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Abstract

Purpose of Review Sex hormones drive development and function of reproductive organs or the development of secondary
sex characteristics but their effects on the cardiovascular system are poorly understood. In this review, we identify the gaps
in our understanding of the interaction between sex hormones and the cardiovascular system.

Recent Findings Studies are progressively elucidating molecular functions of sex hormones in specific cell types in parallel
with the initiation of crucial large randomized controlled trials aimed at improving therapies for cardiovascular diseases
(CVDs) associated with aberrant levels of sex hormones.

Summary In contrast with historical assumptions, we now understand that men and women show different symptoms and
progression of CVDs. Abnormal levels of sex hormones pose an independent risk for CVD, which is apparent in conditions
like Klinefelter syndrome, androgen insensitivity syndrome, and menopause. Moreover, sex hormone—-based therapies remain

understudied and may not be beneficial for cardiovascular health.

Keywords Sex hormones - Cardiovascular disease - Heart failure - Hormone therapy

Introduction

Cardiovascular diseases (CVDs) are the leading causes of
death worldwide according to the World Health Organi-
zation [1]. Up to 32% of global deaths were due to CVDs
in 2019, of which 85% were directly linked to stroke and
myocardial infarction [1]. These numbers underscore the
global burden of CVDs to health care systems and the
economic consequences. The main risk factors of CVDs
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include hypertension, obesity, high fasting plasma glucose,
and smoking [2]. While the number of people that smoke
is decreasing, other risk factors are becoming more preva-
lent as the western (high-fat) diet and a sedentary lifestyle
are spreading worldwide [3]. Regardless of environmental
factors, it has also become apparent that men and women
present distinctly different disease profiles [4, 5e]. Most
risk factors for CVD affect women differently from men,
which is also reflected in disease progression and CVD phe-
notypes [5e]. For example, systemic inflammation [5e, 6],
vascular stiffness [7], and concentric left ventricular (LV)
hypertrophy [8] are more prevalent in women. As such,
women are more likely to develop heart failure (HF) with
preserved ejection fraction (HFpEF) [9, 10] and lower qual-
ity of life [11], especially when combined with obesity and
advanced age [12]. By contrast, atherosclerosis [13, 14] and
ischemic heart disease [12] are more prevalent in men and
often result in HF with reduced ejection fraction (HFrEF)
[15], which is associated with higher mortality at a younger
age compared to HFpEF [16, 17]. Therefore, women expe-
rience different symptoms and disease progression, and
women also responded differently to heart failure medica-
tion like angiotensin-converting-enzyme (ACE) inhibitors
and angiotensin-receptor blockers (ARBs) [18]. The current
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dogma states that sex differences are mostly derived from
hormonal signaling that is associated with the presence of
the specific sex chromosomes [19, 20]. However, X-linked
gene dosage may be an additional mechanism that drives
early embryonic processes toward a sex-specific molecular
profile [21]. Indeed, the underlying mechanisms that deter-
mine medically relevant sex differences are complex and
not fully understood. Notably, the incidence of CVDs rises
significantly after a defined moment in life after which sex
hormone levels drop radically and is commonly known as
the menopause in women and late-onset hypogonadism, its
male equivalent [22ee, 23]. While these events are physi-
ological, some diseases (e.g., polycystic ovarian syndrome
[PCOS] or some types of cancer) may also affect sex hor-
mone levels and could predispose to CVDs. In this review,
we describe how abnormal levels of sex hormones and their
downstream signaling can affect cardiovascular health and
increase the risk for CVDs, and how hormone levels fluctu-
ate in heart failure patients. We also summarize the results
of clinical trials and how sex hormone therapy can alleviate
CVD symptoms and improve health status.

Production and Function of Sex Hormones
Sex Hormone Steroidogenesis

Sex hormones are a class of hormones that initiate and con-
trol development and function of the reproductive organs
or the development of secondary sex characteristics. The
main sex hormones are estrogens, androgens, and progesto-
gens. Estrogens are a subclass consisting of estrone (E1),
17p-estradiol (E2), estriol (E3), and estetrol (E4), of which
17p-estradiol is the most prominent [24, 25]. Progesterone
(P4) is the main progestogen [26—28], whereas testosterone
and its more potent derivative dihydrotestosterone (DHT)
are considered to be the main androgens.

Sex hormones are synthesized from cholesterol by ster-
oidogenesis [25]. Cholesterol is first converted into pro-
gestogens, followed by production of androgens and subse-
quently estrogens [25, 27]. The production of progesterone
and androgens is facilitated by the cytochrome P450 (CYP)
superfamily of enzymes and hydroxysteroid dehydrogenases
(HSDs) [25]. The conversion of androgens to the estrogens
estrone and estradiol is catalyzed by the special CYP enzyme
aromatase, whereas the production of DHT is mediated by
Sa-reductase [24, 27]. Steroidogenesis mainly takes place
in gonadal tissues, after which further conversions can be
facilitated by specific extragonadal tissues, such as adipose
tissue, skeletal muscle, breast tissue, and prostate and liver
[24, 277]. These enzymes are ubiquitous but are most active
in the liver. Recently, both aromatase and Sa-reductase
activity were shown in the heart [24, 29, 30, 31ee]. Plasma

levels of sex hormones are influenced by multiple factors,
such as sex, age, phase of the menstrual cycle, and preg-
nancy status, which contribute to inter-person differences.

Sex Hormone Receptors and Pathways

Sex hormones exert their effects by binding to their desig-
nated receptors located in target tissues. The estrogen recep-
tors alpha (ERa) and beta (ERp) are present in the cytoplasm
or incorporated into the plasma membrane and translocate
to the nucleus upon stimulation, while G protein—coupled
estrogen receptor 1 (GPER1; previously known as GPR30)
is exclusive to the plasma membrane [24, 25, 31e¢]. The pro-
gesterone receptors A (PR-A) and B (PR-B) are located in
the cytoplasm and can translocate to the nucleus. A subclass
of progesterone receptors (mPR-«, mPR-f, mPR-y, mPR-9,
and mPR-¢) remains bound to the plasma membrane upon
activation and functions in a GABA receptor—dependent
fashion [32, 33]. Like ERa and ERp, the androgen recep-
tor (AR) resides in the cytoplasm in its inactive state [26,
3]ee]. Receptor-ligand interaction activates genomic or non-
genomic signaling mechanisms. For the genomic pathway,
receptors dimerize upon stimulation and translocate to the
nucleus where they either directly or indirectly, via other
transcription factors, bind to their DNA response elements
and alter gene expression. Additionally, stimulated receptors
can activate signal transduction pathways to induce more
rapid responses [25, 31ee, 33]. The ultimate effect primar-
ily depends on the type of sex hormone, activated receptor,
and cell type. Sex hormones can affect cellular function in
almost all human cell types, but their specific downstream
effects vary per cell type due to epigenetic differences among
target cells. An overview of sex hormone production in men
and women and downstream pathway activation is illustrated
in Fig. 1.

Molecular Effects of Sex Hormones
on the Cardiovascular System

Sex hormones have a myriad of effects due to various com-
binations of dimerization with other (nuclear) receptors and
transcription factors. Receptor presence and combinations
differ per cell type, which orchestrates downstream effects
of each sex hormone. We have summarized demonstrated
molecular effects of sex hormones in the cardiovascular sys-
tem in this section and in Table 1.

Estrogens
Estrogens have various effects on the cardiovascular system.
In human cardiomyocytes, estrogens exert anti-hypertrophic

effects mediated by myocyte-enriched calcineurin-interact-
ing protein (MCIP-1), Histone deacetylases (HDACs), and
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Fig.1 Schematic overview of sex hormone synthesis and cellular
effects. In both men and women, cholesterol is the steroidogenic sub-
strate for progesterone production in the adrenal gland. Besides being
a functional hormone itself, progesterone is converted to testosterone
in the ovaries of women (left) and in the testes of men (right). Sub-
sequently, testosterone is converted to estradiol in the ovaries before
being secreted into the circulation. Other organs—like the liver—

Testosterone

natriuretic peptide precursor A (NPPA) [34-37]. Addition-
ally, they improve mitochondrial efficiency, by increasing
ATP synthesis while lowering ROS production via increased
superoxide dismutase (SOD) activity [38, 39]. Also, cardiac
electrical conductance can be affected, as estrogens decrease
the expression and activity of ion channels, thereby lower-
ing contractility [24, 36, 40]. Furthermore, estrogens exert
various anti-apoptotic effects on cardiomyocytes, including
activation of the PI3K/Akt and SIRT1 pathways and increas-
ing miR-22 [41-43].

With regard to the vascular system, estrogens promote
vasorelaxation, proliferation, and migration in endothelial
cells (ECs) by increasing NO synthesis and expression of
vasodilating factors, while lowering vasoconstrictive fac-
tors [32, 44-49]. Moreover, angiogenesis is stimulated by
17p-estradiol via increased expression of vascular endothe-
lial growth factor (VEGF), which subsequently increases
endothelial nitric oxide synthase (eNOS) activity [50e].
Vasorelaxation of vascular smooth muscle cells (VSMCs)
is similarly stimulated via NO, followed by alteration of ion

@ Springer

Non-genomic
= T Ta
; Extracellular ' %'

« ¥
v ® s
&5

— i 4
l Cytosol \ 4

Nucleus

Cholesterol

Progesterone

!

* Ol
S
P— of!

i
Dihydrotestosterone

H OH

Testosterone

produce estriol from estradiol. In men, testosterone is also converted
to the more potent dihydrotestosterone in the testes. Once sex hor-
mones (yellow) reach the target cells in the heart, they may induce
downstream targets by direct or indirect genomic pathways via gene
expression, or by interacting with a membrane-bound receptor and
other effector proteins in various organelles

channel activity [51]. Furthermore, estrogens stimulate fac-
tors that ultimately inhibit EC proliferation and migration
[37, 52]. Combined with inhibition of the same processes
in VSMCs, estrogens promote regeneration while prevent-
ing atherogenesis. Estrogens can reduce inflammation by
inhibiting activation of NF-kB and associated expression
of pro-inflammatory cytokines [53]. Fibrosis is also attenu-
ated by inhibiting transforming growth factor-beta (TGF-f),
c-Jun N-terminal kinases (JNK), matrix metalloproteinase
2 (MMP2), and certain cell cycle proteins in fibroblasts [35,
54, 55].

Androgens

In contrast to estrogens, the effects of androgens on the
cardiovascular system remain relatively understudied with
more controversial results. In cardiomyocytes, andro-
gens exert pro-hypertrophic effects by stimulating vari-
ous pathway axes related to protein synthesis, such as the
Ca**/calmodulin-dependent protein kinase (CaMKII),
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Table 1 Sex hormones and
their effects on cells of the
cardiovascular system

203
Sex hormone Cell type Effect References
17p-estradiol Cardiomyocytes | Hypertrophy [34-37]
1 ATP synthesis [38]
| ROS production [39]
| Contractility [40]
| Apoptosis [41,42,55]
Endothelial cells 1 Vasorelaxation [44-49]

Vascular smooth muscle cells

1 Proliferation

1 Migration

1 Angiogenesis
1 Vasorelaxation

[45, 46, 48, 49]
[45, 46, 48, 49]
[50e]

[51]

| Proliferation [37, 52]
| Migration [37, 52]
| Inflammation [53]
Fibroblasts | Fibrosis [35, 54, 55]
Testosterone Cardiomyocytes 1 Hypertrophy [56-58]
1 Contractility [59]
1 ROS production [61]
1 Glucose uptake [60]
Endothelial cells 1 Vasorelaxation [62-64]
1 Proliferation [73]
Vascular smooth muscle cells 1 Vasorelaxation [65-72]
1/ | Inflammation [74-77]
1 Apoptosis [78]
Progesterone Cardiomyocytes 1 p-oxidation [79]
1 Proliferation [80]
Endothelial cells 1 Vasorelaxation [81-83]
| Atherogenesis [84]
1 ROS production [85]
Vascular smooth muscle cells 1 Vasorelaxation [81-83]
| Atherogenesis [84]
1 ROS production [85]

calcineurin/nuclear factor of activated T-cells (NFAT)/gly-
cogen synthase kinase-3 beta (GSK-3f), and the mamma-
lian target of rapamycin complex 1 (mTORC1)/S6 Kinase
1 (S6K1) axes [56-58]. Additionally, testosterone stimula-
tion enhances contractile function, via increased expres-
sion of Pl-adrenergic receptors and ion channels (L-type
Ca2 +channels, Na+/Ca2 + exchangers), thereby altering
cardiac calcium handling and increasing contractile force
[59]. Furthermore, testosterone may influence cardiac
metabolism by upregulating the expression of pro-oxidant
enzymes, such as NADPH oxidase, Xanthine oxidase, and
cyclo-oxygenase 2 (COX-2), and by increasing Glucose
transporter type 4 (GLUT4)-mediated glucose uptake [60,
61].

Vascular functioning was also shown to be affected by
androgens as well; studies demonstrated vasorelaxation
in both ECs and VSMCs [62-64]. Here, testosterone was
shown to reduce vasoconstricting factors and increase NO

production in ECs [62—-64]. Subsequently, this NO produced
in ECs can influence VSMCs, by stimulating the production
of cGMP and cAMP, which eventually alters ion channel
activity and causes vasorelaxation [65-72]. Furthermore,
androgens stimulate EC proliferation via VEGF and cyclin
proteins [73]. Regarding inflammation, more controversial
results have been found. Both pro-inflammatory effects, by
increased TNFa activity and expression of vascular adhesion
molecules in ECs, as well as anti-inflammatory effects, via
decreased adhesion factors, were found [74—77]. Moreover,
apoptosis in VSMCs is increased via the extrinsic apoptotic
pathway [78].

Progestogens
The effects of progestogens in the cardiovascular system

have not been studied extensively and further research is
required to elucidate precise effects in this context. Thus far,
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progesterone was shown to increase f-oxidation and prolif-
eration in cardiomyocytes [79, 80]. Moreover, stimulation
of vasorelaxation of ECs and VSMCs were found, through
increased eNOS activity and altered calcium availability
via increased sarco/endoplasmic reticulum Ca>*-ATPase
(SERCA) expression and activity [81-83]. Additionally,
HDL and LDL seem to increase and decrease, respectively,
after progesterone treatment, thereby reducing atherogenesis
[84]. Progesterone is also found to increase NADPH oxidase
activity in the vascular system, resulting in increased ROS
production [85].

Abnormal Levels of Sex Hormones Are
Associated with Cardiovascular Disease

Sex hormone levels are tightly regulated through various
mechanisms and are crucial for optimal health. Abnormal
sex hormone levels (e.g., too high or too low) can cause a
myriad of disruptive responses like specific comorbidities
and increased risks for diseases. Hormone levels may fluctu-
ate due to exogenous (or environmental) causes like malnu-
trition, stress, or inadequate use of supplements. If addressed
in early stages, these atypical sex hormone levels can be
reverted to normal, and the derived effects can be transient.
Alternatively, sex hormone levels could be altered due to
an endogenous driver like a chromosomal or genetic defect.
Known endogenous causes for sex hormone disorders can be
divided into three classes: disorders of sex development (I),
inherited or acquired hypogonadism (II), and fertility dis-
orders (III). These causes often result in abnormal levels of
one or multiple sex hormones and have been associated with
an increased risk of cardiovascular disease. Here, we pro-
vide a summary of disorders that are associated with aber-
rant sex hormone levels. Androgen insensitivity syndrome
(AIS) is an X-linked genetic disorder in which individuals
with an XY karyotype develop as females due to partial or
complete lack of downstream signaling induced by andro-
gens. Patients with AIS have increased body fat, high serum
cholesterol, and impaired insulin sensitivity which resem-
bles aspects of the metabolic syndrome and cardiovascular
risk management is necessary [86]. Klinefelter syndrome
(KS; 47,XXY karyotype) is the most frequent chromosome
disorder causing male infertility and hypogonadism, and is
associated with markedly reduced production of androgens
(i.e., testosterone) [87¢]. Patients with KS are at increased
risk for cardiovascular mortality due to a combination of
comorbidities. A recent meta-analysis shows that hormone
replacement therapy with testosterone has beneficial effects
on the metabolic profile of patients with KS, possibly lower-
ing their cardiovascular risk [88]. PCOS is the most common
endocrine disorder in women of reproductive age [89]. In
contrast to the other described disorders, there is elevated
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androgen activity in women with PCOS. PCOS is a het-
erogeneous disease that can result in several phenotypes,
and it has been suggested that the subgroup of patients with
hyperandrogenism has the highest cardiovascular risk [90].
A meta-analysis demonstrated that women with PCOS have
a twofold risk of arterial disease compared to women with-
out PCOS, which was not due to a higher body mass index
[91]. In addition to sex hormone disorders, the menopause in
women has been described as a time of accelerated CVD risk
[92]. The menopause signifies the permanent cessation of
ovarian function and a transition to a nonreproductive phase
of life which is associated with remarkable changes in hor-
monal patterns. Of note, not only can menopause increase
the risk to CVD, therapies that aim to alleviate menopause-
related symptoms, like hormone therapies, can also be del-
eterious for cardiovascular health.

Sex Hormones as a Treatment Modality

Abnormal levels of sex hormones can be corrected through
tailored therapies, which are mostly started to treat KS and
menopause-related symptoms. In addition, an individual
may undergo hormone replacement therapy (HRT) to align
their secondary sexual characteristics with their gender
identity. HRT is either given as feminizing hormone ther-
apy (i.e., consisting of estrogens and antiandrogens) or as
masculinizing therapy (i.e., consisting of androgens). Both
forms of HRT are generally considered to be safe [93].
However, fundamental changes in hormone-driven homeo-
stasis have been associated with the occurrence of several
diseases, including reduced bone mineral density, coagula-
tive complications, cancer, metabolic disorders, and CVD
[94]. These associations remain to be confirmed as studies of
cardiovascular complications of HRT are limited in number
and large longitudinal epidemiological studies do not exist.
Moreover, HRT presents broad and fundamental changes
to a biological system. Conditions like KS and menopause
have a specific etiology that can be targeted directly, and
often require administration of a single hormone. Conse-
quently, hormone therapies to treat these conditions have
been studied more thoroughly. This section summarizes
studies that were aimed at correcting abnormal hormone
levels to prevent CVD entirely (i.e., primary prevention) or
to limit disease progression when the first signs of CVD are
noted (i.e., secondary prevention).

Testosterone replacement therapy is indicated in young
men with primary sex hormone disorders like KS. In the
past decades, testosterone is commonly prescribed to older
men with low serum testosterone related to advanced age
or obesity [95]. However, the effect of testosterone therapy
on cardiovascular risk gives conflicting results, as exten-
sively reviewed by Gagliano-Juca and Basaria [96e]. Most
evidence is gathered from population studies, retrospective
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studies, and randomized clinical trials. Population stud-
ies suggest an association between low serum testosterone
levels and an increased risk of cardiovascular events [97,
98]. Some retrospective studies have shown higher risks of
cardiovascular events in men receiving exogenous testoster-
one [99, 100]. Meta-analyses of randomized clinical trials
investigating the effects of exogenous testosterone therapy
report conflicting results [101, 102]. The main caveats in
the published clinical trials are the lack of power and the
short duration of follow-up to assess cardiovascular events.
The TRAVERSE trial (NCT03518034) will be the first ran-
domized controlled trial that is adequately powered to evalu-
ate the incidence of cardiovascular events with administra-
tion of exogenous testosterone. The trial started in 2018 and
will include 6,000 men between the age of 45 and 80 years
old at high cardiovascular risk and a low serum testosterone
(<300 ng/dl) to receive either testosterone or placebo. The
treatment and inclusion time per patient will be 60 months.
It is therefore expected that it will take about 10 years before
the final study results will be available. Until then, there are
no evident cardiovascular benefits of testosterone therapy
in men with low serum testosterone and therapy should be
evaluated per individual.

The incidence of CVD increases in postmenopausal
women due to a higher testosterone/estradiol ratio. Multi-
ple high-quality studies have investigated the effect of hor-
mone therapy (MHT) in postmenopausal women since the
1990s. The rational of menopausal MHT is that reversing
the hormonal changes will reduce the cardiovascular risk
and reduce morbidity and mortality. Two important aspects
should be considered in determining benefits of MHT: tim-
ing of treatment (i.e., when to start treatment after onset of
menopause) and the distinction between primary and sec-
ondary prevention of CVDs (i.e., the presence or absence
of a cardiovascular medical history, respectively). There
is large variety in the type of study (e.g., observational,
case—control, clinical trials) and the used inclusion and
exclusion criteria among these studies. A Cochrane sys-
tematic review by Boardman et al. gathered all information
from clinical trials and investigated the effects of MHT on

the prevention of CVD in menopausal women [103]; results
have been summarized in Table 2.

Early randomized controlled trials investigated the
effect of secondary prevention for coronary heart disease
(CHD[HERS trial]) and stroke (WEST trial) [104, 105].
Neither of the trials found a benefit of MHT on second-
ary prevention of the corresponding CVD. The HERS trial
used a combination therapy of estradiol and progesterone in
contrast to the WEST trial which only prescribed estrogen.
The included women were postmenopausal on average for
18 and 25 years, respectively, before initiation of MHT. Tri-
als investigating the role of MHT as secondary prevention
are lacking in postmenopausal women within 10 years after
onset of menopause. The Estrogen in Venous ThromboEm-
bolism Trial (EVTET) treated postmenopausal women with
an average age of 56 years who had a history of a previous
venous thromboembolism with estrogen and progesterone
[106]. The study was terminated prematurely due to circum-
stantial evidence that MHT increased the risk of recurrent
thromboembolism. A specific meta-analysis of randomized
trials also stated that MHT as secondary prevention dou-
bled the risk of venous thromboembolism in postmenopausal
women (RR, 2.02[95% CI, 1.13-3.62])[103]. Furthermore,
the Women’s Health Initiative (WHI) trials are the largest
conducted trials investigating MHT as primary prevention
for CVD in postmenopausal women [107-109]. The WHI I
trial included postmenopausal women which were < 10 years
in menopause and treated with a combination of estrogen
and progesterone. The WHI 1II trial included women who
were postmenopausal and had a hysterectomy and were
treated with only estrogen. Overall, both trials did not find an
effect of MHT on the prevention on coronary heart disease.
However, in line with earlier observational studies, there
was a non-significant trend that postmenopausal women
between the age of 50 and 59 who had hot flashes benefit-
ted from MHT [107-109]. Both studies noted an increased
risk for stroke and venous thromboembolism, except in the
subgroup of women between 50 and 59 years of age. Addi-
tionally, the Danish Osteoporosis Prevention Study (DOPS)
tested oral estrogen alone in women with hysterectomy or

Table 2 Summary of clinical

. Primary Secondary Time since menopause onset
trials and the benefits of
MHT regarding primary and prevention prevention <10 years > 10 years
secondary prevention of CVD
All-cause death & v ~
CV death & v ~
Stroke X = ~ X
Venous thromboembolism X X X X
Coronary heart disease = = v &

V': beneficial effects
~: neutral outcome

X: detrimental effects
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combined with progesterone in postmenopausal women
with an intact uterus [110]. Therapy initiation was done as
soon as possible, reflected by a mean age of 50 years old in
this study. The primary endpoint was a composite of heart
failure, myocardial infarction, or death. After 10 years of
treatment, the risk of the composite endpoint was half com-
pared to untreated women (HR, 0.48[95% CI, 0.26-0.87]),
and the prevalence of stroke was similar. Meta-analyses cor-
roborated these results, with benefits regarding all-cause and
cardiovascular mortality, a neutral effect on stroke, but a
significant increased risk for venous thromboembolisms in
women initiated on MHT < 10 years after menopause [103].
Overall, the use of MHT in menopausal women for either
primary or secondary prevention has little if any benefit at
all but increases the risk of stroke and venous thromboembo-
lism significantly [107—109]. The only subgroup that might
benefit from treatment are postmenopausal women who are
younger than 60 years old and if MHT is initiated within
10 years after menopause onset [109]. A selection of clini-
cal trials has been summarized in Table 3 to illustrate the
diversity, complexity, and magnitude of trials on this topic.

Sex Hormone Changes in Patients with Heart Failure

HF may arise from consistent hormonal abnormalities
and consequently worsening CVDs. Conversely, sex hor-
mone levels may also be affected in patients with HF. Sex
hormones are tightly regulated through complex feed-
back loops that may be disrupted by HF. Various groups
have set out to determine levels of sex hormones in vari-
ous populations of HF patients. In 2000, Moriyama et al.
demonstrated an age-dependent decrease of the androgen
Dehydroepiandrosterone sulfate (DHEA-S) in healthy male
controls, but constitutively low DHEA-S levels in patients
with HF, as well as a correlation between low DHEA-S
levels and high NYHA class [111]. Later, Kontoleon et al.
compared various sex hormone concentrations in patients
with dilated cardiomyopathy to healthy male controls and
found decreased levels of free testosterone, while DHEA-S
remained unchanged [112]. However, no statistical analy-
sis of sex hormone levels and HF severity was reported.
Free testosterone was independently associated with HF
mortality [113]. Similar studies demonstrated that testos-
terone, free testosterone, and DHEA-S were decreased in a
cohort of male patients with systolic HF [114]. Additionally,
an excess of sex hormone-binding globulin (SHBG) was
detected in 38% of patients [114—116]. Univariate regression
analysis indicated that deranged levels of (free) testoster-
one, DHEA-S, and SHBG were associated with HF severity
[115]. Moreover, low serum estradiol levels in male chronic
HFrEF patients were associated with increased serum lev-
els of total testosterone, decreased DHEA-S, and a higher
NYHA class [116]. Regarding HFrEF, higher estradiol and
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DHEA were associated with reduced risk (HR 0.60 and 0.59,
respectively), while higher total testosterone/estradiol ratio
associated with increased risk (HR 1.65) in the same study
[117]. An extensive prospective study in the ARIC cohort
compared sex hormone levels in male and female patients
with HF to healthy controls and demonstrated lower levels
of total testosterone in male patients, and lower SHBG in
female patients [118]. DHEA-S was reduced in all patients
with HF. In addition, decreased testosterone and DHEA-
S associated with increased HF risk in men (HR 1.10 and
1.07, respectively) and decreased DHEA-S with increased
HF(pEF) risk in women (HR 1.17 for all HF, HR 1.12 for
HFpEF) [118].

Taken together, multiple studies have demonstrated that
sex hormone levels are abnormal in patients with HF. Nota-
bly, most studies were limited to testosterone, DHEA-S, and
SHBG and mostly included male patients. Recent studies
have started including female patients and female sex hor-
mones, but these studies are scarce. In line with this review,
we expect to see more studies concerning female patients
and female sex hormones in the near future. It should also
be noted that these studies do not provide any evidence for
a causal link between HF and sex hormone imbalance. The
previous section has indicated how perturbed sex hormones
may lead to CVD and HF, which may be a confounder for
more severe HF. However, most clinical studies were obser-
vational and could not link sex hormone levels during HF
to levels prior to HF onset. Ultimately, this might suggest
that HF patients could be grouped based on sex hormone
abnormalities and correcting the relevant hormone imbal-
ance could be considered as a therapeutic approach for sec-
ondary (or even tertiary) HF prevention.

Sex Differences in Genetic Cardiomyopathies

Sex hormones are essential for cardiovascular function sec-
ondary to sex development. CVDs are not exclusive to a
single sex, but they do manifest in sex-dependent ways. For
example, sex differences are well-described in non-ischemic
forms of heart failure [Se, 119]. Strikingly, the same genetic
variation is often more pathological in males than in females
regardless of environmental factors [5e]. Most forms of
cardiomyopathies have a strong genetic basis, and genetic
screening is a first-tier test in the diagnostic work-up of
patients with a new-onset cardiomyopathy [120ee]. Although
a pathological gene variant may be present, not all carriers
will develop a cardiomyopathy. Such incomplete penetrance
of genetic cardiomyopathies remains an important issue in
clinical practice: which (genetic or non-genetic) factors
determine the disease onset in gene carriers? One observa-
tion is consistent in all published studies: the penetrance is
higher in males compared with females; the DCM popula-
tion with a genetic variant is 60-80% male (varying due to
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specific gene variants) [119]. Although the sex-specific trend
in penetrance is confirmed for almost every specific gene
(e.g., MYH7, LMNA), how sex interacts with the penetrance
of genetic cardiomyopathies is unknown. Leading hypoth-
eses on this include (I) differences in exposure to triggers
and predisposing cardiovascular risk profile (e.g., pregnancy
or cardiotoxic chemotherapy in a predisposed person) and
(II) the influence of sex hormones on (increased) cardiovas-
cular risk [5e, 121, 122]. The latter hypothesis is often used
to explain the differences in penetrance, although there are
no studies that investigated the influence of specific sex hor-
mones on disease penetrance in gene carriers. There is also
no information on how menopause-related sex hormone fluc-
tuations affect cardiomyopathy development in female gene
carriers. The incomplete understanding of sex differences
and the influence of sex hormones in disease penetrance of
pathogenic gene variant carriers is an important knowledge
gap and could be the first step towards a more personalized
cardiac screening and treatment regime for male and female
gene carriers.

Conclusions

Historically, CVD was thought to be a condition that mostly
affected men. However, it is now accepted that women are
also susceptible to these diseases, albeit often with different
symptoms and disease progression. We now know that men
and women are physiologically markedly different and that
understanding which mechanisms drive these differences
is the key to developing better personalized approaches at
various levels of health care. Sex hormones are the primary
factors of interest in the search for sex-dependent mecha-
nisms. The main gaps in our understanding range from very
basic (e.g., identifying all sex hormones relevant to HF) to
fundamental concepts (e.g., downstream targets and diverse
cellular functions). Sex hormones have profound effects in
development, homeostasis, and disease protection. However,
their function is likely much broader than what is currently
understood, which is confirmed by the observations of differ-
ent hormone therapies utilized to rectify abnormal sex hor-
mone levels as seen in, for example, AIS or menopause. We
roughly understand the etiologies of sex hormone-related
conditions because these are associated with excessive or
impaired signaling of specific sex hormones. However,
directed hormone replacement or inhibitor therapies have
proven to be insufficient or even detrimental for general
health. Cardiovascular parameters are among the principal
endpoints of most hormone therapy-related studies. Specifi-
cally, MHT is the best studied therapy, but results are often
inconclusive or contradictory. This is likely due to the com-
plexity of menopause with the association of multiple hor-
mones, varying ages of menopause onset, and diverse timing
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options to start therapy. In contrast, estrogen- or androgen-
related therapies have been understudied and large rand-
omized controlled trials pertaining cardiovascular outcomes
have been initiated only recently. Such trials will be cru-
cial to improve our understanding of sex hormone-related
CVDs. Improving our understanding of the interaction
between sex hormones and the cardiovascular system will
advance treatment strategies, but also our understanding of
sex-related risk factors and screening approaches.

Funding MN is supported by a Dutch Heart Foundation grant
(2019T041). MFH is support by a Dutch Heart Foundation grant
(2021T017).

Declarations

Conflict of Interest The authors declare no competing interests.

Human and Animal Rights All reported studies/experiments with
human or animal subjects performed by the authors have been pre-
viously published and complied with all applicable ethical standards
(including the Helsinki declaration and its amendments, institutional/
national research committee standards, and international/national/insti-
tutional guidelines).

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Papers of particular interest, published recently, have
been highlighted as:

e Of importance

ee Of major importance

1. World Health Organization (WHO) (2021) Cardiovascular dis-
eases (CVDs). In: WHO website. https://www.who.int/news-
room/fact-sheets/detail/cardiovascular-diseases-(cvds). Accessed
2 Dec 2021

2. Virani SS, Alonso A, Aparicio HJ, et al. Heart disease and stroke
statistics—2021 update. Circulation. 2021. https://doi.org/10.
1161/CIR.0000000000000950

3. Kopp W. How Western diet and lifestyle drive the pandemic of
obesity and civilization diseases. Diabetes, Metab Syndr Obes
Targets Ther. 2019;12:2221-36.


http://creativecommons.org/licenses/by/4.0/
https://www.who.int/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds
https://www.who.int/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds
https://doi.org/10.1161/CIR.0000000000000950
https://doi.org/10.1161/CIR.0000000000000950

Current Heart Failure Reports (2022) 19:200-212

209

10.

11.

12.

13.

15.

16.

18.

20.

21.

Oneglia A, Nelson MD, Merz CNB. Sex differences in car-
diovascular aging and heart failure. Curr Heart Fail Rep.
2020;17:409-23.

Lam CSP, Arnott C, Beale AL, Chandramouli C, Hilfiker-
Kleiner D, Kaye DM, Ky B, Santema BT, Sliwa K, Voors AA.
Sex differences in heart failure. Eur Heart J. 2019;40:3859—
3868c. Comprehensive overview of how heart failure pro-
gression and symptoms differ between men and women.
Paulus WJ, Tschope C. A novel paradigm for heart failure with
preserved ejection fraction. J] Am Coll Cardiol. 2013;62:263-71.
Redfield MM, Jacobsen SJ, Borlaug BA, Rodeheffer RJ, Kass
DA. Age- and gender-related ventricular-vascular stiffening. Cir-
culation. 2005;112:2254-62.

Krumholz HM, Larson M, Levy D. Sex differences in cardiac
adaptation to isolated systolic hypertension. Am J Cardiol.
1993;72:310-3.

Ceia F, Fonseca C, Mota T, Morais H, Matias F, de Sousa A,
Oliveira AG. Prevalence of chronic heart failure in Southwestern
Europe: the EPICA study. Eur J Heart Fail. 2002;4:531-9.
Gerber Y, Weston SA, Redfield MM, Chamberlain AM, Mane-
mann SM, Jiang R, Killian JM, Roger VL. A contemporary
appraisal of the heart failure epidemic in Olmsted County, Min-
nesota, 2000 to 2010. JAMA Intern Med. 2015;175:996.
Dewan P, Rgrth R, Jhund PS, et al. Differential impact of heart
failure with reduced ejection fraction on men and women. J Am
Coll Cardiol. 2019;73:29-40.

Brouwers FP, Hillege HL,, van Gilst WH, van Veldhuisen DJ.
Comparing new onset heart failure with reduced ejection fraction
and new onset heart failure with preserved ejection fraction: an
epidemiologic perspective. Curr Heart Fail Rep. 2012;9:363-8.
Han SH, Bae JH, Holmes DR, Lennon RJ, Eeckhout E, Barsness
GW, Rihal CS, Lerman A. Sex differences in atheroma burden
and endothelial function in patients with early coronary athero-
sclerosis. Eur Heart J. 2008;29:1359-69.

Joakimsen O, Bgnaa KH, Stensland-Bugge E, Jacobsen BK. Age
and sex differences in the distribution and ultrasound morphol-
ogy of carotid atherosclerosis. Arterioscler Thromb Vasc Biol.
1999;19:3007-13.

Savji N, Meijers WC, Bartz TM, et al. The association of obe-
sity and cardiometabolic traits with incident HFpEF and HFrEF.
JACC Hear Fail. 2018;6:701-9.

Levy D, Kenchaiah S, Larson MG, Benjamin EJ, Kupka MJ,
Ho KKL, Murabito JM, Vasan RS. Long-term trends in the
incidence of and survival with heart failure. N Engl J Med.
2002;347:1397-402.

Chen X, Savarese G, Dahlstrom U, Lund LH, Fu M. Age-
dependent differences in clinical phenotype and prognosis in
heart failure with mid-range ejection compared with heart failure
with reduced or preserved ejection fraction. Clin Res Cardiol.
2019;108:1394-405.

Santema BT, Ouwerkerk W, Tromp J, et al. Identifying opti-
mal doses of heart failure medications in men compared with
women: a prospective, observational, cohort study. Lancet.
2019;394:1254-63.

Blenck CL, Harvey PA, Reckelhoff JF, Leinwand LA. The impor-
tance of biological sex and estrogen in rodent models of cardio-
vascular health and disease. Circ Res. 2016;118:1294-312.
Arnold AP, Cassis LA, Eghbali M, Reue K, Sandberg K. Sex
hormones and sex chromosomes cause sex differences in the
development of cardiovascular diseases. Arterioscler Thromb
Vasc Biol. 2017;37:746-56.

Shi W, Sheng X, Dorr KM, et al. Cardiac proteomics reveals sex
chromosome-dependent differences between males and females
that arise prior to gonad formation. Dev Cell. 2021;56:3019-
3034.e7.

22.ee El Khoudary SR, Aggarwal B, Beckie TM, Hodis HN, Johnson

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

AE, Langer RD, Limacher MC, Manson JE, Stefanick ML, Alli-
son MA. Menopause transition and cardiovascular disease risk:
implications for timing of early prevention: a scientific statement
from the American Heart Association. Circulation. 2020. https://
doi.org/10.1161/CIR.0000000000000912. Current advice and
statement by the American Heart Association on Cardiovas-
cular risk related to menopause.

Kloner RA, Carson C, Dobs A, Kopecky S, Mohler ER. Tes-
tosterone and cardiovascular disease. ] Am Coll Cardiol.
2016;67:545-57.

Morselli E, Santos RS, Criollo A, Nelson MD, Palmer BF, Clegg
DJ. The effects of oestrogens and their receptors on cardiometa-
bolic health. Nat Rev Endocrinol. 2017;13:352-64.

Fuentes N, Silveyra P. Estrogen receptor signaling mechanisms.
Adv Protein Chem Struct Biol. 2019;116:135-70.

Chistiakov DA, Myasoedova VA, Melnichenko AA, Grechko
AV, Orekhov AN. Role of androgens in cardiovascular pathol-
ogy. Vasc Heal Risk Manag. 2018;14:283-90.

Barrientos G, Llanos P, Basualto-Alarcon C, Estrada M. Andro-
gen-regulated cardiac metabolism in aging men. Front Endo-
crinol. 2020;11:316.

Vanh K, Liu J. Differential effects of progestogens used for men-
opausal hormone therapy. Clin Obs Gynecol. 2018;61:454-62.
Zwadlo C, Schmidtmann E, Szaroszyk M, et al. Antiandrogenic
therapy with finasteride attenuates cardiac hypertrophy and left
ventricular dysfunction. Circulation. 2015;131:1071-81.

Torga A, Cunningham CM, Moazeni S, Ruffenach G, Umar S,
Eghbali M. The protective role of estrogen and estrogen recep-
tors in cardiovascular disease and the controversial use of estro-
gen therapy. Biol Sex Differ. 2017;8:33.

Ferreira C, Trindade F, Ferreira R, Neves JS, Leite-Moreira A,
Amado F, Santos M, Nogueira-Ferreira R (2021) Sexual dimor-
phism in cardiac remodeling: the molecular mechanisms ruled
by sex hormones in the heart. ] Mol Med. 2021. https://doi.
org/10.1007/s00109-021-02169-w. Recently published road-
map towards the development of sex-specific therapeutic
approaches.

dos Santos RL, da Silva FB, Ribeiro RF Jr, Stefanon I. Sex hor-
mones in the cardiovascular system. Horm Mol Biol Clin Inves-
tig. 2014;18:89-103.

Pedroza DA, Subramani R, Lakshmanaswamy R. Classical and
non-classical progesterone signaling in breast cancers. Cancers
(Basel). 2020. https://doi.org/10.3390/cancers 12092440
Pedram A, Razandi M, Aitkenhead M, Levin ER. Estrogen
inhibits cardiomyocyte hypertrophy in vitro. Antagonism of
calcineurin-related hypertrophy through induction of MCIP1.
J Biol Chem. 2005;280:26339-48.

Mahmoodzadeh S, Dworatzek E, Fritschka S, Pham TH, Regitz-
Zagrosek V. 17beta-Estradiol inhibits matrix metalloprotein-
ase-2 transcription via MAP kinase in fibroblasts. Cardiovasc
Res. 2010;85:719-28.

Luo T, Kim JK. The role of estrogen and estrogen receptors on
cardiomyocytes: an overview. Can J Cardiol. 2016;32:1017-25.
Menazza S, Murphy E. The expanding complexity of estro-
gen receptor signaling in the cardiovascular system. Circ Res.
2016;118:994-1007.

Rattanasopa C, Phungphong S, Wattanapermpool J, Bupha-Intr
T. Significant role of estrogen in maintaining cardiac mitochon-
drial functions. J Steroid Biochem Mol Biol. 2015;147:1-9.
Sbert-Roig M, Bauza-Thorbrugge M, Galmes-Pascual BM,
Capllonch-Amer G, Garcia-Palmer FJ, Llado I, Proenza AM,
Gianotti M. GPER mediates the effects of 17beta-estradiol in
cardiac mitochondrial biogenesis and function. Mol Cell Endo-
crinol. 2016;420:116-24.

@ Springer


https://doi.org/10.1161/CIR.0000000000000912
https://doi.org/10.1161/CIR.0000000000000912
https://doi.org/10.1007/s00109-021-02169-w
https://doi.org/10.1007/s00109-021-02169-w
https://doi.org/10.3390/cancers12092440

210

Current Heart Failure Reports (2022) 19:200-212

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.e

51.

52.

53.

54.

55.

Furukawa T, Kurokawa J. Non-genomic regulation of cardiac
ion channels by sex hormones. Cardiovasc Hematol Disord Drug
Targets. 2008;8:245-51.

Patten RD, Pourati I, Aronovitz MJ, et al. 17p-Estradiol
reduces cardiomyocyte apoptosis in vivo and in vitro via acti-
vation of phospho-inositide-3 Kinase/Akt signaling. Circ Res.
2004;95:692-9.

Shen T, Ding L, Ruan Y, et al. SIRT1 functions as an impor-
tant regulator of estrogen-mediated cardiomyocyte protection
in angiotensin II-induced heart hypertrophy. Oxid Med Cell
Longev. 2014;2014:713894.

Wang L, Tang ZP, Zhao W, Cong BH, Lu JQ, Tang XL, Li XH,
Zhu XY, Ni X. MiR-22/Sp-1 links estrogens with the up-regu-
lation of cystathionine gamma-lyase in myocardium, which con-
tributes to estrogenic cardioprotection against oxidative stress.
Endocrinology. 2015;156:2124-37.

Dubey RK, Jackson EK. Estrogen-induced cardiorenal protec-
tion: potential cellular, biochemical, and molecular mecha-
nisms. Am J Physiol Ren Physiol. 2001;280:F365-88.
Haynes MP, Li L, Sinha D, Russell KS, Hisamoto K, Baron
R, Collinge M, Sessa WC, Bender JR. Src kinase mediates
phosphatidylinositol 3-kinase/Akt-dependent rapid endothe-
lial nitric-oxide synthase activation by estrogen. J Biol Chem.
2003;278:2118-23.

Scotland RS, Madhani M, Chauhan S, Moncada S, Andresen
J, Nilsson H, Hobbs AJ, Ahluwalia A. Investigation of vascu-
lar responses in endothelial nitric oxide synthase/cyclooxy-
genase-1 double-knockout mice: key role for endothelium-
derived hyperpolarizing factor in the regulation of blood
pressure in vivo. Circulation. 2005;111:796-803.

Brosnihan KB, Li P, Figueroa JP, Ganten D, Ferrario CM.
Estrogen, nitric oxide, and hypertension differentially modu-
late agonist-induced contractile responses in female transgenic
(mRen2)27 hypertensive rats. Am J Physiol Hear Circ Physiol.
2008;294:H1995-2001.

Santos RL, Marin EB, Goncalves WL, Bissoli NS, Abreu
GR, Moyses MR. Sex differences in the coronary vasodila-
tion induced by 17 beta-oestradiol in the isolated perfused
heart from spontaneously hypertensive rats. Acta Physiol.
2010;200:203-10.

Sobrino A, Oviedo PJ, Novella S, Laguna-Fernandez A, Bueno
C, Garcia-Perez MA, Tarin JJ, Cano A, Hermenegildo C.
Estradiol selectively stimulates endothelial prostacyclin pro-
duction through estrogen receptor-{alpha}. ] Mol Endocrinol.
2010;44:237-46.

Sickinghe AA, Korporaal SJA, den Ruijter HM, Kessler EL
(2019) Estrogen contributions to microvascular dysfunction
evolving to heart failure with preserved ejection fraction. Front
Endocrinol. 2019;10:442. Relevant overview pertaining to
estrogen-related effects in patients with heart failure with
preserved ejection fraction.

Orshal JM, Khalil RA. Gender, sex hormones, and vas-
cular tone. Am J Physiol Regul Integr Comp Physiol.
2004;286:R233-49.

Ueda K, Karas RH. Emerging evidence of the importance of
rapid, non-nuclear estrogen receptor signaling in the cardiovas-
cular system. Steroids. 2013;78:589-96.

Ghisletti S, Meda C, Maggi A, Vegeto E. 17beta-estradiol inhib-
its inflammatory gene expression by controlling NF-kappaB
intracellular localization. Mol Cell Biol. 2005;25:2957-68.
Pedram A, Razandi M, O’Mahony F, Lubahn D, Levin ER.
Estrogen receptor-beta prevents cardiac fibrosis. Mol Endo-
crinol. 2010;24:2152-65.

Wang H, Zhao Z, Lin M, Groban L. Activation of GPR30
inhibits cardiac fibroblast proliferation. Mol Cell Biochem.
2015;405:135-48.

@ Springer

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Altamirano F, Oyarce C, Silva P, Toyos M, Wilson C, Lavan-
dero S, Uhlen P, Estrada M. Testosterone induces cardiomyocyte
hypertrophy through mammalian target of rapamycin complex 1
pathway. J Endocrinol. 2009;202:299-307.

Duran J, Oyarce C, Pavez M, Valladares D, Basualto-Alarcon
C, Lagos D, Barrientos G, Troncoso MF, Ibarra C, Estrada M.
GSK-3beta/NFAT signaling is involved in testosterone-induced
cardiac myocyte hypertrophy. PLoS ONE. 2016;11:e0168255.
Duran J, Lagos D, Pavez M, Troncoso MF, Ramos S, Barrien-
tos G, Ibarra C, Lavandero S, Estrada M. Ca(2+)/calmodulin-
dependent protein kinase II and androgen signaling pathways
modulate MEF2 activity in testosterone-induced cardiac myo-
cyte hypertrophy. Front Pharmacol. 2017;8:604.

Golden KL, Marsh JD, Jiang Y. Testosterone regulates mRNA
levels of calcium regulatory proteins in cardiac myocytes. Horm
Metab Res. 2004;36:197-202.

Wilson C, Contreras-Ferrat A, Venegas N, Osorio-Fuentealba C,
Pavez M, Montoya K, Duran J, Maass R, Lavandero S, Estrada
M. Testosterone increases GLUT4-dependent glucose uptake in
cardiomyocytes. J Cell Physiol. 2013;228:2399-407.
Cruz-Topete D, Dominic P, Stokes KY. Uncovering sex-specific
mechanisms of action of testosterone and redox balance. Redox
Biol. 2020;31:101490.

Kumanov P, Tomova A, Kirilov G. Testosterone replacement
therapy in male hypogonadism is not associated with increase
of endothelin-1 levels. Int J Androl. 2007;30:41-7.

Yu J, Akishita M, Eto M, Ogawa S, Son BK, Kato S, Ouchi Y,
Okabe T. Androgen receptor-dependent activation of endothe-
lial nitric oxide synthase in vascular endothelial cells: role of
phosphatidylinositol 3-kinase/akt pathway. Endocrinology.
2010;151:1822-8.

Yu J, Akishita M, Eto M, Koizumi H, Hashimoto R, Ogawa S,
Tanaka K, Ouchi Y, Okabe T. Src kinase-mediates androgen
receptor-dependent non-genomic activation of signaling cascade
leading to endothelial nitric oxide synthase. Biochem Biophys
Res Commun. 2012;424:538—-43.

English KM, Jones RD, Jones TH, Morice AH, Channer KS.
Testosterone acts as a coronary vasodilator by a calcium antago-
nistic action. J Endocrinol Invest. 2002;25:455-8.

Hall J, Jones RD, Jones TH, Channer KS, Peers C. Selective
inhibition of L-type Ca2+ channels in A7r5 cells by physiologi-
cal levels of testosterone. Endocrinology. 2006;147:2675-80.
Seyrek M, Yildiz O, Ulusoy HB, Yildirim V. Testosterone
relaxes isolated human radial artery by potassium channel open-
ing action. J Pharmacol Sci. 2007;103:309-16.

Cairrao E, Alvarez E, Santos-Silva AJ, Verde 1. Potassium
channels are involved in testosterone-induced vasorelaxation of
human umbilical artery. Naunyn Schmiedebergs Arch Pharma-
col. 2008;376:375-83.

Montano LM, Calixto E, Figueroa A, Flores-Soto E, Carba-
jal V, Perusquia M. Relaxation of androgens on rat thoracic
aorta: testosterone concentration dependent agonist/antagonist
L-type Ca2+ channel activity, and 5beta-dihydrotestosterone
restricted to L-type Ca2+ channel blockade. Endocrinology.
2008;149:2517-26.

Bordallo J, Cantabrana B, Suarez L, Sanchez M. Testosterone
inhibits cAMP-phosphodiesterases in heart extracts from rats
and increases cCAMP levels in isolated left atria. Pharmacology.
2011;87:155-60.

Deenadayalu V, Puttabyatappa Y, Liu AT, Stallone JN, White
RE. Testosterone-induced relaxation of coronary arteries: activa-
tion of BKCa channels via the cGMP-dependent protein kinase.
Am J Physiol Hear Circ Physiol. 2012;302:H115-23.

Kelly DM, Jones TH. Testosterone: a vascular hormone in health
and disease. J Endocrinol. 2013;217:R47-71.



Current Heart Failure Reports (2022) 19:200-212

211

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Cai J, Hong Y, Weng C, Tan C, Imperato-McGinley J, Zhu
YS. Androgen stimulates endothelial cell proliferation via an
androgen receptor/ VEGF/cyclin A-mediated mechanism. Am J
Physiol Hear Circ Physiol. 2011;300:H1210-21.

Hatakeyama H, Nishizawa M, Nakagawa A, Nakano S, Kigoshi
T, Uchida K. Testosterone inhibits tumor necrosis factor-alpha-
induced vascular cell adhesion molecule-1 expression in human
aortic endothelial cells. FEBS Lett. 2002;530:129-32.

Zhang X, Wang LY, Jiang TY, Zhang HP, Dou Y, Zhao JH,
Zhao H, Qiao ZD, Qiao JT. Effects of testosterone and 17-beta-
estradiol on TNF-alpha-induced E-selectin and VCAM-1 expres-
sion in endothelial cells. Analysis of the underlying receptor
pathways. Life Sci. 2002;71:15-29.

Annibalini G, Agostini D, Calcabrini C, Martinelli C, Colombo
E, Guescini M, Tibollo P, Stocchi V, Sestili P. Effects of sex
hormones on inflammatory response in male and female vascular
endothelial cells. J Endocrinol Invest. 2014;37:861-9.

Boese AC, Chang L, Yin KJ, Chen YE, Lee JP, Hamblin MH.
Sex differences in abdominal aortic aneurysms. Am J Physiol
Hear Circ Physiol. 2018;314:H1137-52.

Lopes RA, Neves KB, Pestana CR, Queiroz AL, Zanotto CZ,
Chignalia AZ, Valim YM, Silveira LR, Curti C, Tostes RC.
Testosterone induces apoptosis in vascular smooth muscle cells
via extrinsic apoptotic pathway with mitochondria-generated
reactive oxygen species involvement. Am J Physiol Hear Circ
Physiol. 2014;306:H1485-94.

Dai Q, Likes CE 3rd, Luz AL, Mao L, Yeh JS, Wei Z, Kuchib-
hatla M, Ilkayeva OR, Koves TR, Price TM. A mitochondrial
progesterone receptor increases cardiac beta-oxidation and
remodeling. J Endocr Soc. 2019;3:446-67.

Lan C, Cao N, Chen C, et al. Progesterone, via yes-associated
protein, promotes cardiomyocyte proliferation and cardiac repair.
Cell Prolif. 2020;53:¢12910.

Simoncini T, Mannella P, Fornari L, Caruso A, Willis MY, Gari-
baldi S, Baldacci C, Genazzani AR. Differential signal transduc-
tion of progesterone and medroxyprogesterone acetate in human
endothelial cells. Endocrinology. 2004;145:5745-56.

You Y, Tan W, Guo Y, Luo M, Shang FF, Xia Y, Luo S. Pro-
gesterone promotes endothelial nitric oxide synthase expression
through enhancing nuclear progesterone receptor-SP-1 forma-
tion. Am J Physiol Hear Circ Physiol. 2020;319:H341-8.

Pang Y, Thomas P. Involvement of sarco/endoplasmic reticulum
Ca(2+)-ATPase (SERCA) in mPRalpha (PAQR7)-mediated pro-
gesterone induction of vascular smooth muscle relaxation. Am J
Physiol Endocrinol Metab. 2021;320:E453-66.

Smiley DA, Khalil RA. Estrogenic compounds, estrogen recep-
tors and vascular cell signaling in the aging blood vessels. Curr
Med Chem. 2009;16:1863-87.

Wassmann K, Wassmann S, Nickenig G. Progesterone antago-
nizes the vasoprotective effect of estrogen on antioxidant enzyme
expression and function. Circ Res. 2005;97:1046-54.

Dati E, Baroncelli GI, Mora S, Russo G, Baldinotti F, Parrini
D, Erba P, Simi P, Bertelloni S. Body composition and meta-
bolic profile in women with complete androgen insensitivity
syndrome. Sex Dev. 2009;3:188-93.

Spaziani M, Radicioni AF Metabolic and cardiovascular risk
factors in Klinefelter syndrome. Am J Med Genet C Semin Med
Genet. 2020;184:334-343. Overview of cardiovascular effects
of androgen deficiencies relevant to the current article.
Pizzocaro A, Vena W, Condorelli R, et al. Testosterone treatment
in male patients with Klinefelter syndrome: a systematic review
and meta-analysis. J Endocrinol Invest. 2020;43:1675-87.
Teede H, Deeks A, Moran L. Polycystic ovary syndrome: a com-
plex condition with psychological, reproductive and metabolic

90.

91.

92.

93.

94.

95.

96.e

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

manifestations that impacts on health across the lifespan. BMC
Med. 2010;8:41.

Jovanovic VP, Carmina E, Lobo RA. Not all women diagnosed
with PCOS share the same cardiovascular risk profiles. Fertil
Steril. 2010;94:826-32.

de Groot PC, Dekkers OM, Romijn JA, Dieben SW, Helmerhorst
FM. PCOS, coronary heart disease, stroke and the influence of
obesity: a systematic review and meta-analysis. Hum Reprod
Updat. 2011;17:495-500.

Lloyd-Jones DM, Larson MG, Leip EP, et al. Lifetime risk for
developing congestive heart failure: the Framingham Heart
Study. Circulation. 2002;106:3068-72.

Weinand JD, Safer JD. Hormone therapy in transgender adults
is safe with provider supervision; a review of hormone therapy
sequelae for transgender individuals. J Clin Transl Endocrinol.
2015;2:55-60.

Martinez C, Rikhi R, Haque T, Fazal A, Kolber M, Hurwitz
BE, Schneiderman N, Brown TT. Gender identity, hormone
therapy, and cardiovascular disease risk. Curr Probl Cardiol.
2020;45:100396.

Nguyen CP, Hirsch MS, Moeny D, Kaul S, Mohamoud M, Jofte
HV. Testosterone and “age-related hypogonadism” — FDA con-
cerns. N Engl J Med. 2015;373:689-91.

Gagliano-Juca T, Basaria S. Testosterone replacement therapy
and cardiovascular risk. Nat Rev Cardiol. 2019;16:555-574.
Extensive overview testosterone-based therapies and car-
diovascular effects.

Yeap BB, Hyde Z, Almeida OP, Norman PE, Chubb SAP, Jam-
rozik K, Flicker L, Hankey GJ. Lower testosterone levels predict
incident stroke and transient ischemic attack in older men. J Clin
Endocrinol Metab. 2009;94:2353-9.

Ohlsson C, Barrett-Connor E, Bhasin S, Orwoll E, Labrie
F, Karlssg)n MK, Ljunggren 0, Vandenput L, Mellstrom D,
Tivesten A. High serum testosterone is associated with reduced
risk of cardiovascular events in elderly men. J Am Coll Cardiol.
2011;58:1674-81.

Vigen R. Association of testosterone therapy with mortality,
myocardial infarction, and stroke in men with low testosterone
levels. JAMA. 2013;310:1829.

Martinez C, Suissa S, Rietbrock S, Katholing A, Freedman B,
Cohen AT, Handelsman DJ. Testosterone treatment and risk of
venous thromboembolism: population based case-control study.
BMJ. 2016;i5968

Xu L, Freeman G, Cowling BJ, Schooling CM. Testosterone
therapy and cardiovascular events among men: a systematic
review and meta-analysis of placebo-controlled randomized tri-
als. BMC Med. 2013;11:108.

Alexander GC, Iyer G, Lucas E, Lin D, Singh S. Cardiovascular
risks of exogenous testosterone use among men: a systematic
review and meta-analysis. Am J Med. 2017;130:293-305.
Boardman HM, Hartley L, Eisinga A, Main C, Roqué i Figuls
M, Bonfill Cosp X, Gabriel Sanchez R, Knight B. Hormone
therapy for preventing cardiovascular disease in post-menopau-
sal women. Cochrane Database Syst Rev. 2015. https://doi.org/
10.1002/14651858.CD002229.pub4

Hulley S, Grady D, Bush T, Furberg C, Herrington D, Riggs B,
Vittinghoff E. Randomized trial of estrogen plus progestin for
secondary prevention of coronary heart disease in postmenopau-
sal women. Heart and Estrogen/progestin Replacement Study
(HERS) Research Group. JAMA. 1998;280:605-13.

Viscoli CM, Brass LM, Kernan WN, Sarrel PM, Suissa S, Hor-
witz RI. A clinical trial of estrogen-replacement therapy after
ischemic stroke. N Engl J Med. 2001;345:1243-9.

Hgibraaten E, Qvigstad E, Arnesen H, Larsen S, Wick-
strom E, Sandset PM. Increased risk of recurrent venous

@ Springer


https://doi.org/10.1002/14651858.CD002229.pub4
https://doi.org/10.1002/14651858.CD002229.pub4

212

Current Heart Failure Reports (2022) 19:200-212

107.

108.

109.

110.

111.

112.

113.

114.

115.

thromboembolism during hormone replacement therapy—results
of the randomized, double-blind, placebo-controlled estrogen
in venous thromboembolism trial (EVTET). Thromb Haemost.
2000;84:961-7.

Rossouw JE, Anderson GL, Prentice RL, et al. Risks and benefits
of estrogen plus progestin in healthy postmenopausal women:
principal results From the Women’s Health Initiative randomized
controlled trial. JAMA. 2002;288:321-33.

Anderson GL, Limacher M, Assaf AR, et al. Effects of conju-
gated equine estrogen in postmenopausal women with hysterec-
tomy: the Women’s Health Initiative randomized controlled trial.
JAMA. 2004;291:1701-12.

Manson JE, Chlebowski RT, Stefanick ML, et al. Menopausal
hormone therapy and health outcomes during the intervention
and extended poststopping phases of the women’s health initia-
tive randomized trials. JAMA. 2013;310:1353.

Schierbeck LL, Rejnmark L, Tofteng CL, Stilgren L, Eiken P,
Mosekilde L, Kgber L, Jensen JE. Effect of hormone replace-
ment therapy on cardiovascular events in recently postmenopau-
sal women: randomised trial. BMJ. 2012;345:e6409.
Moriyama Y, Yasue H, Yoshimura M, et al. The plasma levels
of dehydroepiandrosterone sulfate are decreased in patients with
chronic heart failure in proportion to the severity. J Clin Endo-
crinol Metab. 2000;85:1834—40.

Kontoleon PE, Anastasiou-Nana MI, Papapetrou PD, Alexopou-
los G, Ktenas V, Rapti AC, Tsagalou EP, Nanas JN. Hormonal
profile in patients with congestive heart failure. Int J Cardiol.
2003;87:179-83.

Wehr E, Pilz S, Boehm BO, Mirz W, Grammer T, Obermayer-
Pietsch B. Low free testosterone is associated with heart failure
mortality in older men referred for coronary angiography. Eur J
Heart Fail. 2011;13:482-8.

Rydlewska A, Maj J, Katkowski B, Biel B, Ponikowska B,
Banasiak W, Ponikowski P, Jankowska EA. Circulating testoster-
one and estradiol, autonomic balance and baroreflex sensitivity
in middle-aged and elderly men with heart failure. Aging Male.
2013;16:58-66.

Jankowska EA, Biel B, Majda J, Szklarska A, Lopuszanska
M, Medras M, Anker SD, Banasiak W, Poole-Wilson PA,

@ Springer

Ponikowski P. Anabolic deficiency in men with chronic heart
failure: prevalence and detrimental impact on survival. Circula-
tion. 2006;114:1829-37.

116. Jankowska EA, Rozentryt P, Ponikowska B, et al. Circulating
estradiol and mortality in men with systolic chronic heart failure.
JAMA. 2009;301:1892-901.

117. Zhao D, Guallar E, Ouyang P, et al. Endogenous sex hormones
and incident cardiovascular disease in post-menopausal women.
J Am Coll Cardiol. 2018;71:2555-66.

118. Zhao D, Guallar E, Ballantyne CM, et al. Sex hormones and
incident heart failure in men and postmenopausal women: the
atherosclerosis risk in communities study. J Clin Endocrinol
Metab. 2020. https://doi.org/10.1210/clinem/dgaa500

119. Kayvanpour E, Sedaghat-Hamedani F, Amr A, et al. Genotype-
phenotype associations in dilated cardiomyopathy: meta-analysis
on more than 8000 individuals. Clin Res Cardiol. 2016. https://
doi.org/10.1007/s00392-016-1033-6

120.eeVerdonschot JAJ, Hazebroek MR, Krapels IPC, et al. Implica-
tions of genetic testing in dilated cardiomyopathy. Circ Genom
Precis Med. 2020. https://doi.org/10.1161/CIRCGEN.120.
003031. Demonstration of how genetic predisposition is not
always reflected in heart failure-related symptoms and the
importance of genetic screening to improve personalized
medicine.

121. Garcia-Pavia P, Kim Y, Restrepo-Cordoba MA, et al. Genetic
variants associated with cancer therapy-induced cardiomyopa-
thy. Circulation. 2019;140:31-41.

122. Ware JS, Li J, Mazaika E, et al. Shared genetic predisposition
in peripartum and dilated cardiomyopathies. N Engl J Med.
2016;374:233-41.

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1210/clinem/dgaa500
https://doi.org/10.1007/s00392-016-1033-6
https://doi.org/10.1007/s00392-016-1033-6
https://doi.org/10.1161/CIRCGEN.120.003031
https://doi.org/10.1161/CIRCGEN.120.003031

	Evaluation of the Interaction of Sex Hormones and Cardiovascular Function and Health
	Abstract
	Purpose of Review 
	Recent Findings 
	Summary 

	Introduction
	Production and Function of Sex Hormones
	Sex Hormone Steroidogenesis
	Sex Hormone Receptors and Pathways
	Molecular Effects of Sex Hormones on the Cardiovascular System
	Estrogens
	Androgens
	Progestogens


	Abnormal Levels of Sex Hormones Are Associated with Cardiovascular Disease
	Sex Hormones as a Treatment Modality
	Sex Hormone Changes in Patients with Heart Failure
	Sex Differences in Genetic Cardiomyopathies

	Conclusions
	References




