicate that androgen-AR system participates
in normal cardiac growth and modulates cardiac adaptive hy-
pertrophy under hypertrophic stress. However, the role of an-
drogen in males seems much more complicated than in females,
and testosterone as a supplement to treat heart failure is contro-
versial, for it produces a few successes in some clinical trials
but not in others [67—69]. In men, testosterone level begins to
decrease after age 40, and this decrease is associated with an
increase in all-cause mortality and cardiovascular risk [70]. In
male mice, testosterone deficiency leads to intracellular Ca**
dysregulation and myofilament dysfunction, which facilitates
diastolic dysfunction in the setting of aging [71]. Intriguingly,
when AR is systematically deleted, male mice show impair-
ments of both the concentric hypertrophic response and LV
function and an exacerbation of cardiac fibrosis under Angll
stimulation [72]. Recently, the biphasic effects of testosterone
have been found in male rats during a time-specific testosterone
administration, in which physiological cardiac hypertrophy is
apparent with an upregulation of x-MHC, and without any
change in myofilament contractile activation after 4-week treat-
ment of testosterone, whereas pathological cardiac hypertrophy
was observed as indicated by suppression of myofilament acti-
vation and augmentation of myocardial collagen deposition
without transition of MHC isoforms after 8- and 12-week tes-
tosterone treatment [45]. The biphasic effects of testosterone
may partially explain why testosterone replacement treatment
shows contradictory results in clinical trials.

Molecular Mechanism of Androgen Regulation

It is recently found that Ca** handling proteins are crucially
involved in testosterone-induced cardiac hypertrophy. Cardiac
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myocyte hypertrophy induced by testosterone involves a co-
operative mechanism that links androgen signaling with the
recruitment of NFAT through activation of calcineurin and
inhibition of glycogen synthase kinase-3beta (GSK-3(3), a
negative regulator of calcineurin [46]. Moreover, androgen
induces cardiomyocyte hypertrophy through activation of
MEF2 mediated by CaMKII [47]. The mammalian target of
rapamycin complex 1 (mTORCI1) is a major regulator of cell
growth. It is documented that testosterone activates the
mTORC1/40S ribosomal protein S6 kinase 1 (S6K1) axis
through 1,4,5-trisphosphate (IP3)/Ca** and MEK/ERK1/2 to
induce cardiomyocyte hypertrophy [44]. Androgens also reg-
ulate the eNOS-sGC-cGMP-PKGl«x pathway, for cardiac hy-
pertrophy, and fibrosis is significantly more pronounced in
males compared with females of GC-A knockout mice, and
the gender differences are virtually abolished by castration or
targeted deletion of the Angll type 1A receptor gene (AT1A),
suggesting that androgen contributes to gender-related differ-
ences in cardiac hypertrophy and fibrosis by a mechanism
involving GC-A and AT1A receptors [43, 73].

Gender Differences in Physiological Cardiac
Hypertrophy—Human Studies

In remarkable contrast with maladaptive pathological cardiac
hypertrophy, physiological cardiac hypertrophy is adaptive,
reversible, and occurs during maturation (normal postnatal
growth), exercise, and pregnancy, without morbid effect on
cardiac function [7]. Although cardiac output is enhanced to
meet the increased metabolic demands, physiological hyper-
trophy remains adaptive and does not involve cardiac dys-
function and fibrosis [49, 74].

There is no difference in the heart between men and women
before puberty, which suggests that males and females are born
with the same number and same size of cardiac myocytes [75].
After puberty, women maintain the same heart mass and num-
ber of heart muscle cells, but men present a 15-30% increase in
heart weight, suggesting a higher hypertrophic potential in men
[76]. However, LV diameter increases with aging and results in
a loss of myocardial mass only in men, but not in women. The
loss of myocardium in older men is attributed to a reduced
number of myocytes [76]. Correspondingly, systolic function
decreases with aging only in men, whereas decreased diastolic
function is found both in men and women [77].

Gender differences in physiological cardiac hypertrophy
have not been examined widely, partly due to most of the hu-
man studies on the relation between exercise and cardiac hy-
pertrophy are limited to male athletes. Existing studies have
shown contradictory results with different sex ratios, recruit-
ment standards, and intervention methodologies. Sullivan
et al. found that there was no intergroup difference in stroke
volume index, LV ejection fraction, and LV end-diastolic or
end-systolic volume indexes between men and women, after
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upright exercise [78]. Petersen and colleagues reported that
young adult elite athletes of both sexes exhibited a significant
but similar hypertrophic response to exercise training (by LV
and RV volume and mass indices), in accordance with the be-
nign nature of the hypertrophy associated with athlete’s heart
[79]. Nevertheless, Higginbotham and colleagues found that
LV ejection fraction increased more in men than women, and
end-diastolic volume increased by 30% in women but was un-
changed in men, with a resultantly similar stroke volume and
cardiac output for men and women [80]. Although most clinical
trials report that cardiac adaptation to exercise are not statisti-
cally different between males and females, considering training
intensity influences exercise-induced cardiac remodeling, the
same range of LV mass with lower training intensity would
implicate higher rate of hypertrophic response in women [81].

Physiological cardiac hypertrophy induced by exercise
training is characterized by enhanced fatty acid and glucose
oxidation among young healthy physically trained male vol-
unteers [82], and the main metabolic attribute of physiologic
hypertrophy is linked with increased cardiac free fatty acid
(FFA) uptake and utilization [83]. Consistently, lipolytic ac-
tivity to catecholamine infusion in women is higher compared
to men [84]. Moreover, females oxidize proportionately more
lipid and less carbohydrate during exercise compared with
males both pre- and post-training [85]. The more enhanced
FFA cardiac uptake, which is exercise dependent and cate-
cholamine-induced, implies that FFAs are the predominant
cardiac fuel during exercise in females, and also points toward
the sex-specific differences in the development of exercise-
induced hypertrophy in humans [86].

Gender Differences in Physiological Cardiac
Hypertrophy—Experimental Studies

Animal models, especially rodents, provide an excellent tool
to study sex-specific differences in the development of phys-
iological cardiac hypertrophy [81]. Treadmill running, free-
wheel running, and swimming are commonly used to induce
physiological hypertrophy [87]. Most of animal studies pub-
lished so far implicate a more pronounced exercise-induced
hypertrophic response shown in females than males. It is
found that female mice run much longer and faster than males
in voluntary cage running systems, independent of strain and
age [7, 9]. Also, female mice develop greater cardiac hyper-
trophy than their male counterparts [9]. Coherently, treadmill
running also causes similar sex-related effects in mice, in
which females demonstrate more robust cardiac growth than
male counterparts [88]. Moreover, female rats undergoing
swim training have more physiological hypertrophy than male
rats [89, 90].

In agreement with human studies, cardiac expression pro-
filing studies also reveal increased expression of genes in-
volved in FFA metabolism in exercise-induced hypertrophy

[91]. It is found that the augmented cardiac hypertrophic re-
sponses after exercise training in female rodents are associated
with a more increase in plasma FFA levels and a
counterbalancing decrease of cardiac glucose uptake [88].

Role of Sex Hormones in Physiological Cardiac
Hypertrophy

The anatomical arrangement of the heart is identical between
males and females, whereas the size of the female heart is
smaller than the age-matched male heart, and the hypertrophic
responses are more augmented in females, as discussed above.
Therefore, the cardiac response under physiological stimuli is
likely influenced by sex-specific hormonal factors. Potential
mechanisms underlying this sexual dimorphism in physiolog-
ical cardiac hypertrophy have been recently proposed, recapit-
ulating the involvement of sex hormones as direct modifiers of
hypertrophic response (Fig. 2).

Estrogen and ER

The role of global deficiency of estrogen has been investigated
in aromatase knockout (ArKO) mice. ArKO mice lack an
enzyme essential for production of estrogen, thus circulating
and locally produced estrogen is absent [92]. Haines et al. first
investigated cardiac hypertrophic response in ArKO mice
[93]. They found that although freewheel running perfor-
mance was blunted in ArKO females, exercise-induced phys-
iological hypertrophy was unaffected by the global absence of
estrogens in either sex [93]. In clinical practice, aromatase
inhibitors did not show a significant increase in cardiovascular
events [94]. Thus, it seems that although global absence of
estrogen clearly influences running behaviors, it does not in-
fluence cardiac growth in response to physiologic stimuli.
On the contrary, Dworatzek and colleagues presented a
more specific and in-depth study to elucidate the roles of the
subtypes of ER in physiological cardiac hypertrophy [9]. They
found that the increase in LV mass related to tibia length
(LVM/TL) was more pronounced in female mice than in male
mice after freewheel running. Coherently, exercise-induced
cardiomyocyte area increased only in female mice. More spe-
cifically, they found that ER« is involved in running behavior
in female mice and ERf3 is involved in physiological hyper-
trophy in both sexes. They in female rat hearts further dem-
onstrated that ER3 was necessary for the activation of
PI3K/Akt, ERK1/2/40S ribosomal protein S6 (S6), p38 path-
ways, as well as an increased expression of key regulators of
mitochondrial function and mitochondrial respiratory chain
proteins (complexes I, III, and V) after treadmill running.
Mechanically, ER3 modulates higher mitochondria dynam-
ics, which leads to increased mitochondrial mass to cope with
increased cardiomyocyte size and a more efficient metabolism
in mitochondria in the exercise-induced hypertrophy only in
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Estrogen<——

Physiological Stimuli

——> Androgen

ERK1/2

Fig. 2 Estrogen and androgen modulated signaling pathways in
physiological cardiac hypertrophy. In the context of physiological
stimuli, ER stimulation induces ERK1/2-S6 signaling cascade to promote
reprogramming of physiologically hypertrophic genes, leading to in-
creased protein synthesis and cardiomyocyte growth. Likewise, ER was
necessary for the activation of PI3K/Akt and p38 pathways, leading to
higher transcriptional activation of hypertrophy-associated genes.
Moreover, estrogen contributes to the sexual dimorphism in physiological
hypertrophy through PPARs and PGC-1 pathways to maintain the dy-
namic capacity of the fatty acid oxidation to increase fatty acid utilization.

female mice [9]. For cardiac expression of ER« is similar in
both genders, whereas ER 3 expression is significantly higher
in females [95], ER3 may play a more significant role in sex
differences in physiological hypertrophy. Nevertheless, it is
worthwhile to note that ERs are not only activated by estro-
gens but also by other ligands like growth factors [96]. Thus,
the effects of ERs cannot be easily considered as the same as
that of estrogen.

Estrogen is also mechanistically indicated to have a posi-
tive impact on energy metabolism. Estrogen upregulates lipid
utilization and down-regulates glucose oxidation [7]. Besides,
estrogen interacts with peroxisome proliferator-activated re-
ceptors (PPARs) and PPAR gamma coactivator 1 (PGC-1)
[7]. PPAR«x and its heterodimeric partner, retinoid X receptor
(RXR), are key to maintain the dynamic capacity of the FAO
to increase fatty acid utilization [97]. Specifically, PGC-1 is in
a central position in the most relevant female network of me-
tabolism [98]. In summary, it is suggested that estrogen

@ Springer

Androgen induces a physiological cardiac hypertrophy while the under-
lying mechanism remains to be elucidated. In addition, E2 can be phys-
ically synthesized from testosterone by aromatases. Akt, protein kinase B;
ERa/f3, estrogen receptor o or 3; ERK1/2, extracellular signal-regulated
kinase 1/2; p38-MAPK, p38-mitogen-activated protein kinase; PPARs,
peroxisome proliferator-activated receptors; PGC-1«, peroxisome prolif-
erative activated receptor gamma coactivator 1 alpha; PI3K, phos-
phatidylinositol 3-kinase; S6, 40S ribosomal protein S6; hypertrophic
gene program, such as x-MHC, MEF2, NRF-1/NRF-2

contributes to the sexual dimorphism in physiological hyper-
trophy by the modulation of metabolism through PPARs and
PGC-1 pathways [97].

Androgen and AR

Research on the role androgen in gender differences in phys-
iological cardiac hypertrophy is sparse. One piece of implica-
tion comes from a study using gonadectomized male rats, in
which swimming does not induce hypertrophic response in
those animals, but testosterone replacement restored ventricu-
lar V1 myosin levels to or above normal. Correspondingly,
one important concern of testosterone action in patients is
induction of cardiac hypertrophy. Testosterone and androgen-
ic anabolic steroids have been misused for enhancement of
physical performance despite that they could cause cardiac
sudden death [45]. It is recently found that short-term
(4 weeks) use of testosterone induces a physiological cardiac
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hypertrophy by an upregulation of a-MHC without any
change in myofilament contractile activation in rats [45].
Intriguingly, E2 can be synthesized from testosterone by
aromatases in the heart locally, indicating the synergistic and
complicated effects of androgen and estrogen in physiological
hypertrophy [99].

Conclusions

Human and animal studies have indicated that cardiac sexual
dimorphisms exist in pathological and physiological hypertro-
phy from the level of cardiac myocyte to the whole heart.
Females seem to be prone to concentric hypertrophy, charac-
terized by better cardiac function, compared with their male
counterparts. The sexual dimorphisms are partly due to the
mostly opposite effects of sexual hormones such as estrogen
and androgen, although contradictory results from hormone
replacement therapy exist. Since pathological cardiac hyper-
trophy is an independent risk factor for heart failure in pa-
tients, whereas physiological hypertrophy is cardioprotective
or indispensable for normal function, a better understanding of
the mechanisms through which gender differentially regulates
cardiac hypertrophy could open the way to innovative and
personalized therapeutic strategies for heart failure.
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