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ABSTRACT

Heart failure (HF) phenotypes differ according to sex. HF preserved ejection fraction (EF) has 
a greater prevalence in women and HF reduced EF (HFrEF) in men. Women with HF survive 
longer than men and have a lower risk of sudden death. Ischemia is the most prominent 
cause in men, whereas hypertension and diabetes contribute to a greater extent in women. 
Women with HF have a greater stiffness of the smaller left ventricle and a higher EF than 
men. This higher stiffness of women's hearts may be based on an increase in fibrosis at old 
age. In younger women estrogen reduces collagen production in female cardiac fibroblasts, 
but stimulates it in males. Lipid and energy metabolism is better maintained in female than 
in male stressed hearts. Pulse pressure is a key determinant of outcome in HF women but not 
in men. Takotsubo and peripartum cardiomyopathy are rare diseases affecting predominantly 
or exclusively women. Sudden cardiac arrest affects more men than women, but women 
are less adequately treated. New findings in HF therapy indicate that women with HFrEF 
need lower doses of beta-blockers and angiotensin-converting enzyme inhibitors than men 
for optimal effects. The combined neprilysin inhibitor/angiotensin II receptor blockers 
sacubitril-valsartan led to a significant reduction in event rate versus valsartan in women, 
which was not observed in men. Unfortunately, only less than 10% of recent randomized 
controlled trial report effects and adverse drug reactions for women and men separately. 
More research on sex differences in pathophysiology and therapy of HF is needed.
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INTRODUCTION

Heart failure (HF) is one of the major health threats to women and men, particularly at old 
age. In western populations, HF preserved ejection fraction (HFpEF) has a greater prevalence 
in women and HF reduced ejection fraction (HFrEF) in men. A number of studies agree that 
women with HF, with HFpEF and HFrEF, usually survive longer than men.1) Cleland reported 
data from a cross sectional European study, where in most cases of hospitalizations for 
HFpEF, women were affected, whereas in most cased of hospitalization for HFrEF, men.2-7)

In the following review we discuss the role of biological sex and the sociocultural dimension 
gender for risk factors, disease manifestation, pathophysiology and prevention of HF 
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syndromes. We also discuss some specific features of HF in women as well as sex and gender 
differences in medical therapy.

EPIDEMIOLOGY AND RISK FACTORS

As recently reviewed, risk factors for HF differ in women and men, even though HF in both 
sexes is driven by aging, hypertension, diabetes mellitus, obesity, and ischemic heart disease 
(IHD).8-10) Ischemia is the most prominent cause in men, whereas hypertension and diabetes 
contribute to the risk for HF in women to a greater extent. Acute coronary syndromes (ACS) 
occur 3–4 times more often in men than in women below age 60, but after 75 years women 
represent the majority of patients. IHD seems to carry a relatively higher risk for HF in 
women than in men. As in IHD, diabetes mellitus type 2 was associated with a higher risk 
of all-cause mortality in women with HFpEF than in men.11) Takotsubo cardiomyopathy 
(TTC) is rare but a life- threatening syndrome and affects more women than men in 
western societies.12) Other sex specific risk factors include endocrine disorders, rheumatic 
diseases, depression, socioeconomic state that all affect women more than men. Peripartum 
cardiomyopathy (PPCM) is a life threatening syndrome in women.13)

Dilated cardiomyopathy (DCM) and hypertrophic cardiomyopathy (HCM) are more frequent 
causes of HF in men than in women. Sudden cardiac death is a frequent event in HF, more 
common in men than in women.

Along with these considerable differences between men and women in determinants of 
cardiac structure and function, lie similarities in HF epidemiology and pathophysiology. Sex 
specific risk prediction models have been developed for HFpEF and HFrE. Adjusting for these 
sex specific risk factors abolishes the sex difference in HFpEF incidence. However, male sex 
remained an important predictor of HFrEF, with a hazard ratio (HR) of 2.9)

GENDER DIMENSION

In addition to biological sex, gender, which results from a socio-cultural process that 
programs differences among men and women, gender is an equally important variable as 
biological sex in human health, and impacts the behavior of the community, doctors and 
patients and thereby outcome of diseases.10)14) Gender has 4 main dimensions: gender roles, 
identity, relations, and institutionalized gender. Gender roles represent the behavioral 
norms applied to men and women in society, which influence individuals' everyday actions, 
expectations, and experiences, including diets, exposures and physical activity, and affects 
health and disease susceptibility. Gender identity describes how a person sees him/herself as 
a woman or a man.

Gender-related variables of men and women can influence health differently from biological sex. 
Gender determine help-seeking behavior, access to healthcare, and individual use of the healthcare 
system. Being perceived as a man or a woman triggers different responses from doctors and 
medical staff who may diagnose and suggest interventions differently, biased by gender.

Mortality 1 year after an acute coronary event was recently found to be more strongly 
associated with gender than with biological sex.15) A gender score was constructed by the 
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authors, based on sociocultural variables and it was tested whether the gender score or 
biological sex was better associated with clinical outcomes. Indeed, 1 year mortality was 
more closely associated with gender than with sex. Female biological sex reduced mortality, 
whereas female gender score increased it. Anxiety was a major driver to impair outcomes in 
women. Similarly control of cardiovascular risk factors (hypertension, diabetes, depressive 
symptoms), was better predicted by gender than by biological sex. Thus, the interaction of 
sex and gender should be taken into account during lifetime (Figure 1).14) Including a gender 
dimension into clinical studies and practice will improve understanding of different clinical 
manifestations and outcomes of diseases in women and men.

DISEASE MANIFESTATIONS

Major clinical manifestations in HFrEF are not different in women and men.16) Minor 
differences have been described in the expression of symptoms. In a single center study, 
women with severe systolic HF had lower exercise tolerance, worse pulmonary function and 
poorer kidney function than men in the presence of similar age and ejection fraction (EF).17)

In some but not all studies, women with HF had a lower prevalence of atrial fibrillation (AF) 
than men which may be due to smaller left atrial size. However, as in the general population, 
women with HF and AF have a higher risk for stroke than men, for yet unknown reasons. 
Therefore, female sex is included as an independent risk factor in the CHA2DS2-VASC score.18)

Symptoms and outcomes in women and men with HFpEF were compared in a recent 
meta analysis of the largest HFpEF trials, i.e. Candesartan in Heart failure: Assessment of 
Reduction in Mortality and morbidity (CHARM)-Preserved (EF≥45%), Irbesartan in heart 
failure with Preserved ejection fraction (I-Preserve), and Treatment of Preserved Cardiac 
Function Heart Failure with an Aldosterone Antagonist (TOPCAT)-Americas. Women had 
worse symptoms, more congestion, and lower quality of life, nevertheless similar rates for HF 
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hospitalization compared to men, but a lower risk of cardiovascular death. The higher risk for 
congestion in HF in women is very similar to our findings in IHD in 2004, when we looked 
at outcomes after coronary artery bypass grafts surgery in women and men and found more 
congestion in women, among others.19) The lower risk of cardiovascular death in women, 
compared with men, was in part explained by a substantially lower risk of sudden death 
compared to men and a higher rate of non-cardiovascular mortality.2)

Women with heart disease also have more depression than men. Women exhibit a worse quality 
of life after diagnosis of HF and exhibit more frequently depression.20)21) Because of the high 
prevalence of depression in women with HF, systematic screening may be considered.

PATHOPHYSIOLOGY

Myocardial function and metabolism
We already described >10 years ago that the hallmark of HFpEF in women is a greater stiffness 
of the smaller left ventricle, compared to men.22) Under stress, women develop smaller 
hearts with thicker walls than men (Figure 2).23) Since women have smaller left ventricular 
(LV) chambers and accordingly lower stroke volumes they need a higher resting heart rate 
to maintain cardiac output than men.3)17)24) With exercise, stiffness increase more in women 
than in men, the stroke volume in women is smaller and therefore they depend even more 
on an increase in heart rate to raise cardiac output. Thus, chronotropic incompetence is a 
more severe event in women than in men. This may partially explain the higher sensitivity of 
women to beta blockers25) and more adverse effects with those.

Women hearts are stiffer and increases in LV stiffness with aging are more pronounced in 
women than in men. This occurs even though women do have a lower tendency to develop 
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myocardial fibrosis than men.26) In contrast, men do develop more fibrosis under stress, i.e. 
pressure overload.27)28) This is probably due to a direct effect of estrogen, that reduces collagen 
production in female cardiac fibroblasts, but stimulates it in males. Female hearts may have a 
higher stiffness based on more titin related mechanisms, as discussed recently.29)

Part of the sexual dimorphism in HF and other cardiovascular diseases is linked to energy 
metabolism and mitochondrial function. In pressure overload, an important precursor of 
myocardial hypertrophy and HF, downregulation of lipid and energy metabolism related 
genes is more pronounced in the male than in the female hearts from mice and humans.30)31) 
Thus, a better preservation of mitochondrial function and content in female heart under 
stress and subsequently, a better ability to handle calcium and to decrease reactive oxygen 
species production participate in the lesser sensitivity of females to HF.

The role of estrogens on glucose and lipid homeostasis and diabetes recently received more 
attention and it was shown that genetic mechanisms contribute to sex specific body fat 
distribution in women and men.32)33) Aromatase activity in the white adipose tissue increases 
estrogen levels in elderly or obese men above those in women.34) These estrogens are important 
for cardiometabolic disorders in men. In HFrEF, men with estrogen levels in the lowest and in 
the highest quintile had poorer outcomes than those with normal estrogen levels.35)

In pressure overload, female, but not male, human hearts exhibit an upregulation of 
peroxisome dependent lipid utilization genes which may represent an alternative pathway 
to cover greater energy demand.36) Moreover, estrogens stimulate mitochondrial respiration 
in female and male hearts. In women, estrogen treatment reversed the mitochondrial 
dysfunction associated with menopause.37)38) Mechanisms of estrogen protection of 
mitochondria include increased expression of proteins that are part of the respiratory 
chain or the tricarboxylic citric acid cycle and mitochondrial DNA binding to regulate 
mitochondrial encoded genes.39)40) These protective mechanisms are not only active in 
pressure overload but also in ischemia/reperfusion injury,41)42) and injury induced by oxidative 
stress.43-45) Maintaining mitochondrial function under stress requires more efficient dealing 
with free radicals resulting from high turnover of oxidative phosphorylation. Higher amounts 
of proteins that can capture free radicals have already been documented in the female 
heart.46) Estrogen increased expression of the antioxidative enzyme glutathione peroxidase, 
and stimulated the activity of the mitochondrial antioxidant manganese sodium dismutase 
in the hearts of ovariectomized animals and repressed superoxide generation in neonatal rat 
cardiomyocytes subjected to oxidative stress.47)48)

Sex differences in lipid metabolism are important for arrhythmia and its treatment. In 
women, arachidonic acid is metabolized to epoxyeicosanoids (EET) under the influence of 
estrogen, whereas in men, it is metabolized to hydroxyeicosatetraenoic (HETE) under the 
influence of androgens. EET are antiarrhythmic and cardioprotective, whereas HETE are 
proarrhythmic. EET analogues are now developed for the use in human AF. Thus, a protective 
mechanism in females is used to treat men and women.49)50)

Sex differences in lipid metabolism occur also in the skeletal muscle. A recent landmark 
study showed that in the skeletal muscle, high density lipoprotein (HDL) via its major protein 
component apolipoprotein A-I stimulates mitochondrial respiration.32) HDL levels are 
higher in premenopausal women than in age-matched men, but decrease after menopause. 
Women with diabetes have lower HDL than non-diabetic women or men and may lose 

161https://e-heartfailure.org https://doi.org/10.36628/ijhf.2020.0004

Sex and Gender in Heart Failure



this stimulatory function of apolipoprotein A-I. Diabetes and the decrease in HDL after 
menopause may predisposes women to reduced muscular strength, sarcopenia and frailty. 
In the Strong Heart Study, sarcopenic women had greater probability of hypertension and 
abnormalities of glucose metabolism compared to women with normal fat free mass.51)

Female myocytes appear to have a lower tendency to develop apoptosis during lifetime. 
The number of cardiomyocytes are similar between sexes at birth, but men develop more 
apoptosis and cardiomyoyte loss during lifetime than women.52) Interestingly, very similar 
observations have been made in IHD. Women have an apparently greater resistance to 
cardiomyocyte loss in the context of myocardial infarction (MI) than men.53) This may explain 
that women have greater salvage with percutaneous coronary intervention, lower rates of 
apoptosis and necrosis, and lower rates of infarct re-expansion and delayed healing after 
acute coronary ischemia.54) This relative resistance to cardiomyocyte death in women results 
in less eccentric LV remodeling after MI and protection against the development of HFrEF.

Even though a lot is known about sex hormones in the pathophysiology of HF, the mechanisms 
are not fully understood. Estrogens and androgens affect myocardial calcium handling and 
myocardial growth.23) Both may contribute to sex differences in diastolic function. Men with 
very low or very high estrogen levels are at greater risk35) for a worse outcome in HFrEF. We 
identified a potential interaction between estrogen, myosin regulatory light chain interacting 
protein (MYLIP) and contractile function as a potential risk factor in men.55) MYLIP has a 
double function as a regulator of myosin light chain and low density lipoprotein receptor 
(LDLR). After ex-vivo estradiol exposure of human heart tissues from women and men, the 
MYLIP gene was only induced in tissues of men. Exposure of estrogen treatment in isolated 
mouse cardiomyocytes led to impaired contractile function in male cardiomyocytes only. 
Further analysis showed that MYLIP expression levels rose with increasing age in hearts of men, 
potentially leading to dysregulation of myosin regulatory light chain function and contributing 
to poor outcomes of cardiometabolic HF in men. Moreover, MYLIP has a completely 
independent second function – it acts as an inducible degrader of the LDLR, also called Idol. 
The LDLR is a critical factor in the regulation of blood cholesterol levels that are altered in 
different human diseases. Both mechanisms may be related to the development or progression 
of cardiovascular disease in elderly and obese men and MYLIP/Idol may even offer a novel 
treatment target. Complete understanding of the role of this protein will contribute to better 
understanding of sex differences in contractile function.

Furthermore, pathomechanisms of cardiac inflammation, leading to myocarditis or coronary 
artery disease (CAD) appear to differ between men and women. 36) Cardiac inflammation is 
supposed to play a crucial role in the initiation of cardiac fibrosis and diastolic stiffness in 
HFpEF patients.

Cardiac fibrosis is strongly associated with progression of HF in a sex specific manner. 
Myocardial fibrosis affects males to a greater degree than females (Figure 3).27)28) This may 
partially be due to greater induction of renin angiotensin system (RAS) related genes in 
men compared to women.56) Or it may be due to decrease of RAS by oestrogens in women.57) 
After exposure to pressure overload, men and male mice activate more profibrotic genes 
and generate more collagen and fibrous tissue in the myocardium than women or female 
animals.27) This difference is partly due to the effects of estrogens: they stimulate collagen 
synthesis in male cardiac fibroblasts from different species, like human, mouse and rat, and 
inhibit collagen synthesis in the female cells and in engineered connective heart tissues.26) 
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More precisely, both estrogen receptors (ER α and ER ß) are phosphorylated differently and 
at different sites in the male and female cells. Once phosphorylated, they bind to the collagen 
promoters in a sexually dimorphic manner. In a simplified manner, ER α represses and ER 
β induces collagen synthesis. In engineered connective heart tissues, E2 via ER modulates 
cardiac tissue function in a sex dependent manner. Engineered heart tissues from male cells 
showed an increased condensation and stiffness upon E2-treatment, analysed by rheological 
measurements, whereas impaired condensation was found in females.

Whereas at young age, men have a greater propensity towards inflammation and fibrosis 
than women, cardiac aging leads to more fibrosis and inflammation in women than in 
men.58) Cardiac aging predisposes elderly women to HFpEF, as LV concentric remodeling and 
diastolic dysfunction are hallmarks of HFpEF, and are present to a greater degree in women 
with HFpEF compared with men with HFpEF. Thus, a female predisposition to diastolic 
dysfunction and HFpEF may result from activation of inflammatatory mechanisms due to a 
loss of estrogens in old age.

Summarizing the sex differences in myocardial pathophysiology described above, it becomes 
evident that a number of changes are induced by sex hormones, that occur in parallel (Figure 4). 
Therefore, a search for a superior regulatory mechanisms was started. MicroRNAs (miRNAs) 
regulate a number genes by binding to their 3 prime regions. They therefore could represent 
one of these overall coordinators of sex specific changes. We recently showed that some miRNA 
in the human heart, that are related to mitochondrial function, are regulated by ER ß.59) Thus, 
the sex-specific regulation of these miRNAs and corresponding downregulation of downstream 
protein targets may contribute to sex-specific remodelling in pressure overload-induced LV 
hypertrophy.59)

Vascular pathophysiology
Finally, vascular dysfunction is known to be a major contributor to the development, 
progression and treatment of HF.60) Sex differences in vascular dysfunction are due to sex 
differences in vascular biology. Microvascular disease primarily affects postmenopausal 
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women due to changes in hormonal exposure as well as to accumulation of risk factors and 
to intrinsic biological sex specific factors. The sex-specific alterations in biomechanical 
properties of the arteries have deleterious sex-specific effects on LV diastolic function. In 
conclusion, sex differences in vascular dysfunction play a multifactorial and crucial role in 
the pathophysiology of the HF syndrome.

An association between arterial stiffness and LV diastolic function in relation to gender and 
age was found in elderly women but not in younger women or men. The data suggest, that 
increased arterial stiffness plays an important role in the development of HFpEF as well as LV 
diastolic dysfunction (LVDD) in elderly women.61)

Investigations from Korea suggest that the effects of earlier wave reflection on central 
pressure may contribute to greater susceptibility to HF with preserved LV EF in women.62) 
Moreover, an association of LVDD and IHD severity was observed only in women. Myocardial 
ischemia may be a potential pathophysiology for higher prevalence of HFpEF in women.63)

An impact of sex on ventricular-vascular stiffness and long-term outcomes in HFpEF was 
also confirmed in the TOPCAT trial substudy. The aim of the substudy to TOPCAT was 
to characterize sex differences in vascular and ventricular structure and function, and to 
investigate the impact on the primary outcome in the TOPCAT trial.64) Echocardiography 
revealed higher arterial, systolic, and diastolic ventricular elastance and worse ventricular-
vascular coupling in women. Women had better overall survival and HF hospitalization 
outcomes. Pulse pressure was a key determinant of outcome in women whereas in men 
heart rate and B-type natriuretic peptide were associated with poorer outcome. Thus, 
outcomes in patients with HFpEF appear to be differentially influenced by key physiological 
factors according to sex. In women, ventricular-vascular stiffening was the most significant 
determinant of outcome.
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PREVENTION

Unfortunately, not much is known about sex specific aspects in prevention of HF.65) One 
of the few trials that investigated Dietary Patterns and Incident HF in U.S. Adults without 
Known Coronary Disease was the REasons for Geographic and Racial Differences in Stroke 
trial. This was a prospective cohort of black and white adults followed from 2003 to 2007 
through 2014. Inclusion criteria included completion of a food frequency questionnaire and 
no baseline coronary heart disease or HF. Five dietary patterns (convenience, plant-based, 
sweets, Southern, and alcohol/salads) were derived from principal component analysis. The 
primary endpoint was incident HF hospitalization. After a median of 8.7 years of follow-
up, 363 participants had incident HF hospitalizations. In brief, adherence to a plant-based 
dietary pattern, more frequently found in women, was inversely associated with incident HF 
risk, whereas the Southern dietary pattern was positively associated with incident HF risk.

Opportunistic screening models for high-risk men and women to detect diastolic 
dysfunction and HFpEF in the community were developed in an European group.66) The 
group aimed to develop sex-specific diagnostic models to enable the early identification of 
men and women at high-risk of LVDD with or without symptoms of HF who require more 
aggressive preventative strategies. Individual patient data from 4 primary care HF-screening 
studies were analysed. Eleven candidate predictors were entered into logistic regression 
models to be associated with the presence of HFpEF in men and women separately. 
Increased age and β-blocker therapy remained as predictors in both the models for men 
and women. The model for men additionally consisted of increased body mass index, 
moderate to severe shortness of breath, increased pulse pressure and history of ischaemic 
heart disease. The models performed moderately and similarly well in men and women and 
the performance improved significantly following the addition of N-terminal pro B-type 
natriuretic peptide. Thus, the authors provide an easy-to-use screening tool for use in the 
community, which can improve the early detection of HFpEF in high-risk men and women 
and optimise tailoring of preventive interventions. More development of is needed for 
specific aspects in women and men.

TTC
In contrast to HCM and DCM, the TTC is a rare disease affecting predominantly women, 
approximatively 70–90% women in most registries.67-70) An altered brain heart axis and a 
decrease in estrogen levels post-partum probably contributes to the altered sensitivity of the 
heart to circulating catecholamines. TTC is often preceded by acute massive psychological or 
physical stress. The patients frequently recover with normalized EF.71)72)

TTC in almost all cases is preceded by severe emotional stress. It is characterized by angina 
symptoms, accompanied by ECG changes and cardiac enzyme elevations. During first phase 
of TTC an acute, reversible, regional systolic dysfunction involving the LV apex and mid-
ventricle with hyperkinesias of the basal LV segments in the absence of obstructive epicardial 
CAD is found. TTC constitutes ca. 6–10% of all women presenting with ACS. Despite the 
overall favorable prognosis, TTC remains a life-threatening condition that has a mortality 
rate up to 8%. and recurrence is estimated to 5%.

Mechanism of TTC remains still unclear. Existing hypotheses comprise the catecholamine 
spillover, microcirculatory dysfunction, epicardial spasm, etc. The microcirculatory 
dysfunction has been demonstrated after acute episodes and under psychological stress in 
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patients with TTC. Few data are known explaining the impaired peripheral endothelium-
dependent vasodilation, excessive vasoconstriction, and augmented sympathetic activation 
after acute mental stress in TTC patients.

Severe activation of the sympathetic nervous system with catecholamine release caused by 
a dysfunctional limbic system has been proposed as a potential mechanism. Recently it was 
shown that altered limbic and autonomic processing occurs which supports the role of a 
brain-heart axis in TTC.73) Using brain functional magnetic resonance imaging, resting state 
functional connectivity was measured in subjects with TTC and healthy controls. The authors 
found parasympathetic- and sympathetic-associated subnetworks with reduced functional 
connectivity in TTC patients compared with controls. Important brain regions included the 
amygdala, hippocampus, and insula as well as cingulate, parietal, temporal, and cerebellar 
regions. These findings suggest that autonomic-limbic integration might play an important 
role in the pathophysiology and contribute to the understanding of TTC.

Since TTC occurs predominantly in postmenopausal women, decreased estrogen availability 
may contribute to the pathophysiology of the disease. Reduction of estrogen levels following 
menopause may augment the reactivity to stress via modulation of autonomic functions 
and down-regulation of cardioprotective substances in the heart, i.e. ANP, resulting in the 
high incidence of TTC in postmenopausal women. Furthermore, the occurrence of TTC in 
post-menopausal women may support the hypothesis of stress-mediated vasoconstriction 
enhanced by estrogen depletion through i.e. the hormonal control of nitric oxide production.

PPCM
The 2018 European Society of Cardiology guidelines provide fundamental information on 
this life-threatening condition.13)

PPCM presents with HF secondary to LV systolic dysfunction towards the end of pregnancy 
and in the months following delivery, with the majority diagnosed post-partum. Careful 
history-taking is necessary to identify and exclude other causes of HF. The LV may be 
non-dilated, but the EF is usually <45%. Symptoms and signs are often typical for HF with 
numerous phenotypes reported. Patients frequently present with acute HF, but also with 
ventricular arrhythmias and/or cardiac arrest. Echocardiography is the imaging modality of 
choice. Initial LVEF <30%, marked LV dilatation (LV end diastolic diameter ≥6.0 cm), and RV 
involvement are associated with adverse outcomes.

Important predisposing factors include multiparity, African ethnicity, smoking, diabetes, 
pre-eclampsia, malnutrition, advanced age, and teenage pregnancy. The cause is uncertain, 
but potential aetiologies include inflammation and angiogenic imbalance, inducing vascular 
damage. The biologically active 16-kDa prolactin and other factors such as soluble fms-like 
tyrosine kinase 1 may initiate and drive PPCM.74)75)

Prospective larger cohort studies have focused mainly on 6-month outcomes, reporting a 
mortality ranging from 2.0% in Germany, to 12.6% in a large cohort of 206 patients with PPCM 
from South Africa. A prospective study over 24 months from Turkey reported a 24% mortality. 
Frequently, but not always, the EF normalizes after the first episode. However, the patients are 
in danger of a second and even more severe event in a subsequent pregnancy. When the EF has 
not recovered to >50–55%, subsequent pregnancy should be discouraged. Even with normalized 
EF, counselling is required due to potential recurrence. With expert interdisciplinary 
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management and immediate bromocriptine treatment post-delivery, successful subsequent 
pregnancies especially in patients with recovered EF have been reported.76)

Sudden cardiac arrest (SCA)
Epidemiology and risk factors
SCA is a hallmark of HF and affects women less frequently than men.77-79) HF phenotypes 
and genotypic predisposition combine and lead to sex specific phenotypes. Arrhythmogenic 
phenotypes can be caused by pathophysiological mechanisms affecting ion channels 
or factors related to regulatory pathways of ion channels in a sex-specific manner. 
Electrophysiological differences between men and women include faster resting heart rates 
and longer rate-corrected QT intervals in women. In the case of long QT syndromes (LQTS), 
the sudden cardiac death during adolescence is equally common among boys and girls; 
after puberty, the rate increases significantly in women, but not in men. The influence of the 
localization of the mutation in the gene, in a channel-forming loop or in another localization 
has a much greater influence in men than in women. Thus, men with a mutation in the canal-
forming region belong to a high-risk group. Other high-risk groups are women, patients with 
a previous syncope or with an extremely long QT time. Women die more from torsade de 
point tachycardia in LQTS, whereas men are more affected by Brugada syndrome.77-79)

Genetic defects leading to LQTS are located on autosomes. Mutations in 13 genes have been 
associated with LQTS, but most of the LQTS are due to mutations in 3 ion channels. LQTS-
induced tachycardia occurs with equal frequency in boys and girls. However, after puberty, 
arrhythmias are more frequent in women than men. Women are at higher risk than men for 
Torsade de Pointes with LQTS type 1 and type 2, but LQTS type 3 occurs with equal frequency 
between men and women.79) It has been hypothesized that testosterone contributes to 
shortening of the QT interval in men, whereas estrogen prolongs the QT in women.80)81)

95% of SCA victims in sports in large studies are men. This is not only a question of exposure. 
Targeted examinations have shown that women exposed to stress are relatively better protected 
against SCA than men. This may also protect them from arrhythmogenic death in HF. Sex 
specific switches in adrenergic signalling under stress conditions could represent an endogenous 
protective mechanism in women. Furthermore, women may generate protective metabolites in 
the arachidonic acid pathways under the influence of oestrogen, whereas men, under the influence 
of testosterone, generate more pro-arrhythmic and pro-hypertrophic metabolites. However, the 
precise mechanisms underlying protection in women are still unknown. We discuss this entity 
since it may be important to identify protective mechanisms in women. Furthermore, women and 
men are not equally treated with defibrillators. Women receive less for the same indications, in 
primary as well as in secondary prevention and the reasons for this are not yet clear.

Clinical manifestation
Women and men differ in their presentation with SCA. According to the large Oregon heart 
study, women are more often alone at the time of the event, and have less shockable rhythm, 
i.e. ventricular tachycardia and more frequently asystole.82) Duration of reanimation in 
women are shorter than in men, in US and Europe. The phenomen is not really understood, 
but it is generally believed that men are reluctant to touch women for reanimation purposes. 
Nevertheless, women have better survival rates.

SCA and sex hormones
The influence of sex hormones on the incidence of events in women and men is based on 
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their effects on ion currents. Estrogen inhibits the repolarizing potassium inward flow 
and prolongs the action potential, leading to prolonged action potential duration which is 
more harmful in patients with pre-existing prolongation. In contrast, testosterone in men 
stimulates the potassium inward flow and thereby shortens the action potential and reduces 
risk for LQTS tachycardia.

Sudden cardiac death in sports is mainly a disease of men. 95% of those affected in large 
studies are men. Only in cycling, jogging, swimming and hiking, significant numbers of 
SCA are reported in women. There is no good explanation why SCA in sports is so much less 
frequent in women.

The current concept in the development of sudden cardiac death is that either IHD or 
HF results in a vulnerable substrate, which then facilitates the occurrence of ventricular 
fibrillation in combination with a specific trigger. The interaction between the vulnerable 
substrate and the trigger, which can be influenced by different mechanisms, some of which 
may be sex- or gender-specific, plays a central role.83)

Potential mechanisms include nutrition, lipid metabolism, psychosocial determinants as well 
as sex hormones, modulators of ion channels, genetic factors and calcium. Possible protective 
factors in women are a Mediterranean diet, which is more frequently chosen by women than 
men, a favourable profile of lipid metabolites, higher concentrations of polyunsaturated fatty 
acids, low concentrations of lipoprotein a, which is downregulated by estrogens.

Metabolites in the metabolism of arachidonic acid can also play an important role. 
Arachidonic acid is degraded to eicosanoids and this occurs in the myocardium differently 
under the influence of androgens and estrogens, in men and women. Estrogens affect the 
cytochrome P 450 isoenzyme CYP 2J2 pathway toward the formation of EET and block the 
degradation of EET by inhibiting the soluble epoxide hydroxylase. Higher levels of protective 
EET are the result. In men, on the other hand, the cytochrome P450 pathway is driven 
towards the formation of 20 hydroeicosanoids (20 HETE) by the isoenzyme CYP4.49)

20 HETE and EET have varying, almost opposite effects on cardiac remodeling. EET have 
strong anti-apoptotic, anti-inflammatory and antiarrhythmic effects. They regulate the 
L-type calcium channel and ATP-dependent potassium channels. In a model of the pressure 
load of the heart, the increase in the concentration of EET induced by overexpression of 
the epoxygenase CYP2J2 significantly reduces the deaths after pressure overload in male 
animals. In addition, EET also inhibit the onset of ventricular fibrillation after electrical 
stimulation of the heart. Equally favourable effects were found in a model of catecholamine 
overstimulation.49) Accordingly, EET analogues are now the starting point for the 
development of new antiarrhythmic drugs.

Further important protective mechanisms are found in ​​beta-adrenergic signal transduction 
and some of them are related to sex or sex hormones.84-88) In the heart, beta 1 and beta 2 
adrenergic receptors are expressed (ß1AR, ß2AR). They are regulated by sex hormones on 
expression and activity levels. ß1AR is down-regulated by estrogen whereas beta 2AR can be 
activated by estrogen. Both receptor types couple to stimulatory G proteins and lead to the 
formation of cAMP, activation of protein kinase A and sarcoplasmic calcium release, leading 
to positive inotropy, arrhythmias and apoptosis. However, after adrenergic overstimulation, 
the beta 2AR may switch from Gs to GI protein coupling and beta 2AR may act suddenly in a 
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negative inotropic, anti-apoptotic and anti-arrhythmic manner. This switch seems to be more 
easily activated in women than in men and may be related to TTC. Its activation under stress 
conditions could represent an endogenous protective mechanism in women against SCA.

Several authors also described significant sex differences in calcium signaling in HF. We 
found an up regulation of calcium dependent signaling in men with HF.23) In addition, we 
found significant sex differences in L-type calcium channel activities. In men, activation of 
the channel leads to a stronger calcium inward current then in women.

In summary, potential mechanisms for sex differences in the genesis of arrhythmia have 
been located to lipid metabolism, to arachidonic acid metabolism and to eicosanoids and to 
calcium signaling. Alltogether, they result in the protection of women.

Implantable cardioverter defibrillator (ICD) therapy
Different studies found that ICD in the field of primary and secondary prevention in ischemic 
and non-IHD obtained similar results related to sex and gender, but was underused in women. 
In general, women represented only a small part of study cohorts, between 10 and 20%. Based 
on the small number of women in the studies it is difficult to assess results for them.89)

In an analysis of the national register of the US in which 90% of pacemaker and ICD implant 
patients in the United States are included, >38,000 implantations, only 25% of women, were 
included. Women had more comorbidities and more severe HF and more frequently non-
ischemic cardiomyopathies then men. ICD related complications occured more frequently in 
women than in men.90)

Data from a Multicenter French Registry in primary prevention describe a large multicenter 
cohort of consecutive patients referred for ICD implantation for primary prevention 
(2002–2012), in ischemic and non-ischemic cardiomyopathy (CMP). Of 5539 patients, only 
837 (15.1%) were women. Compared to men, women presented with a significantly higher 
proportion of non-ischemic CMP (60.2% vs. 36.2%, p<0.001), wider QRS complex width 
(QRS >120 ms: 74.6% vs. 68.5%, p=0.003), higher New York Heart Association functional 
class, and lower prevalence of AF. During a 16 786 patient-years follow-up, overall, fewer 
appropriate therapies were observed in women. By contrast, no sex-specific interaction was 
observed for inappropriate shocks, ICD complications, and all-cause mortality. Thus, in 
this real-life registry, women accounted for the minority of ICD recipients and presented 
with a different clinical profile.89) They were less likely to experience sustained ventricular 
arrhythmias in comparison with men.

Further analysis in secondary prevention, i.e. in patients that had already experienced a 
SCA event confirmed that women benefit as much as men, if they are treated. Curtis et al.91) 
analysed a 5% national sample of patients from the US Centers for Medicare & Medicaid 
Services eligible for ICD therapy and found, that in the secondary prevention ICD cohort, 
there was a statistically significant mortality benefit for both sexes even after adjustment for 
other factors.92)

Nevertheless, women were less likely to be referred for ICD therapy despite current guideline 
recommendations. To understand the underlying mechanisms, Hernandez et al.93) analysed 
data from the get with the guidelines (GWTG)-HF programme and studied 13,034 patients 
with HF who were eligible for ICD therapy. The study revealed that while around 44% of 
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eligible (white) men received ICDs, only around 28% of eligible women received ICD therapy. 
The study by Curtis et al.91) mentioned above showed that only 8.6 per 1,000 women received 
an ICD compared with 32.3 per 1,000 men within 1 year of known eligibility for a primary 
prevention ICD. The rates of ICD implantation for secondary prevention of SCD were also 
equally disproportionate in women (38.4 per 1,000) compared to men (102.2 per 1,000).

Other studies reported similar results: Among 9,246 eligible secondary prevention patients 
(age 66.3±14.3 years; 3,577 women [39%]) with cardiac arrest, men were more likely to 
undergo ICD implantation, with an age-, comorbidity-, and arrhythmia-adjusted HR of 1.92 
(95% confidence interval [CI], 1.66–2.23).

Among 105,516 patients with MI (age 68.3±12.7 years; 42,987 women [41%]), men were 
threefold more likely to undergo ICD implantation, with an adjusted HR of 3.00 (95% CI, 
2.53–3.55).94)

The studies clearly reveal there is an ongoing need to improve ICD therapy in women. Over 
the past few years there have been ongoing efforts to improve utilisation of implantable 
cardiac device therapy in eligible female patients.

The IMPROVE HF20 study evaluated whether a programme to provide clinical decision-
making support tools and educational materials to healthcare providers would lead to 
similar improvements in adherence to clinical practice guidelines for both male and female 
patients.95) This was a prospective study where high-risk patients with HF with reduced EF 
(<35%) eligible for treatment with an ICD, cardiac resynchronization therapy (CRT) or several 
other guideline-recommended therapies were identified and hospitals were provided with 
clinical algorithms, pocket cards, patient educational materials and patient assessment forms 
and were followed for 24 months. The study included a total of 15,170 patients of whom 4,383 
(28.9%) were women. At the end of 2 years, rates of ICD use went up from 40–50% to 75–
80% and CRT use from 35–40% to 65–75% in both men and women. Thus, providing clinical 
decision-making support and education can lead to better ICD therapy utilisation in eligible 
patients irrespective of sex. Similarly, Al-Khatib et al.96) analysed 11,880 patients enrolled in 
the GWTG-HF program for trends in ICD implantation rates over the past decade and found 
that with the implementation of the GWTG-HF program, rates of ICD implantation went up 
overall (around 30% in 2005 to 42% in 2007).

In conclusion, there are significant biological differences in cardiac electrophysiology and in 
arrhythmia in women and men. Protective mechanisms were identified in women and serve 
as a basis for anti-arrhythmic drug development in men. Treatment with ICD has significant 
benefits in women and men even though women have less arrhythmic events. However, there 
is a gender bias leading to less treatment in women. More studies are needed to establish sex 
and gender sensitive guidelines for ICD treatment in women.

MEDICAL THERAPY

Current guidelines do not stratify HF for women and men. However, there is a lot of recent 
evidence that women may need different doses for some drugs, that they benefit more or 
less from others than men. Reporting of sex and gender differences from clinical trials is still 
underdeveloped.
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Digoxin
In 1997, the Digitalis Investigation Group confirmed the efficiency of digoxin therapy for 
patients with HF.97) Thereafter, guidelines strongly endorsed the use of digoxin in HFrEF, 
without considering sex. However, in a post hoc subgroup analysis, digoxin was associated 
with a significantly higher mortality among women taking digoxin compared with those 
taking placebo, an effect that was not observed in men.98) Subsequently, higher drug serum 
levels in the upper normal range were held responsible for the unfavorable survival effects 
reported in women. More studies are needed to clarify is there is a pharmacokinetic or 
pharmacodynamics sex difference in the effect of digoxin. In the absence of definitive 
evidence, digoxin plasma concentration should be below 0.8 ng per ml in women and men.99)

Beta-blockers
Beta-blockers are cornerstones in the treatment of HF. Two major trials, the metoprolol 
CR/XL (MERIT)-HF study and the carvedilol prospective randomized cumulative survival 
(COPERNICUS) trial, failed to find a beneficial effect on mortality in the small subgroups 
of women.100)101) In the cardiac insufficiency bisoprolol study II (CIBIS II) study, women 
profited significantly from treatment with bisoprolol.102)103) Pooling of mortality results 
from MERIT-HF, CIBIS II, and COPERNICUS showed survival benefits in both women and 
men.104) The lack of evidence in some large beta-blocker studies is therefore probably due to 
the under-representation of women in the trials and beta-blockers are an effective treatment 
in women.

However, optimal doses for beta-blockers may well differ in women and men. A recent analysis 
in the BIOlogy Study to TAilored Treatment (BIOSTAT) in Chronic HF study performed in 11 
European countries, found that women with HFrEF needed lower doses of beta-blockers and 
angiotensin-converting enzyme inhibitors (ACEI) (see below) than men for optimal effects 
(Figure 5).25) Women achieved optimal effects with half the doses of men and increasing 
the doses further did not improve the outcomes. The results from the European study were 
confirmed in an Asian cohort.25) In this cohort, women needed lower doses for optimal effect 
and did not improve with increasing doses. This may be explained by sex differences in the 
pharmacokinetics of beta-blockers. Metoprolol and propranolol are primarily metabolized by 
liver cytochrome CYP2D6 which has a lower activity in women than in men.105)106) Propranolol 
reaches plasma levels that are up to 80% higher in women compared to men. The optimal effect 
of the beta-blocker metoprolol may be achieved in lower doses in women than in men: a 50 mg 
metoprolol dose in adult women provided an approximately similar drug exposure to a 100 mg 
dose in adult men.107) Oral contraceptives can interact with metoprolol metabolism and further 
increase its plasma levels.108) Since women experience more frequently adverse effects with 
beta-blockers than men, it may be useful to keep doses low and more studies on optimal dosing 
of beta-blockers in women are needed.

ACEI
In early multicentre studies, e.g. CONSENSUS I, SAVE, and SOLVD, ACEI led to much smaller 
mortality reductions in women compared with men. The later trials AIRE and HOPE, as well 
as a number of smaller studies, showed a significant benefit of ACEI in women, suggesting 
that they benefit from treatment as much as men. However, the “Second Australian 
National Blood Pressure Study” (ACEI vs diuretics) demonstrated a significant reduction in 
cardiovascular events in men, but not in women, despite similar reductions in blood pressure 
in both sexes.109) Most recently, the BIOSTAT HF trial suggested that women with HFrEF 
reach the same treatment effects, i.e. mortality and reduction of cardiovascular events, with 
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lower doses than men, and do not benefit from up-titrating to guideline recommended doses 
(Figure 5).25) It is unclear, whether the underlying pathophysiology interferes with treatment 
results in a sex specific manner or if pharmacokinetic aspects play a role. Adverse effects of 
ACEI, especially a typical dry cough, that occurs early with treatment and seems to be dose 
independent, are more frequent in women than in men.110) Cardiology societies should urge 
industry to do more studies to find out about optimal ACEI doses in women.

Angiotensin II receptor blockers (ARB)
Major ARB studies in patients with hypertension, after MI and HF found no sex- or gender-
related differences and showed the same safety profile in both sexes. This was true for 
Losartan Intervention for Endpoint Reduction in Hypertension, Evaluation of Losartan in 
the Elderly, Optimal Trial in Myocardial infarction with Angiotensin II Antagonist Losartan, 
Valsartan Antihypertensive Long-Term use Evaluation, Valsartan Heart Failure Trial, 
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I-Preserve, CHARM. Thus, we assume that these drugs are equally effective in women and 
men and may be used in the same doses.

Sacubitril-valsartan
Recently, completely unsuspected sex differences were found in a large randomized 
controlled trial (RCT), comparing the combined Neprilysin inhibitor/ARB sacubitril-
valsartan and the ARB valsartan in patients with HFpEF.111)112) Neprilysin inhibition augments 
endogenous biologically active natriuretic peptides and other vasoactive compounds, 
with increased generation of cGMP, a signaling molecule that is reduced in HFpEF, and is 
beneficial in HFEF.113)114) Sacubitril-valsartan did not result in a significantly lower rate of 
total hospitalizations for HF and death from cardiovascular causes in a mixed sex cohort 
of patients with HFpEF/HFmEF.112) However, it led to a significant reduction in event rate 
versus valsartan in women, which was not observed in men (0.73 in women and 1.03 in 
men; p interaction=0.017).111) Thus, the drug was effective in women, but not in men. The 
study could not provide a definite mechanistic basis for this finding. This is a challenge for 
guideline committees – will the recommend the use of this drug in women only?

Renin inhibitors
Aliskiren, the first non-peptide active renin inhibitor, provided equally effective, dose-
dependent blood pressure lowering in women and men with mild-to-moderate hypertension, 
also in the elderly, obese or those with metabolic syndrome.115) The drug can also be used in 
HF. Sex specific analysis are not available.

Aldosterone receptor antagonists
A first trial found no difference in the effect of spironolactone on symptomatic HF between 
men and women.116) However just 30% of the patients enrolled have been women and the 
trial was not powered to detect sex differences. The major clinical trial of eplerenone in 
patients with acute MI and LV dysfunction, EPHESUS, showed a trend towards a greater 
benefit for women, treated with eplerenone, at 30 days which was not confirmed at 
16 months.117) Furthermore, in an exploratory, post hoc, non-pre-specified analysis of 
the TOPCAT trial, evidence for sex differences were found. In TOPCAT, subjects with 
symptomatic HF and a LV EF ≥45% were randomized to spironolactone or placebo. In a post-
hoc subgroup analysis, in which only subjects enrolled from the Americas were analyzed, 
spironolactone therapy was associated with reduced all-cause mortality in women (HR, 0.66; 
p=0.01) but not in men (p interaction= 0.02).118) Thus, even though the interaction between 
spironolactone and sex in TOPCAT overall and in the present analysis was non significant for 
the primary cardiovascular outcome, there was a reduction in all-cause mortality associated 
with spironolactone therapy in women, with a significant interaction between sex and 
treatment arm. More prospective studies are needed for confirmation and mechanistic 
understanding.

Antiarrhythmic drugs
A number of antiarrhythmic drugs prolongs cardiac repolarization. Women have longer rate 
corrected QT intervals than men and are more prone to adverse effects with such drugs. 
For all of the following QT-prolonging drugs, women consistently had a higher incidence of 
QT prolongation and torsades de pointes than men: amiodarone, bepridil, disopyramide, 
quinidine, erythromycin, halofantrine, ibutilide, probucol, sotalol, and terfenadine.77) There 
are no sex-related recommendations in the guidelines, but it may be wise, if doctors check for 
changes in the QT intervals when initiating treatment of women with these drugs.
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Calcium-channel blockers
The major hypertension trials with calcium antagonists revealed no evidence for gender 
differences in outcomes.119) Only the Amlodipine Cardiovascular Community Trail trial 
therapy with amlodipine resulted in more pronounced blood pressure reduction in women 
than in men. Women also had a higher incidence of edema. The sex differences were small 
and further evidence is needed to support clinical relevance. No sex differences of verapamil 
treatment were confirmed.

Sex specific reporting of effects and adverse effects
Knowledge on sex differences in effects and adverse effects in RCT is crucial for understanding 
mechanisms in women and men and optimizing therapy. However, most RCT do not present 
their results in a sex-disaggregated manner. A recent RCT reporting positive effects of colchicine 
for MI included only 20% women and did not present results in a sex-specific manner.120) We 
recently performed a systematic search of PubMed and Embase to collect all available information 
on adverse drug reactions (ADRs) to ACEI, beta-blockers, angiotensin II receptor blockers, 
mineralocorticoid receptor antagonists, ivabradine, and digoxin in both women and men with 
HF.121) We identified 155 eligible records, of which only 11 (7%) reported ADRs data for women and 
men separately. Sex-stratified reporting of ADRs did not increase over the last decades (Figure 6). 
Three of the 11 studies reported a higher risk of angiotensin-converting enzyme inhibitor–related 
ADRs in women, 1 study showed higher digoxin-related mortality risk for women.

These results underline the scarcity of ADR data stratified by sex. The study investigators call 
for a more comprehensive reporting of ADR data for women and men separately.121)

CONCLUSION

Women are at greater risk than men of experiencing an adverse reaction to most 
cardiovascular drugs and effects of cardiovascular drugs in women and men can be 
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different. Underlying causes are yet unknown, but genetic mechanisms like polymorphisms 
modifying drug response to ACEI, beta-blockers and calcium-channel blockers interfering 
with the effect of sex hormones and menstrual cycle, with age, underlying pathophysiology, 
comorbidities, co-medication and self-medication can all play a role.

Significant sex and gender differences still exist. Clinical and basic investigators, industrial 
study managers, cardiology societies, guideline committees urgently need to pay attention 
to the fair inclusion of women in research projects and guidelines for management. 
Considering women and men equally will make medicine more efficient and reduce 
number of failed diagnosis and ADR. It is a step forward towards precision medicine and 
improvement of clinical research. Cardiology societies should urge industry to do more 
studies to find out about optimal doses of cardiovascular drugs in women.

ACKNOWLEDGMENTS

I thank Anna-Lena Metterhausen and Ahmad Tauseef Nauman for excellent help with editing 
and the literature.

REFERENCES

	 1.	Regitz-Zagrosek V, Jaguszewska K, Preis K. Pregnancy-related spontaneous coronary artery dissection. 
Eur Heart J 2015;36:2273-4.
PUBMED

	 2.	Dewan P, Rørth R, Raparelli V, et al. Sex-related differences in heart failure with preserved ejection 
fraction. Circ Heart Fail 2019;12:e006539. 
PUBMED | CROSSREF

	 3.	Gori M, Lam CS, Gupta DK, et al. Sex-specific cardiovascular structure and function in heart failure with 
preserved ejection fraction. Eur J Heart Fail 2014;16:535-42. 
PUBMED | CROSSREF

	 4.	Beale AL, Meyer P, Marwick TH, Lam CS, Kaye DM. Sex differences in cardiovascular pathophysiology: 
why women are overrepresented in heart failure with preserved ejection fraction. Circulation 
2018;138:198-205. 
PUBMED | CROSSREF

	 5.	Beale AL, Nanayakkara S, Segan L, et al. Sex differences in heart failure with preserved ejection fraction 
pathophysiology: a detailed invasive hemodynamic and echocardiographic analysis. JACC Heart Fail 
2019;7:239-49. 
PUBMED | CROSSREF

	 6.	Stolfo D, Uijl A, Vedin O, et al. Sex-based differences in heart failure across the ejection fraction 
spectrum: phenotyping, and prognostic and therapeutic implications. JACC Heart Fail 2019;7:505-15. 
PUBMED | CROSSREF

	 7.	Tibrewala A, Yancy CW. Heart failure with preserved ejection fraction in women. Heart Fail Clin 
2019;15:9-18. 
PUBMED | CROSSREF

	 8.	Dunlay SM, Roger VL, Redfield MM. Epidemiology of heart failure with preserved ejection fraction. Nat 
Rev Cardiol 2017;14:591-602. 
PUBMED | CROSSREF

	 9.	Ho JE, Enserro D, Brouwers FP, et al. Predicting heart failure with preserved and reduced ejection 
fraction: the international collaboration on heart failure subtypes. Circ Heart Fail 2016;9:e003116. 
PUBMED | CROSSREF

	 10.	EUGenMed Cardiovascular Clinical Study Group, Regitz-Zagrosek V, Oertelt-Prigione S, et al. Gender 
in cardiovascular diseases: impact on clinical manifestations, management, and outcomes. Eur Heart J 
2016;37:24-34. 
PUBMED | CROSSREF

175https://e-heartfailure.org https://doi.org/10.36628/ijhf.2020.0004

Sex and Gender in Heart Failure

http://www.ncbi.nlm.nih.gov/pubmed/26594680
http://www.ncbi.nlm.nih.gov/pubmed/31813280
https://doi.org/10.1161/CIRCHEARTFAILURE.119.006539
http://www.ncbi.nlm.nih.gov/pubmed/24574260
https://doi.org/10.1002/ejhf.67
http://www.ncbi.nlm.nih.gov/pubmed/29986961
https://doi.org/10.1161/CIRCULATIONAHA.118.034271
http://www.ncbi.nlm.nih.gov/pubmed/30819380
https://doi.org/10.1016/j.jchf.2019.01.004
http://www.ncbi.nlm.nih.gov/pubmed/31146874
https://doi.org/10.1016/j.jchf.2019.03.011
http://www.ncbi.nlm.nih.gov/pubmed/30449384
https://doi.org/10.1016/j.hfc.2018.08.002
http://www.ncbi.nlm.nih.gov/pubmed/28492288
https://doi.org/10.1038/nrcardio.2017.65
http://www.ncbi.nlm.nih.gov/pubmed/27266854
https://doi.org/10.1161/CIRCHEARTFAILURE.115.003116
http://www.ncbi.nlm.nih.gov/pubmed/26530104
https://doi.org/10.1093/eurheartj/ehv598


	 11.	Palau P, Bertomeu-González V, Sanchis J, et al. Differential prognostic impact of type 2 diabetes mellitus 
in women and men with heart failure with preserved ejection fraction. Rev Esp Cardiol (Engl Ed) 
2019:S1885-5857(19)30264-6. 
PUBMED | CROSSREF

	 12.	Templin C, Ghadri JR, Diekmann J, et al. Clinical features and outcomes of takotsubo (stress) 
cardiomyopathy. N Engl J Med 2015;373:929-38. 
PUBMED | CROSSREF

	 13.	Regitz-Zagrosek V, Roos-Hesselink JW, Bauersachs J, et al. 2018 ESC guidelines for the management of 
cardiovascular diseases during pregnancy. Eur Heart J 2018;39:3165-241. 
PUBMED | CROSSREF

	 14.	Regitz-Zagrosek V. Sex and gender differences in health. Science & Society Series on Sex and Science. 
EMBO Rep 2012;13:596-603. 
PUBMED | CROSSREF

	 15.	Pelletier R, Khan NA, Cox J, et al. Sex versus gender-related characteristics: which predicts outcome after 
acute coronary syndrome in the young? J Am Coll Cardiol 2016;67:127-35. 
PUBMED | CROSSREF

	 16.	McMurray JJ, Adamopoulos S, Anker SD, et al. ESC guidelines for the diagnosis and treatment of acute 
and chronic heart failure 2012: the task force for the diagnosis and treatment of acute and chronic heart 
failure 2012 of the European Society of Cardiology. Developed in collaboration with the Heart Failure 
Association (HFA) of the ESC. Eur Heart J 2012;33:1787-847. 
PUBMED | CROSSREF

	 17.	Regitz-Zagrosek V, Petrov G, Lehmkuhl E, et al. Heart transplantation in women with dilated 
cardiomyopathy. Transplantation 2010;89:236-44. 
PUBMED | CROSSREF

	 18.	European Heart Rhythm Association, European Association for Cardio-Thoracic Surgery, Camm AJ, 
et al. Guidelines for the management of atrial fibrillation: the task force for the management of atrial 
fibrillation of the European Society of Cardiology (ESC). Eur Heart J 2010;31:2369-429. 
PUBMED | CROSSREF

	 19.	Regitz-Zagrosek V, Lehmkuhl E, Lehmkuhl HB, Hetzer R. Gender aspects in heart failure. 
Pathophysiology and medical therapy. Arch Mal Coeur Vaiss 2004;97:899-908.
PUBMED

	 20.	Riedinger MS, Dracup KA, Brecht ML, Padilla G, Sarna L, Ganz PA. Quality of life in patients with heart 
failure: do gender differences exist? Heart Lung 2001;30:105-16. 
PUBMED | CROSSREF

	 21.	Kendel F, Gelbrich G, Wirtz M, et al. Predictive relationship between depression and physical functioning 
after coronary surgery. Arch Intern Med 2010;170:1717-21. 
PUBMED | CROSSREF

	 22.	Regitz-Zagrosek V, Brokat S, Tschope C. Role of gender in heart failure with normal left ventricular 
ejection fraction. Prog Cardiovasc Dis 2007;49:241-51. 
PUBMED | CROSSREF

	 23.	Regitz-Zagrosek V, Kararigas G. Mechanistic pathways of sex differences in cardiovascular disease. 
Physiol Rev 2017;97:1-37. 
PUBMED | CROSSREF

	 24.	Ha JW, Lee HC, Park S, et al. Gender-related difference in left ventricular diastolic elastance during 
exercise in patients with diabetes mellitus. Circ J 2008;72:1443-8. 
PUBMED | CROSSREF

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

	 26.	Dworatzek E, Mahmoodzadeh S, Schriever C, et al. Sex-specific regulation of collagen I and III expression 
by 17β-Estradiol in cardiac fibroblasts: role of estrogen receptors. Cardiovasc Res 2019;115:315-27. 
PUBMED | CROSSREF

	 27.	Petrov G, Dworatzek E, Schulze TM, et al. Maladaptive remodeling is associated with impaired survival in 
women but not in men after aortic valve replacement. JACC Cardiovasc Imaging 2014;7:1073-80. 
PUBMED | CROSSREF

	 28.	Petrov G, Regitz-Zagrosek V, Lehmkuhl E, et al. Regression of myocardial hypertrophy after aortic valve 
replacement: faster in women? Circulation 2010;122:S23-8. 
PUBMED | CROSSREF

	 29.	Gerdts E, Regitz-Zagrosek V. Sex differences in cardiometabolic disorders. Nat Med 2019;25:1657-66. 
PUBMED | CROSSREF

176https://e-heartfailure.org https://doi.org/10.36628/ijhf.2020.0004

Sex and Gender in Heart Failure

http://www.ncbi.nlm.nih.gov/pubmed/31629690
https://doi.org/10.1016/j.rec.2019.09.002
http://www.ncbi.nlm.nih.gov/pubmed/26332547
https://doi.org/10.1056/NEJMoa1406761
http://www.ncbi.nlm.nih.gov/pubmed/30165544
https://doi.org/10.1093/eurheartj/ehy340
http://www.ncbi.nlm.nih.gov/pubmed/22699937
https://doi.org/10.1038/embor.2012.87
http://www.ncbi.nlm.nih.gov/pubmed/26791057
https://doi.org/10.1016/j.jacc.2015.10.067
http://www.ncbi.nlm.nih.gov/pubmed/22611136
https://doi.org/10.1093/eurheartj/ehs104
http://www.ncbi.nlm.nih.gov/pubmed/20098289
https://doi.org/10.1097/TP.0b013e3181c35255
http://www.ncbi.nlm.nih.gov/pubmed/20802247
https://doi.org/10.1093/eurheartj/ehq278
http://www.ncbi.nlm.nih.gov/pubmed/15521484
http://www.ncbi.nlm.nih.gov/pubmed/11248713
https://doi.org/10.1067/mhl.2001.114140
http://www.ncbi.nlm.nih.gov/pubmed/20975017
https://doi.org/10.1001/archinternmed.2010.368
http://www.ncbi.nlm.nih.gov/pubmed/17185112
https://doi.org/10.1016/j.pcad.2006.08.011
http://www.ncbi.nlm.nih.gov/pubmed/27807199
https://doi.org/10.1152/physrev.00021.2015
http://www.ncbi.nlm.nih.gov/pubmed/18724019
https://doi.org/10.1253/circj.cj-07-1028
http://www.ncbi.nlm.nih.gov/pubmed/31447116
https://doi.org/10.1016/S0140-6736(19)31792-1
http://www.ncbi.nlm.nih.gov/pubmed/30016401
https://doi.org/10.1093/cvr/cvy185
http://www.ncbi.nlm.nih.gov/pubmed/25306541
https://doi.org/10.1016/j.jcmg.2014.06.017
http://www.ncbi.nlm.nih.gov/pubmed/20837918
https://doi.org/10.1161/CIRCULATIONAHA.109.927764
http://www.ncbi.nlm.nih.gov/pubmed/31700185
https://doi.org/10.1038/s41591-019-0643-8


	 30.	Fliegner D, Schubert C, Penkalla A, et al. Female sex and estrogen receptor-beta attenuate cardiac remodeling 
and apoptosis in pressure overload. Am J Physiol Regul Integr Comp Physiol 2010;298:R1597-606. 
PUBMED | CROSSREF

	 31.	Witt H, Schubert C, Jaekel J, et al. Sex-specific pathways in early cardiac response to pressure overload in 
mice. J Mol Med (Berl) 2008;86:1013-24. 
PUBMED | CROSSREF

	 32.	Shungin D, Winkler TW, Croteau-Chonka DC, et al. New genetic loci link adipose and insulin biology to 
body fat distribution. Nature 2015;518:187-96. 
PUBMED | CROSSREF

	 33.	Albert CM, McGovern BA, Newell JB, Ruskin JN. Sex differences in cardiac arrest survivors. Circulation 
1996;93:1170-6. 
PUBMED | CROSSREF

	 34.	Stocco C. Tissue physiology and pathology of aromatase. Steroids 2012;77:27-35. 
PUBMED | CROSSREF

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

	 36.	Kararigas G, Dworatzek E, Petrov G, et al. Sex-dependent regulation of fibrosis and inflammation in 
human left ventricular remodelling under pressure overload. Eur J Heart Fail 2014;16:1160-7. 
PUBMED | CROSSREF

	 37.	Rattanasopa C, Phungphong S, Wattanapermpool J, Bupha-Intr T. Significant role of estrogen in 
maintaining cardiac mitochondrial functions. J Steroid Biochem Mol Biol 2015;147:1-9. 
PUBMED | CROSSREF

	 38.	Sun LY, Wang N, Ban T, et al. MicroRNA-23a mediates mitochondrial compromise in estrogen deficiency-
induced concentric remodeling via targeting PGC-1α. J Mol Cell Cardiol 2014;75:1-11. 
PUBMED | CROSSREF

	 39.	Chen JQ, Eshete M, Alworth WL, Yager JD. Binding of MCF-7 cell mitochondrial proteins and recombinant 
human estrogen receptors alpha and beta to human mitochondrial DNA estrogen response elements. J 
Cell Biochem 2004;93:358-73. 
PUBMED | CROSSREF

	 40.	Rettberg JR, Yao J, Brinton RD. Estrogen: a master regulator of bioenergetic systems in the brain and 
body. Front Neuroendocrinol 2014;35:8-30. 
PUBMED | CROSSREF

	 41.	Zhai P, Eurell TE, Cooke PS, Lubahn DB, Gross DR. Myocardial ischemia-reperfusion injury in estrogen 
receptor-alpha knockout and wild-type mice. Am J Physiol Heart Circ Physiol 2000;278:H1640-7. 
PUBMED | CROSSREF

	 42.	Zhai P, Eurell TE, Cotthaus R, Jeffery EH, Bahr JM, Gross DR. Effect of estrogen on global myocardial 
ischemia-reperfusion injury in female rats. Am J Physiol Heart Circ Physiol 2000;279:H2766-75. 
PUBMED | CROSSREF

	 43.	Miller VM, Duckles SP. Vascular actions of estrogens: functional implications. Pharmacol Rev 
2008;60:210-41. 
PUBMED | CROSSREF

	 44.	Stirone C, Duckles SP, Krause DN, Procaccio V. Estrogen increases mitochondrial efficiency and reduces 
oxidative stress in cerebral blood vessels. Mol Pharmacol 2005;68:959-65. 
PUBMED | CROSSREF

	 45.	Essop MF, Chan WY, Taegtmeyer H. Metabolic gene switching in the murine female heart parallels 
enhanced mitochondrial respiratory function in response to oxidative stress. FEBS J 2007;274:5278-84. 
PUBMED | CROSSREF

	 46.	Diedrich M, Tadic J, Mao L, et al. Heart protein expression related to age and sex in mice and humans. Int 
J Mol Med 2007;20:865-74. 
PUBMED | CROSSREF

	 47.	Liu H, Yanamandala M, Lee TC, Kim JK. Mitochondrial p38β and manganese superoxide dismutase 
interaction mediated by estrogen in cardiomyocytes. PLoS One 2014;9:e85272. 
PUBMED | CROSSREF

	 48.	Zhang L, Fujii S, Kosaka H. Effect of oestrogen on reactive oxygen species production in the aortas of 
ovariectomized Dahl salt-sensitive rats. J Hypertens 2007;25:407-14. 
PUBMED | CROSSREF

	 49.	Westphal C, Spallek B, Konkel A, et al. CYP2J2 overexpression protects against arrhythmia susceptibility 
in cardiac hypertrophy. PLoS One 2013;8:e73490. 
PUBMED | CROSSREF

177https://e-heartfailure.org https://doi.org/10.36628/ijhf.2020.0004

Sex and Gender in Heart Failure

http://www.ncbi.nlm.nih.gov/pubmed/20375266
https://doi.org/10.1152/ajpregu.00825.2009
http://www.ncbi.nlm.nih.gov/pubmed/18665344
https://doi.org/10.1007/s00109-008-0385-4
http://www.ncbi.nlm.nih.gov/pubmed/25673412
https://doi.org/10.1038/nature14132
http://www.ncbi.nlm.nih.gov/pubmed/8653838
https://doi.org/10.1161/01.CIR.93.6.1170
http://www.ncbi.nlm.nih.gov/pubmed/22108547
https://doi.org/10.1016/j.steroids.2011.10.013
http://www.ncbi.nlm.nih.gov/pubmed/19436016
https://doi.org/10.1001/jama.2009.639
http://www.ncbi.nlm.nih.gov/pubmed/25287281
https://doi.org/10.1002/ejhf.171
http://www.ncbi.nlm.nih.gov/pubmed/25448746
https://doi.org/10.1016/j.jsbmb.2014.11.009
http://www.ncbi.nlm.nih.gov/pubmed/24984145
https://doi.org/10.1016/j.yjmcc.2014.06.012
http://www.ncbi.nlm.nih.gov/pubmed/15368362
https://doi.org/10.1002/jcb.20178
http://www.ncbi.nlm.nih.gov/pubmed/23994581
https://doi.org/10.1016/j.yfrne.2013.08.001
http://www.ncbi.nlm.nih.gov/pubmed/10775144
https://doi.org/10.1152/ajpheart.2000.278.5.H1640
http://www.ncbi.nlm.nih.gov/pubmed/11087231
https://doi.org/10.1152/ajpheart.2000.279.6.H2766
http://www.ncbi.nlm.nih.gov/pubmed/18579753
https://doi.org/10.1124/pr.107.08002
http://www.ncbi.nlm.nih.gov/pubmed/15994367
https://doi.org/10.1124/mol.105.014662
http://www.ncbi.nlm.nih.gov/pubmed/17892491
https://doi.org/10.1111/j.1742-4658.2007.06051.x
http://www.ncbi.nlm.nih.gov/pubmed/17982696
https://doi.org/10.3892/ijmm.20.6.865
http://www.ncbi.nlm.nih.gov/pubmed/24465521
https://doi.org/10.1371/journal.pone.0085272
http://www.ncbi.nlm.nih.gov/pubmed/17211248
https://doi.org/10.1097/HJH.0b013e328010beee
http://www.ncbi.nlm.nih.gov/pubmed/24023684
https://doi.org/10.1371/journal.pone.0073490


	 50.	Muller DN, Schmidt C, Barbosa-Sicard E, et al. Mouse Cyp4a isoforms: enzymatic properties, gender- 
and strain-specific expression, and role in renal 20-hydroxyeicosatetraenoic acid formation. Biochem J 
2007;403:109-18. 
PUBMED | CROSSREF

	 51.	Losi MA, Izzo R, Mancusi C, et al. Depressed myocardial energetic efficiency increases risk of incident 
heart failure: the strong heart study. J Clin Med 2019;8:E1044. 
PUBMED | CROSSREF

	 52.	Kajstura J, Gurusamy N, Ogórek B, et al. Myocyte turnover in the aging human heart. Circ Res 
2010;107:1374-86. 
PUBMED | CROSSREF

	 53.	Biondi-Zoccai GG, Abate A, Bussani R, et al. Reduced post-infarction myocardial apoptosis in women: a 
clue to their different clinical course? Heart 2005;91:99-101. 
PUBMED | CROSSREF

	 54.	Dunlay SM, Roger VL. Gender differences in the pathophysiology, clinical presentation, and outcomes of 
ischemic heart failure. Curr Heart Fail Rep 2012;9:267-76. 
PUBMED | CROSSREF

	 55.	Kararigas G, Bito V, Tinel H, et al. Transcriptome characterization of estrogen-treated human 
myocardium identifies myosin regulatory light chain interacting protein as a sex-specific element 
influencing contractile function. J Am Coll Cardiol 2012;59:410-7. 
PUBMED | CROSSREF

	 56.	Kararigas G, Bito V, Tinel H, et al. Transcriptome characterization of estrogen-treated human 
myocardium identifies myosin regulatory light chain interacting protein as a sex-specific element 
influencing contractile function. J Am Coll Cardiol 2012;59:410-7. 
PUBMED | CROSSREF

	 57.	Tiyerili V, Müller CF, Fung S, Panek D, Nickenig G, Becher UM. Estrogen improves vascular function via 
peroxisome-proliferator-activated-receptor-γ. J Mol Cell Cardiol 2012;53:268-76. 
PUBMED | CROSSREF

	 58.	Barcena de Arellano ML, Pozdniakova S, Kühl AA, Baczko I, Ladilov Y, Regitz-Zagrosek V. Sex differences 
in the aging human heart: decreased sirtuins, pro-inflammatory shift and reduced anti-oxidative defense. 
Aging (Albany NY) 2019;11:1918-33. 
PUBMED | CROSSREF

	 59.	Sanchez-Ruderisch H, Queirós AM, Fliegner D, Eschen C, Kararigas G, Regitz-Zagrosek V. Sex-specific 
regulation of cardiac microRNAs targeting mitochondrial proteins in pressure overload. Biol Sex Differ 
2019;10:8. 
PUBMED | CROSSREF

	 60.	Regitz-Zagrosek V, Ventura-Clapier R, den Ruijter H, et al. Sex specific mechanisms of myocardial 
hypertrophy and heart failure. In: LaMarca B, Alexander BT, editors. Sex Differences in Cardiovascular 
Physiology and Pathophysiology. London: Academic Press; 2019. p.291-318.

	 61.	Kim HL, Lim WH, Seo JB, et al. Association between arterial stiffness and left ventricular diastolic 
function in relation to gender and age. Medicine (Baltimore) 2017;96:e5783. 
PUBMED | CROSSREF

	 62.	Shim CY, Park S, Choi D, et al. Sex differences in central hemodynamics and their relationship to left 
ventricular diastolic function. J Am Coll Cardiol 2011;57:1226-33. 
PUBMED | CROSSREF

	 63.	Cho DH, Kim MA, Choi J, et al. Sex differences in the relationship between left ventricular diastolic 
dysfunction and coronary artery disease: from the korean women's chest pain registry. J Womens Health 
(Larchmt) 2018;27:912-9. 
PUBMED | CROSSREF

	 64.	Beale AL, Nanayakkara S, Kaye DM. Impact of sex on ventricular-vascular stiffness and long-term 
outcomes in heart failure with preserved ejection fraction: TOPCAT trial substudy. J Am Heart Assoc 
2019;8:e012190. 
PUBMED | CROSSREF

	 65.	Lara KM, Levitan EB, Gutierrez OM, et al. Dietary patterns and incident heart failure in U.S. adults 
without known coronary disease. J Am Coll Cardiol 2019;73:2036-45. 
PUBMED | CROSSREF

	 66.	Gohar A, Kievit RF, Valstar GB, et al. Opportunistic screening models for high-risk men and women to 
detect diastolic dysfunction and heart failure with preserved ejection fraction in the community. Eur J 
Prev Cardiol 2019;26:613-23. 
PUBMED | CROSSREF

178https://e-heartfailure.org https://doi.org/10.36628/ijhf.2020.0004

Sex and Gender in Heart Failure

http://www.ncbi.nlm.nih.gov/pubmed/17112342
https://doi.org/10.1042/BJ20061328
http://www.ncbi.nlm.nih.gov/pubmed/31319598
https://doi.org/10.3390/jcm8071044
http://www.ncbi.nlm.nih.gov/pubmed/21088285
https://doi.org/10.1161/CIRCRESAHA.110.231498
http://www.ncbi.nlm.nih.gov/pubmed/15604350
https://doi.org/10.1136/hrt.2003.018754
http://www.ncbi.nlm.nih.gov/pubmed/22864856
https://doi.org/10.1007/s11897-012-0107-7
http://www.ncbi.nlm.nih.gov/pubmed/22261164
https://doi.org/10.1016/j.jacc.2011.09.054
http://www.ncbi.nlm.nih.gov/pubmed/22261164
https://doi.org/10.1016/j.jacc.2011.09.054
http://www.ncbi.nlm.nih.gov/pubmed/22634137
https://doi.org/10.1016/j.yjmcc.2012.05.008
http://www.ncbi.nlm.nih.gov/pubmed/30964749
https://doi.org/10.18632/aging.101881
http://www.ncbi.nlm.nih.gov/pubmed/30728084
https://doi.org/10.1186/s13293-019-0222-1
http://www.ncbi.nlm.nih.gov/pubmed/28072727
https://doi.org/10.1097/MD.0000000000005783
http://www.ncbi.nlm.nih.gov/pubmed/21371640
https://doi.org/10.1016/j.jacc.2010.09.067
http://www.ncbi.nlm.nih.gov/pubmed/29634453
https://doi.org/10.1089/jwh.2017.6610
http://www.ncbi.nlm.nih.gov/pubmed/31230508
https://doi.org/10.1161/JAHA.119.012190
http://www.ncbi.nlm.nih.gov/pubmed/31023426
https://doi.org/10.1016/j.jacc.2019.01.067
http://www.ncbi.nlm.nih.gov/pubmed/30482050
https://doi.org/10.1177/2047487318816774


	 67.	Komamura K, Fukui M, Iwasaku T, Hirotani S, Masuyama T. Takotsubo cardiomyopathy: 
pathophysiology, diagnosis and treatment. World J Cardiol 2014;6:602-9. 
PUBMED | CROSSREF

	 68.	Parodi G, Del Pace S, Carrabba N, et al. Incidence, clinical findings, and outcome of women with left 
ventricular apical ballooning syndrome. Am J Cardiol 2007;99:182-5. 
PUBMED | CROSSREF

	 69.	Sharkey SW, Maron BJ. Epidemiology and clinical profile of takotsubo cardiomyopathy. Circ J 2014;78:2119-28. 
PUBMED | CROSSREF

	 70.	Wedekind H, Möller K, Scholz KH. Tako-tsubo-Kardiomyopathie. Herz 2006;31:339-46.

	 71.	Ghadri JR, Ruschitzka F, Lüscher TF, Templin C. Takotsubo cardiomyopathy: still much more to learn. 
Heart 2014;100:1804-12. 
PUBMED | CROSSREF

	 72.	 Jaguszewski M, Osipova J, Ghadri JR, et al. A signature of circulating microRNAs differentiates takotsubo 
cardiomyopathy from acute myocardial infarction. Eur Heart J 2014;35:999-1006. 
PUBMED | CROSSREF

	 73.	Templin C, Hänggi J, Klein C, et al. Altered limbic and autonomic processing supports brain-heart axis in 
takotsubo syndrome. Eur Heart J 2019;40:1183-7. 
PUBMED | CROSSREF

	 74.	Patten IS, Rana S, Shahul S, et al. Cardiac angiogenic imbalance leads to peripartum cardiomyopathy. 
Nature 2012;485:333-8. 
PUBMED | CROSSREF

	 75.	Yamac H, Bultmann I, Sliwa K, Hilfiker-Kleiner D. Prolactin: a new therapeutic target in peripartum 
cardiomyopathy. Heart 2010;96:1352-7. 
PUBMED | CROSSREF

	 76.	Hilfiker-Kleiner D, Haghikia A, Berliner D, et al. Bromocriptine for the treatment of peripartum 
cardiomyopathy: a multicentre randomized study. Eur Heart J 2017;38:2671-9. 
PUBMED | CROSSREF

	 77.	Kurokawa J, Kodama M, Furukawa T, Clancy CE. Sex and gender aspects in antiarrhythmic therapy. 
Handb Exp Pharmacol 2012:237-63. 
PUBMED | CROSSREF

	 78.	Rautaharju PM, Zhou SH, Wong S, et al. Sex differences in the evolution of the electrocardiographic QT 
interval with age. Can J Cardiol 1992;8:690-5.
PUBMED

	 79.	Salama G, Bett GC. Sex differences in the mechanisms underlying long QT syndrome. Am J Physiol Heart 
Circ Physiol 2014;307:H640-8. 
PUBMED | CROSSREF

	 80.	Pham TV, Sosunov EA, Gainullin RZ, Danilo P Jr, Rosen MR. Impact of sex and gonadal steroids on 
prolongation of ventricular repolarization and arrhythmias induced by I(K)-blocking drugs. Circulation 
2001;103:2207-12. 
PUBMED | CROSSREF

	 81.	Zhang Y, Ouyang P, Post WS, et al. Sex-steroid hormones and electrocardiographic QT-interval duration: 
findings from the third National Health and Nutrition Examination Survey and the multi-ethnic study of 
atherosclerosis. Am J Epidemiol 2011;174:403-11. 
PUBMED | CROSSREF

	 82.	Bougouin W, Mustafic H, Marijon E, et al. Gender and survival after sudden cardiac arrest: A systematic 
review and meta-analysis. Resuscitation 2015;94:55-60. 
PUBMED | CROSSREF

	 83.	Deo R, Albert CM. Epidemiology and genetics of sudden cardiac death. Circulation 2012;125:620-37. 
PUBMED | CROSSREF

	 84.	Kravtsov GM, Kam KW, Liu J, Wu S, Wong TM. Altered Ca(2+) handling by ryanodine receptor and Na(+)-
Ca(2+) exchange in the heart from ovariectomized rats: role of protein kinase A. Am J Physiol Cell Physiol 
2007;292:C1625-35. 
PUBMED | CROSSREF

	 85.	Bordallo J, Cantabrana B, Suárez L, Sánchez M. Testosterone inhibits cAMP-phosphodiesterases in heart 
extracts from rats and increases cAMP levels in isolated left atria. Pharmacology 2011;87:155-60. 
PUBMED | CROSSREF

	 86.	Heubach JF, Ravens U, Kaumann AJ. Epinephrine activates both Gs and Gi pathways, but norepinephrine 
activates only the Gs pathway through human beta2-adrenoceptors overexpressed in mouse heart. Mol 
Pharmacol 2004;65:1313-22. 
PUBMED | CROSSREF

179https://e-heartfailure.org https://doi.org/10.36628/ijhf.2020.0004

Sex and Gender in Heart Failure

http://www.ncbi.nlm.nih.gov/pubmed/25068020
https://doi.org/10.4330/wjc.v6.i7.602
http://www.ncbi.nlm.nih.gov/pubmed/17223415
https://doi.org/10.1016/j.amjcard.2006.07.080
http://www.ncbi.nlm.nih.gov/pubmed/25099475
https://doi.org/10.1253/circj.CJ-14-0770
http://www.ncbi.nlm.nih.gov/pubmed/24711482
https://doi.org/10.1136/heartjnl-2013-304691
http://www.ncbi.nlm.nih.gov/pubmed/24046434
https://doi.org/10.1093/eurheartj/eht392
http://www.ncbi.nlm.nih.gov/pubmed/30831580
https://doi.org/10.1093/eurheartj/ehz068
http://www.ncbi.nlm.nih.gov/pubmed/22596155
https://doi.org/10.1038/nature11040
http://www.ncbi.nlm.nih.gov/pubmed/20657009
https://doi.org/10.1136/hrt.2009.179218
http://www.ncbi.nlm.nih.gov/pubmed/28934837
https://doi.org/10.1093/eurheartj/ehx355
http://www.ncbi.nlm.nih.gov/pubmed/23027454
https://doi.org/10.1007/978-3-642-30726-3_12
http://www.ncbi.nlm.nih.gov/pubmed/1422988
http://www.ncbi.nlm.nih.gov/pubmed/24973386
https://doi.org/10.1152/ajpheart.00864.2013
http://www.ncbi.nlm.nih.gov/pubmed/11331264
https://doi.org/10.1161/01.CIR.103.17.2207
http://www.ncbi.nlm.nih.gov/pubmed/21768401
https://doi.org/10.1093/aje/kwr172
http://www.ncbi.nlm.nih.gov/pubmed/26143159
https://doi.org/10.1016/j.resuscitation.2015.06.018
http://www.ncbi.nlm.nih.gov/pubmed/22294707
https://doi.org/10.1161/CIRCULATIONAHA.111.023838
http://www.ncbi.nlm.nih.gov/pubmed/17166940
https://doi.org/10.1152/ajpcell.00368.2006
http://www.ncbi.nlm.nih.gov/pubmed/21372618
https://doi.org/10.1159/000324172
http://www.ncbi.nlm.nih.gov/pubmed/15102960
https://doi.org/10.1124/mol.65.5.1313


	 87.	Bell JR, Curl CL, Harding TW, Vila Petroff M, Harrap SB, Delbridge LM. Male and female hypertrophic rat 
cardiac myocyte functional responses to ischemic stress and β-adrenergic challenge are different. Biol Sex 
Differ 2016;7:32. 
PUBMED | CROSSREF

	 88.	Lyon AR, Rees PS, Prasad S, Poole-Wilson PA, Harding SE. Stress (takotsubo) cardiomyopathy--a novel 
pathophysiological hypothesis to explain catecholamine-induced acute myocardial stunning. Nat Clin 
Pract Cardiovasc Med 2008;5:22-9. 
PUBMED | CROSSREF

	 89.	Providência R, Marijon E, Lambiase PD, et al. Primary prevention implantable cardioverter defibrillator 
(ICD) therapy in women-data from a multicenter French registry. J Am Heart Assoc 2016;5:e002756. 
PUBMED | CROSSREF

	 90.	Seegers J, Conen D, Jung K, et al. Sex difference in appropriate shocks but not mortality during long-term 
follow-up in patients with implantable cardioverter-defibrillators. Europace 2016;18:1194-202. 
PUBMED | CROSSREF

	 91.	Curtis LH, Al-Khatib SM, Shea AM, Hammill BG, Hernandez AF, Schulman KA. Sex differences in the use 
of implantable cardioverter-defibrillators for primary and secondary prevention of sudden cardiac death. 
JAMA 2007;298:1517-24. 
PUBMED | CROSSREF

	 92.	Narasimha D, Curtis AB. Sex differences in utilisation and response to implantable device therapy. 
Arrhythm Electrophysiol Rev 2015;4:129-35. 
PUBMED | CROSSREF

	 93.	Hernandez AF, Fonarow GC, Liang L, et al. Sex and racial differences in the use of implantable 
cardioverter-defibrillators among patients hospitalized with heart failure. JAMA 2007;298:1525-32. 
PUBMED | CROSSREF

	 94.	MacFadden DR, Tu JV, Chong A, Austin PC, Lee DS. Evaluating sex differences in population-based 
utilization of implantable cardioverter-defibrillators: role of cardiac conditions and noncardiac 
comorbidities. Heart Rhythm 2009;6:1289-96. 
PUBMED | CROSSREF

	 95.	Chan YK, David AM, Mainland C, Chen L, Stewart S. Applying heart failure management to improve 
health outcomes: but WHICH one? Card Fail Rev 2017;3:113-5. 
PUBMED | CROSSREF

	 96.	Al-Khatib SM, Hellkamp AS, Hernandez AF, et al. Trends in use of implantable cardioverter-defibrillator 
therapy among patients hospitalized for heart failure: have the previously observed sex and racial 
disparities changed over time? Circulation 2012;125:1094-101. 
PUBMED | CROSSREF

	 97.	Digitalis Investigation Group. The effect of digoxin on mortality and morbidity in patients with heart 
failure. N Engl J Med 1997;336:525-33. 
PUBMED | CROSSREF

	 98.	Rathore SS, Wang Y, Krumholz HM. Sex-based differences in the effect of digoxin for the treatment of 
heart failure. N Engl J Med 2002;347:1403-11. 
PUBMED | CROSSREF

	 99.	Rathore SS, Curtis JP, Wang Y, Bristow MR, Krumholz HM. Association of serum digoxin concentration 
and outcomes in patients with heart failure. JAMA 2003;289:871-8. 
PUBMED | CROSSREF

	100.	Effect of metoprolol CR/XL in chronic heart failure: metoprolol CR/XL randomised intervention trial in 
congestive heart failure (MERIT-HF). Lancet 1999;353:2001-7. 
PUBMED | CROSSREF

	101.	Packer M, Bristow MR, Cohn JN, et al. The effect of carvedilol on morbidity and mortality in patients with 
chronic heart failure. U.S. Carvedilol Heart Failure Study Group. N Engl J Med 1996;334:1349-55. 
PUBMED | CROSSREF

	102.	Simon T, Mary-Krause M, Funck-Brentano C, Jaillon P. Sex differences in the prognosis of congestive heart 
failure: results from the Cardiac Insufficiency Bisoprolol Study (CIBIS II). Circulation 2001;103:375-80. 
PUBMED | CROSSREF

	103.	The Cardiac Insufficiency Bisoprolol Study II (CIBIS-II): a randomised trial. Lancet 1999;353:9-13. 
PUBMED | CROSSREF

	104.	Ghali JK, Piña IL, Gottlieb SS, Deedwania PC, Wikstrand JC; MERIT-HF Study Group. Metoprolol CR/
XL in female patients with heart failure: analysis of the experience in metoprolol extended-release 
randomized intervention trial in heart failure (MERIT-HF). Circulation 2002;105:1585-91. 
PUBMED | CROSSREF

180https://e-heartfailure.org https://doi.org/10.36628/ijhf.2020.0004

Sex and Gender in Heart Failure

http://www.ncbi.nlm.nih.gov/pubmed/27390618
https://doi.org/10.1186/s13293-016-0084-8
http://www.ncbi.nlm.nih.gov/pubmed/18094670
https://doi.org/10.1038/ncpcardio1066
http://www.ncbi.nlm.nih.gov/pubmed/26873687
https://doi.org/10.1161/JAHA.115.002756
http://www.ncbi.nlm.nih.gov/pubmed/26622054
https://doi.org/10.1093/europace/euv361
http://www.ncbi.nlm.nih.gov/pubmed/17911496
https://doi.org/10.1001/jama.298.13.1517
http://www.ncbi.nlm.nih.gov/pubmed/26835114
https://doi.org/10.15420/aer.2015.04.02.129
http://www.ncbi.nlm.nih.gov/pubmed/17911497
https://doi.org/10.1001/jama.298.13.1525
http://www.ncbi.nlm.nih.gov/pubmed/19695966
https://doi.org/10.1016/j.hrthm.2009.05.017
http://www.ncbi.nlm.nih.gov/pubmed/29387463
https://doi.org/10.15420/cfr.2017:11:1
http://www.ncbi.nlm.nih.gov/pubmed/22287589
https://doi.org/10.1161/CIRCULATIONAHA.111.066605
http://www.ncbi.nlm.nih.gov/pubmed/9036306
https://doi.org/10.1056/NEJM199702203360801
http://www.ncbi.nlm.nih.gov/pubmed/12409542
https://doi.org/10.1056/NEJMoa021266
http://www.ncbi.nlm.nih.gov/pubmed/12588271
https://doi.org/10.1001/jama.289.7.871
http://www.ncbi.nlm.nih.gov/pubmed/10376614
https://doi.org/10.1016/S0140-6736(99)04440-2
http://www.ncbi.nlm.nih.gov/pubmed/8614419
https://doi.org/10.1056/NEJM199605233342101
http://www.ncbi.nlm.nih.gov/pubmed/11157688
https://doi.org/10.1161/01.CIR.103.3.375
http://www.ncbi.nlm.nih.gov/pubmed/10023943
https://doi.org/10.1016/S0140-6736(98)11181-9
http://www.ncbi.nlm.nih.gov/pubmed/11927527
https://doi.org/10.1161/01.CIR.0000012546.20194.33


	105.	Labbé L, Sirois C, Pilote S, et al. Effect of gender, sex hormones, time variables and physiological urinary 
pH on apparent CYP2D6 activity as assessed by metabolic ratios of marker substrates. Pharmacogenetics 
2000;10:425-38. 
PUBMED | CROSSREF

	106.	Tanaka E, Hisawa S. Clinically significant pharmacokinetic drug interactions with psychoactive drugs: 
antidepressants and antipsychotics and the cytochrome P450 system. J Clin Pharm Ther 1999;24:7-16. 
PUBMED | CROSSREF

	107.	Eugene AR. Metoprolol dose equivalence in adult men and women based on gender differences: 
pharmacokinetic modeling and simulations. Med Sci (Basel) 2016;4:18. 
PUBMED | CROSSREF

	108.	Kendall MJ, Quarterman CP, Jack DB, Beeley L. Metoprolol pharmacokinetics and the oral contraceptive 
pill. Br J Clin Pharmacol 1982;14:120-2. 
PUBMED | CROSSREF

	109.	Wing LM, Reid CM, Ryan P, et al. A comparison of outcomes with angiotensin-converting--enzyme 
inhibitors and diuretics for hypertension in the elderly. N Engl J Med 2003;348:583-92. 
PUBMED | CROSSREF

	110.	Mackay FJ, Pearce GL, Mann RD. Cough and angiotensin II receptor antagonists: cause or confounding? 
Br J Clin Pharmacol 1999;47:111-4. 
PUBMED | CROSSREF

	111.	McMurray JJV, Jackson AM, Lam CSP, et al. Effects of sacubitril-valsartan versus valsartan in women 
compared with men with heart failure and preserved ejection fraction: insights from PARAGON-HF. 
Circulation 2020;141:338-51.
PUBMED

	112.	Solomon SD, McMurray JJV, Anand IS, et al. Angiotensin-neprilysin inhibition in heart failure with 
preserved ejection fraction. N Engl J Med 2019;381:1609-20. 
PUBMED | CROSSREF

	113.	McMurray JJ, Packer M, Solomon SD. Neprilysin inhibition for heart failure. N Engl J Med 2014;371:2336-7. 
PUBMED | CROSSREF

	114.	McMurray JJ, Packer M, Desai AS, et al. Angiotensin-neprilysin inhibition versus enalapril in heart failure. 
N Engl J Med 2014;371:993-1004. 
PUBMED | CROSSREF

	115.	Gradman AH, Weir MR, Wright M, Bush CA, Keefe DL. Efficacy, safety and tolerability of aliskiren, a 
direct renin inhibitor, in women with hypertension: a pooled analysis of eight studies. J Hum Hypertens 
2010;24:721-9. 
PUBMED | CROSSREF

	116.	Pitt B, Zannad F, Remme WJ, et al. The effect of spironolactone on morbidity and mortality in patients 
with severe heart failure. Randomized Aldactone Evaluation Study Investigators. N Engl J Med 
1999;341:709-17. 
PUBMED | CROSSREF

	 117.	Pitt B, Remme W, Zannad F, et al. Eplerenone, a selective aldosterone blocker, in patients with left 
ventricular dysfunction after myocardial infarction. N Engl J Med 2003;348:1309-21. 
PUBMED | CROSSREF

	118.	Merrill M, Sweitzer NK, Lindenfeld J, Kao DP. Sex differences in outcomes and responses to 
spironolactone in heart failure with preserved ejection fraction: a secondary analysis of TOPCAT trial. 
JACC Heart Fail 2019;7:228-38. 
PUBMED | CROSSREF

	119.	Seeland U, Regitz-Zagrosek V. Sex and gender differences in cardiovascular drug therapy. In: Regitz-
Zagrosek V, editor. Handbook of Experimental Pharmacology. Heidelberg: Springer Verlag Berlin; 2012. 
p.211-36.

	120.	Tardif JC, Kouz S, Waters DD, et al. Efficacy and safety of low-dose colchicine after myocardial infarction. 
N Engl J Med 2019;381:2497-505. 
PUBMED | CROSSREF

	121.	Bots SH, Groepenhoff F, Eikendal AL, et al. Adverse drug reactions to guideline-recommended heart 
failure drugs in women: a systematic review of the literature. JACC Heart Fail 2019;7:258-66. 
PUBMED | CROSSREF

181https://e-heartfailure.org https://doi.org/10.36628/ijhf.2020.0004

Sex and Gender in Heart Failure

http://www.ncbi.nlm.nih.gov/pubmed/10898112
https://doi.org/10.1097/00008571-200007000-00006
http://www.ncbi.nlm.nih.gov/pubmed/10319902
https://doi.org/10.1046/j.1365-2710.1999.00200.x
http://www.ncbi.nlm.nih.gov/pubmed/28035289
https://doi.org/10.3390/medsci4040018
http://www.ncbi.nlm.nih.gov/pubmed/7104164
https://doi.org/10.1111/j.1365-2125.1982.tb04948.x
http://www.ncbi.nlm.nih.gov/pubmed/12584366
https://doi.org/10.1056/NEJMoa021716
http://www.ncbi.nlm.nih.gov/pubmed/10073748
https://doi.org/10.1046/j.1365-2125.1999.00855.x
http://www.ncbi.nlm.nih.gov/pubmed/31736337
http://www.ncbi.nlm.nih.gov/pubmed/31475794
https://doi.org/10.1056/NEJMoa1908655
http://www.ncbi.nlm.nih.gov/pubmed/25494275
https://doi.org/10.1056/NEJMoa1409077
http://www.ncbi.nlm.nih.gov/pubmed/25176015
https://doi.org/10.1056/NEJMoa1409077
http://www.ncbi.nlm.nih.gov/pubmed/20200550
https://doi.org/10.1038/jhh.2010.11
http://www.ncbi.nlm.nih.gov/pubmed/10471456
https://doi.org/10.1056/NEJM199909023411001
http://www.ncbi.nlm.nih.gov/pubmed/12668699
https://doi.org/10.1056/NEJMoa030207
http://www.ncbi.nlm.nih.gov/pubmed/30819379
https://doi.org/10.1016/j.jchf.2019.01.003
http://www.ncbi.nlm.nih.gov/pubmed/31733140
https://doi.org/10.1056/NEJMoa1912388
http://www.ncbi.nlm.nih.gov/pubmed/30819382
https://doi.org/10.1016/j.jchf.2019.01.009

