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Despite agrowing body of evidence, the distinct contributions of
biological sex and the sociocultural dimension of gender to the
manifestations and outcomes of ischaemic heart disease and heart
failure remain unknown. The intertwining of sex-based differencesin
genetic and hormonal mechanisms with the complex dimension of
gender and its different components and determinants that resultin

different disease phenotypesin women and men needs to be elucidated.

Therelative contribution of purely biological factors, such as genes

and hormones, to cardiovascular phenotypes and outcomes is not yet
fully understood. Increasing awareness of the effects of gender has led
to efforts to measure gender in retrospective and prospective clinical
studies and the development of gender scores. However, the synergistic
or opposing effects of sex and gender on cardiovascular traits and on
ischaemic heart disease and heart failure mechanisms have not yet
been systematically described. Furthermore, specific considerations of
sex-related and gender-related factorsin gender dysphoria orin heart-
braininteractions and their association with cardiovascular disease

are still lacking. In this Review, we summarize contemporary evidence
onthedistinct effects of sex and gender as well as of their interactions on
cardiovascular disease and how they favourably or unfavourably
influence the pathogenesis, clinical manifestations and treatment
responses in patients with ischaemic heart disease or heart failure.
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Key points

o Sex-related and gender-related factors often have opposite effects
on the clinical manifestations and outcomes of cardiovascular disease.

e Some sex-related differences in the human cardiovascular system
already exist at birth and are due to purely biological mechanisms,
that is, genes and sex hormones.

o Gender-related variables or scores allow for the characterization of
individuals beyond their biological sex, and the effects of gender might
even oppose the effects of biological sex on clinical outcomes.

o The predominantly male leadership and workforce in clinical
cardiology is a disadvantage for women as patients.

e Cardiovascular disease risk factors related to female biological sex
or feminine gender include, among others, pregnancy complications,
breast cancer therapy, autoimmune and rheumatic diseases,
depression, and household-related stress.

o Despite a more favourable biology, gender-related factors impair
outcomes in women with coronary artery disease or heart failure
compared with those in men.

Introduction

The term ‘gender medicine’ was first introduced in the late 1990s'.
Gender medicineis the study of how diseases differ between men and
women in terms of prevention, clinical manifestation, diagnostic
and therapeutic approaches, prognosis, psychosocial effects, and
interactions with the health-care system. The World Health Organiza-
tion defines gender medicine as the study of how (sex-based) biological
and (gender-based) socioeconomic and cultural differences influence
anindividual’s health*’. Biological differences between females and
males comprise genetic differences and differences inhormonal status.
By contrast, sociocultural gender refers to socially constructed norms
thatimpose and determine roles, relationships and positional power for
individualsinaspecific society and time* (Box 1). Biological differences
between females and males were the focus of the Organization for the
Study of Sex Differences, foundedin 2006 inthe USA. The International
Society for Gender Medicine, founded in 2007 in Berlin, Germany, by
VeraRegitz-Zagrosek and colleagues, focused ontheintegration of both
biological sex and sociocultural gender’ on the basis of the concept that
sex and gender exist togetherinanindividual and closely interact®. The
International Society for Gender Medicine founders used gender medi-
cine asasynonym for sex-sensitive and gender-sensitive medicine com-
prising both biological and sociocultural aspects. This conceptis also
shared by the project ‘Gendered Innovations’implemented by Londa
Schiebinger at Stanford University, USA, as well as by the Canadian
Office for Women’s Health’'°. Both organizations provided definitions
and contributed substantially to abetter understanding of the roles of
biological sex and sociocultural gender in health and disease. However,
despite these efforts and agreements, the knowledge of how biological
sex and sociocultural gender modify disease phenotypesis still limited.
Inparticular, we have avery limited understanding of the concept that
sex and gender can exert opposite effects on disease outcomes. This
oppositeeffect canbe attributed, atleastin part, to the complexity and

multidimensionality of sex and gender as well as to a lack of specific
research ontheirinteraction. Indeed, sexand gender overlap, interact,
influence and even oppose each other in a dynamic way (Fig. 1). How-
ever, researchinthefield of gender medicine hasbeen criticized for the
lack of clear definitions of sexand gender and the arbitrary use of both
terms, thereby limiting their application". Therefore, in this Review,
our aim is to provide clear definitions and examples of sex-related
and gender-related mechanisms in health and disease. Moreover, to
dissect the mechanisms and causalities of diseases, which is essential
toadvanceresearchingender medicine, itisimportant to analyse the
contribution of each of these two dimensions and their components.
Thus, we discuss the distinct effects of sex-related and gender-related
mechanismsinischaemicheart disease (IHD) and heart failure (HF) by
describing purely sex-dependent mechanisms, the effects of gender
and their combined effect on disease management, risk factors and
phenotypes. Finally, we highlight currently unexplored areas of sex
and gender interaction such as cardiovascular disease (CVD) in
individuals with gender dysphoria.

Biological sex in CVD

Classification of sex

In most experimental studies, sex is defined by a static and binary
approachthatis based ongenes, hormones and reproductive organs.
In cell culture systems, the derivation of cells from a female or male
organismor the presence of sex chromosomesis decisive for the defini-
tionof sex. Inanimal models, all three criteria can be used to categorize
sex according to the binary system and to exclude animals that do not
fitinto this system. In humans, however, the binary understanding of
biological sex (female or male) is limited because the varying degrees
of expression of genes and hormones that cause intersex phenotypes
canleadtoadisagreement between the different categorizations (that
is, between sex chromosomes, hormones and genital organs at birth).
This limitation led to the inclusion of a ‘diverse’ category in German
birthcertificates. The ‘diverse’ category has generally not yet been used
inclinical studies because the number of intersex peopleis low (<1% of
the population), the information is frequently difficult to assess and
appropriate investigation of these individuals would require specific
studies. Intersex must be clearly distinguished from gender dysphoria
or transgender (see below).

Therefore, a binary classification of biological sex, independ-
ent of gender, is presently maintained in experimental and clinical
cardiovascular research even though solid evidence indicates that
this conceptualizationisimperfectand canonly be a proxy for amore
nuanced biological reality. However, including a binary definition of
sex has clear advantages over sex-blind investigations that still exist'.
Future improved approaches should aim to include information on
modifiers of sexual status such as sexchromosome variantsincells, the
hormonalstatus of cells, animal models or humans, and environmental
conditions”. Efforts should also be made to disentangle the effects of
sexand gender, for example, by excluding the effects of gender whensex
isanalysed (examples are provided below and in Box 2).

Sex-specific genetic determinants of cardiovascular
phenotypes

Genetic mechanisms are a purely biological disease pathway in CVD,
independent of gender. Studies have highlighted the role of the X chro-
mosome in sex-specific effects in human CVD"*, Furthermore, using
data from the UK Biobank, investigators have assessed the degree to
which genetic background contributes to sex-specific differences in
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Box 1

Common terms used in gender medicine

Biological sex. Either of the two main categories (male and female)
into which humans and most other species are classified on the basis
of their reproductive functions, sex chromosomes, sex hormones,
gonads and genitals.

Intersex. Describes individuals born with biological sex characteristics,
including chromosome patterns, gonads or genitals, that do not fit
typical binary notions of male or female bodies.

Gender. Refers to the socially constructed roles, behaviours,
expressions and identities of girls, boys, women, men and gender-
diverse people. Gender is neither binary nor fixed. Gender has four
dimensions,
e Gender roles: behavioural norms that a society or culture
designates as typically masculine or feminine.
e Gender identity: a person’s inner sense of self as a woman, man or
as a diverse gender.
e Gender relations: refer to how we interact with or are treated by
people in the world around us on the basis of our ascribed gender.

alarge number of traits that are partially associated with the risk of
CVD". Approximately 50% of binary traits had significant differences
in genetic heritability between the sexes, indicating the presence of
sex-specific underlying genetic variants and genetic architecture.
Most sex-specific markers were located on autosomes. This studyisan
important step towards theinclusion of sex-specific genetic markersin
research to understand disease susceptibility in human diseases™*¢.
In agreement with these results, sex-linked genetic mechanisms that
mightinfluence the sex-biased propensity for coronary artery disease
(CAD) and atrial fibrillation have been reported”**. Indeed, agenome-
wide association study (GWAS) combined with targeted metabolomics
identified a sex-specific association between CAD and the mitochon-
drial enzyme carbamoyl-phosphate synthase 1, suggesting a poten-
tial novel target for sex-specific treatment approaches in CAD". The
mechanisms underlying sex-related differences in autosomal gene
expression are not fully understood but might be explained by differ-
encesinthelevels of transcription factors resulting from sex-specific
imprinting. Taken together, these studies provide convincing evidence
that genetic mechanisms resulting from sex-related differences in
chromosomes lead to sex-specific differencesin gene expression and
CVD phenotypes.

Sex steroidsin CVD

Numerous studies have described the effects of sex hormones on
cardiovascular cells, organs and disease phenotypes (reviewed previ-
ously”?). However, the effects of the physical or sociocultural environ-
ment, nutrition, or stress (thatis, the effects of gender) were not always
excludedinthesereports. Only a few studies describing the effects of
sexsteroids, suchas oestradiol and testosterone, on gene regulationin
adipose tissue, the liver transcriptome and gene networks associated
with metabolic, immune and vascular regulation have overcome this

o Institutionalized gender: reflects the distribution of power
between genders in the political, educational and social
institutions in society.

Cisgender. Refers to people whose gender identity corresponds
to the sex they were assigned at birth.

Gender dysphoria. The feeling of discomfort or distress occurring
when gender identity differs from biological sex.

Transgender. Describes individuals with a gender identity that does
not match the sex they were assigned at birth.

Cross-sex hormone therapy or gender-affirming hormone therapy.
Hormone therapy involving the administration of sex hormones

and other hormonal medications in transgender or gender non-
conforming individuals for the purpose of more closely aligning
their secondary sexual characteristics with their gender

identity.

limitation by excluding environmental effects®. The affected genes
were associated with human disease traits such as CAD, diabetes mel-
litus and inflammatory bowel disease, suggesting that these disease
traits arise as a result of biological mechanisms. Moreover, the asso-
ciationbetween serum lipid levels and sex steroids was investigated in
transgender individuals receiving cross-sex hormone therapy, which
allowed the differentiation between sex-related and gender-related
mechanisms?. The study found that cisgender women had higher
plasmaHDL levels and lower plasma VLDL and LDL levels than cisgender
men, that these sex-related differences were not evidentin prepubertal
children, and thatasignificantincreasein HDL levels occurred in trans
women (assigned male at birth) receiving cross-sex hormone therapy,
indicating that sex hormones, not gender, regulate lipid metabolism
in vivo?. These data further support the assumption of hormonal
control of cholesterol metabolism, which could contribute to the sex
dimorphism observed in CVD risk after menarche?.

Sex-specificinteraction of genes and hormones

Increasing evidence suggests that sex hormones have different actions
inthe cardiovascular cells of females and males. Accordingly, an ex vivo
study of myocardial samples obtained from patients with aortic valve
stenosis at thetime of surgery demonstrated thatanumber of genesin
cardiomyocytes areregulated in asex-specific manner after treatment
with oestradiol*. For example, MYLIP was upregulated by oestradiol
treatmentin heart samples and cardiomyocytes from maleindividuals
but not in samples from female individuals®. In cardiac fibroblasts,
oestradiol treatment for 24 hresulted in significant downregulationin
theexpression of collagenlandIllin female rats, whereas both collagens
were upregulated in cardiac fibroblasts from male rats*. Oestradiol-
induced, sex-specific collagen regulation was also detected in human
cardiacfibroblasts, indicating that this regulationis conserved across
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Sex (biological factors)

Gender dimensions:

¢ Gender roles

e Gender relations

¢ Institutionalized
gender

e Gender identity

X chromosome:

~1,500 genes, including
genes related to heart,
brain and immune
function

Sex modifies
behaviour

Y chromosome:
<100 genes, including
genes related to
reproductive function

Sociocultural factors:

Environment

modifies biology
through lifestyle
and epigenetics

e Lifestyle
Autosomal genes

Epigenetic modifications e Social environment

Sexual hormones

Gender (sociocultural factors)

¢ Sociocultural attributes
assigned or self-assigned

Fig.1| Concepts of sex and gender in medicine. Health and
disease are influenced by biological sex factors (genes and sex
hormones) and sociocultural gender factors that interact with and
modify each other.

(nutrition, physical activity)
¢ Environmental (toxins)

(such as the health-care system)

species®. Inthe same study, sex-specific phosphorylation at different
serines of the oestrogen receptor-a and oestrogen receptor-3 and
binding of these receptors to different sites of the promoters of the
genes encoding collagen I and collagen Ill caused a sex-related differ-
enceinthe physiological response to oestradiol, further supporting the
concept that sex hormones exert different physiological effects in
the male and female cardiovascular system.

Intrinsic versus acquired sex differences

The distinction between intrinsic and acquired sex differences is
essential given that we can assume that intrinsic or innate sex differ-
ences (those that are present at birth and are frequently maintained
throughout life) are almost exclusively due to biological sex, whereas
acquired differences canalso arise from environmental conditions such
as gender. To disentangle these mechanisms, investigators analysed

Box 2

Examples of biological
sex-related differences
in cardiovascular disease

Examples of studies that have investigated differences in
cardiovascular disease mechanisms according to biological sex:
o Sex-specific effects caused by the X chromosome™
o Sex-specific effects caused by 15% of the single nucleotide
polymorphisms in autosomes that were assessed in the study
e Oestradiol-induced, sex-specific gene regulation in cardiac
biopsy samples from female and male individuals*
e QOestradiol-induced, sex-specific collagen regulation in human
cardiac fibroblasts in vitro®
¢ Sex-specific gene expression in human endothelial cells®
¢ Sex-specific regulatory networks in the arterial wall*’
e Presence of sex-specific differences in cardiomyocytes before
gonads are developed®
¢ Blood lipid levels in transgender individuals receiving cross-sex
hormone treatment®

i

endothelial cells obtained from opposite-sex twins at birth and from
non-related female and male patients at different stages of their life*.
The study demonstrated that 14-25% of the endothelial cell transcrip-
tomeis sex biased. Theresearchersidentified both innate and acquired
sex differences. Furthermore, genes showing an acquired sex-related
differencein expression were more likely to be targets of sex steroids®.
Annotating both gene sets with data from multiple GWAS revealed
that, inendothelial cells, genes withintrinsic sex-specific differencesin
expressionwere enriched for CAD-related GWAS hits. Therefore, genetic
markers for CAD might have a sex-specific effect in endothelial cells
already at birth and might contribute to the development of sex-specific
phenotypes. During thelifetime, further differences are acquired due
to theinfluence of sex hormones or environmental modifiers.

A second study from the same research group identified sex-
stratified gene regulatory networks and female-specific key driver
genes of atherosclerosis inatherosclerotic tissue samples from patients
with CAD?. Sex-specific gene regulatory networks of the atheroscle-
roticarterial wall were generated in 160 age-matched female and male
patients. By comparing sex-specific gene regulatory networks, the
researchers found that pro-atherosclerotic genes that were more active
in females were associated with mesenchymal cells and endothelial
cells, whereas pro-atherosclerotic genes that were more active in males
were associated with theimmune system”. The study underscores the
relevance of biological sex differences in endothelial cell physiology as
potential targets for the prevention and treatment of CAD.

Inmyocardial diseases, sex differences have been described at the
tissue level’>*®, However, in cells obtained from unrelated adults, it is
difficult to distinguish genetically determined sex differences that exist
atbirth fromsex differencesthat develop during the disease course and
are the result of hormones or the environment. A study published in
2021showed that sex-specific differences in cardiomyocytes exist even
before gonads are activated in the embryo®. This finding confirms that
cardiacsex-related disparities can occur at the earliest stages of heart
formation, before gonad formation, and are therefore independent of
theinfluence of sex hormones or the environment®.

Summary

Taken together, there is solid evidence demonstrating that some sex-
related differences in the cardiovascular system already exist at birth
and are due to purely biological mechanisms, that is, genes and sex
steroids (Box 2). Studies investigating biological sex differences in
humans must exclude environmental influences during pregnancy.
The assessment of opposite-sex twins at birth allows for the control of
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environmental influences. These studies agree that purely biological
mechanisms contribute to sex-related differencesin CVD and thereby
emphasize the importance of sex-specific experimental research on
human diseases.

Sociocultural gender and CVD

The challenge of measuring gender

Gender isamultidimensional and dynamic construct that refers to the
sociocultural dimension of beingawoman, aman or agender-diverse
person in a given society®**. Gender comprises four dimensions,
including gender roles, gender relations, institutionalized gender and
gender identity>>*. Gender is not identical to the sex of the individual
but is strongly associated with sex. In health care, gender comprises
theinteraction of patients with their social environment (for example,
health-care staff) and physical environment (such as environmental
stimuli and toxins) as well as access to and use of the health-care sys-
tem. Gender influences health and disease differently than biological
sex®*>* and acts during the lifetime through several mechanisms**
(Fig. 2). Current efforts aim to make gender ‘measurable’ to include
this variable in multivariate statistical models.

To achieve this goal, several researchers have developed instru-
ments to measure gender’>****_ Gender indices or scores incorpo-
rate the multidimensional aspects of gender in a single variable and,
therefore, cannot cover the full complexity of gender. Nevertheless,
alarge number of sociocultural attributes that characterize women
and menin Westernsocieties hasbeenintegratedinto these scores, and
several scores have been successfully validated and applied in clini-
cal studies®*”. The first gender score used in clinical studies on
CVDincorporated >50 variables representing gender into asingle, con-
tinuous variable, ranging from 0 (masculine gender) to 100 (feminine
gender)*>*. The successful implementation of this gender scorein the
analysisenabled theresearcherstoinvestigate the influence of gender
onclinical end pointsin>1,000 patients with acute coronary syndrome
(ACS) inthe GENESIS-PRAXY cohort. The study demonstrated astrong
and independent association between gender, CVD risk factors and
clinicalend points®. Gender scores provide the opportunity toinclude
gender asasingle, continuous variablein logistic regression models or
otherstatistical approaches and thereby add a further dimensionto the
currently oversimplified classification of being male, intersex or female
in clinical research®*°*, In addition, the consideration of individual
gender-related effects on clinical end points allows the identification

Psychological attributes

Epigenetic
modifications

Genes

Fig.2|Interactions between sex and gender in health and disease throughout
thelife cycle. Sex chromosomes and sex hormones are active throughout the
entirelife cycle, starting in germ cells and continuing in the embryo, fetus, child,
adult, and aged and diseased individual. Biological factors interact with the

of novel CVD risk factors for individualized preventive strategies™.
To date, several methods have become available (and coexist) to reli-
ably apply the sex and gender lens to prospective and retrospective
research approaches®**** There is also a general agreement that
male individuals score lower (have more masculine characteristics)
on the gender score whereas female individuals score higher (have
more feminine characteristics) yet both sexes have masculine and
feminine traits (Fig. 3).

Gender-related versus sex-related effects

The GENESIS-PRAXY study analysed the effect of sex-related and
gender-related variables on long-term health-related quality of life
(HRQoL) and major adverse events (MACE) among young adults with
ACS*®. Women had an overall worse HRQoL than men and reported
worse physical and mental functions. Gender-related factors, such as
femininity score, social support and housework responsibility, had a
closer association with HRQoL than sex-based variables®. In an addi-
tional study, the same authors demonstrated that female biological sex
reduced the risk of MACE by 50%, whereas feminine gender increased
the risk fivefold®. The same gender score, adapted for the German
societal system, was applied in the German GendAge study in 1,100
elderly individuals®. Differences in some clinical variables, such as
grip strength and metabolic syndrome, were mainly due to biological
sex, whereas others (systolic blood pressure level, pulse wave velocity,
body mass index and depression) could be predominantly attributed
to gender. Most importantly, cognitive performance was positively
associated with female biological sex but negatively associated with
feminine gender: multiple regression models thatincluded both gen-
der and sex as competing co-variates revealed aregression coefficient
of +2.47 for biological sex and -3.58 for gender for the dependent
variable cognitive performance®. Both studies show that each of these
two variables influences clinical end points in a distinct way and can
sometimes even have opposite effects on outcomes as was shown for
cognitive performance or MACE.

Our group applied a gender score that was based on seven socio-
culturalitemsin the Swiss COGEN cohort of 3,000 individuals infected
with SARS-CoV-2 (ref.*?). We found that biological and gender-related
factors contribute differently to the course of coronavirus disease
2019 (COVID-19) and should be included in risk prediction models*.
The inclusion of gender-related factors is of particular importance
in the era of precision medicine and artificial intelligence because

Sociocultural factors

Physical and social environment  Lifestyle

Disease

Sex hormones

sociocultural dimension of gender (including psychological attributes, the
physical and social environment, and lifestyle) at all stages of the life course.
Adapted with permission fromref.**.
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Female sex Male sex Fig. 3| Gender score distribution in females and malesin anaged
‘ ‘ German population. The graph shows the distribution of a retrospective
100 gender score, which included gender-related factors, such as education,
90| income, household activity and stress, according to biological sex ina
population of German individuals with amean age of 75.6 years®. A score
80 of O represents individuals who have only masculine characteristics,
70 whereas 100 represents an individual with only feminine characteristics.
The data show that male individuals have alower gender score (have
& 60 more masculine characteristics) whereas female individuals have higher
§ 50 scores (have more feminine characteristics) yet both have masculine and
g feminine traits. Adapted with permission from ref.”.
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we will not succeed in obtaining equitable risk prediction models
for all individuals without the consideration of sex-related and
gender-related variables”.

Summary

Taken together, these studies — conducted in different societies —
indicate that gender depends on the sociocultural environment of the
cohortandonthe variables that are available for defining gender inthat
specific cohort. Solid evidence indicates that gender-related variables
or scores allow us to characterize individuals beyond biological sex
and mighteven reveal opposing effects of gender and biological sex on
clinical outcomes®****_Although the discussion about the most
optimal method to measure genderis stillongoing, itis evident that gen-
derhastobe consideredinclinical studies for abetter understanding
of human disease development.

Combined influence of sex and gender on CVD
Cardiovascular health care
Western health-care systems frequently neglect sociocultural deter-
minants of health (SDOH) in CVD*. Sociocultural factors, such as low
socioeconomicstatus, limited formaleducation, stress levels, low health
literacy and limited access to high-quality health care, some of which are
over-represented in women and characteristic of afeminine gender, are
major confounders when patient groups with CVD are compared*®. Low
levels ofincome and social supportas well asalack of diversity among
cardiology clinicians and within clinical trial cohorts also contribute
toinequalities in CVD health care®. In our study, old age, low socioeco-
nomicstatus and poor healthliteracy correlated with an underestima-
tion of one’s own CVD risk as well as with poor outcomes in women*’.
These data emphasize the importance of developing gender-specific
concepts for the implementation of SDOH into patient management %,
Examples of gender-specific effects on CVD health care include
persistent treatment delays observed in women with ACS as well as
underdiagnosis and undertreatment of women with CVD®'. A nation-
wide analysis of 450,000 patients with CVD in Switzerland demon-
strated that women were less likely to be admitted to anintensive care
unitthan age-matched mendespite being similarly or more severelyill*.

Even though these gender-related disparities in CVD health care have
beenknown for decades, they remain essentially unchanged in contem-
porary medicine and have a disadvantageous effect onwomen" (Fig. 4).
The development of heart centres specifically for women might help
toimprove this situationbecause these institutions mightimplement
gender-sensitive concepts to counteract the female disadvantage in
SDOH in cardiovascular medicine™.

Patient-physicianinteraction

Gender-related factorsin patient-physician communication might also
contributetodifferencesin CVD outcomes.InaUS study, female patients
withmyocardial infarction (MI) who were treated by afemale physician
survived better than those treated by a male physician®. However, if
male physicians had more female colleagues in their departments,
their performance with women as patientsimproved**. The influence of
physician-patient sex concordance on treatment outcomesin women
was confirmedinalarge, population-based study in Ontario, Canada,
published in 2022 (ref.*). Female patients treated by male surgeons
more often encountered adverse outcomes than female patients
treated by female surgeons. No difference in outcomes according to
the sex of the surgeon was found in male patients. The differences were
most pronounced in cardiovascular surgery. Therefore, the predomi-
nantly male leadership and workforce in cardiology might represent
another disadvantage for female patients.

Risk factors and prevention

The bulk of clinical manifestations and events in patients with CAD is
dueto obstructive CAD, which is mainly caused by atherosclerosis and
accounts for 90-95% of clinical ACS cases’®. The high rate of obstructive
CADisinpartduetoahigheraccumulation of atheroscleroticrisk fac-
torsinmen thaninwomen®. Moreover, male sexis a stronger cardiovas-
cularrisk factor than smoking, diabetes, high plasmalipid levels or high
blood pressure®®*’, However, a stricter preventative management plan
inmenthaninwomensince thelate1990s, whichincludes prescription
ofindicated medications and risk factor monitoring, has put women at
greater risk of CVD®°. Womensstill receive less therapy for their CVD risk
factors than men and their cardiovascular protection is incomplete®.
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According to several large-scale prevention studies, CVD risk factors,
in particular dyslipidaemia, were not sufficiently treated in women®* **,
More than adecade after the publication of those studies, inferior con-
trol of LDL-cholesterol levels in women is still the primary sex-related
difference in modifiable CVDrisk, as documented in alarge-scale, cross-
sectional, primary care study published in 2021 (ref.**). Undertreatment
of women has also been described in diabetes, in particular for CVD
prevention®>®’, Therefore, men seem to have astronger biological risk
of CVD but women still receive less therapy for their CVD risk factors
than men, and CVD prevention in women is incomplete (Fig. 4).

Several female-specific CVD risk factors have beenidentified dur-
ing the past 20 years; however, although some of these variables have
been mentioned in recent guidelines®®, these risk factors have yet to
be implemented into the most frequently applied CVD risk calcula-
tors®. Female-specific and women-specific CVD risk factors include
pregnancy complications, breast cancer therapy, autoimmune and
rheumatic diseases, depression, and household-related stress. The
relationship between reproductive factors andincident CVD hasbeen
demonstrated in several studies, including ina2018 analysis of the UK
Biobank showing that early menarche, early menopause, earlier age at
first pregnancy, and a history of miscarriage, stillbirth or hysterectomy
were each independently associated with a higher risk of CVD later in
life’. Finally, the increased relative risk of CVD in women with diabetes
is not adequately addressed in the most recent guidelines”.

Ischaemic heart disease

The particularities of IHD and HF in women were described in 2021
by The Lancet Women and Cardiovascular Disease Commission™ and,
therefore, will not be reviewed here. This section focuses instead on
the disentanglement of sex-related and gender-related mechanisms
in these conditions. The observation that IHD — and its best-known
manifestation, CAD — occurs 6-8 years earlier in men than in women
might point to biological factors driving these differences such as ear-
lier atherosclerosis in men owing to differencesinlipid metabolism or

a Sex-related and gender-related
risk factors for CVD

Sex

¢ Genetics

e Epigenetics

* Sex hormones
¢ Gene-hormone

Gender-related factors
Adverse

immune responses’’. However, sociocultural differences between men
and women mightalsoinfluence the epidemiology and manifestation
of CAD, given that lifestyle factors and mental stress are well-known
modifiers of cardiovascular risk”. Undertreatment and higher mortal-
ityinwomen with ST-segmentelevation MI, non-ST-segment elevation
Mlor unstable angina have repeatedly been described during the past
20 years’”. Despite increasing awareness of gender inequalities in the
management of patients with ACSin Europe, astudy published in2022
using country-level datafrom four European countries confirmed that
women still receive guideline-recommended therapies less often than
menand have a higher mortality that persists after multivariate adjust-
ment forknown cardiovascular risk factors, including age™. Outcomes,
including mortality, are worst among women aged <50 years, who are
less likely to have ACS than men or older women’>”. Although these dis-
parities were first described 20 years ago across different geographical
regions, they have generally remained unchanged over time’®””. We can
argue that the lack of knowledge on female-specific pathophysiology
might contribute to thislack of reductioningender-related disparities
giventhat women more frequently have ACS from non-atherosclerotic
causes, which is less well studied”.

Incontrastto obstructive CAD, IHD comprises all disease manifesta-
tions arising from myocardialischaemiabothin women and men, such
asmicrovascular dysfunction (asupply-demand mismatch of the myo-
cardium) orischaemiawith non-obstructive coronary arteries (INOCA)
and MIwith non-obstructive coronary arteries (MINOCA) resulting from
non-obstructive CAD, which has a higher prevalenceinwomen thanin
men”®, Patients with INOCA report a poor quality of life and recurrent
symptoms of angina, require frequent hospital admission and diagnos-
ticinterventions, and are amajor burden to the health-care system’7%%°,
Although the pathophysiology of INOCA is not fully understood, this
condition is associated with endothelial dysfunction as reflected by
impaired vasodilatation in response to adenosine, acetylcholine and
nitroglycerin affecting mainly the microcirculation and, therefore, has
a biological basis®. In women with MINOCA, multimodality imaging
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e High prevalence of
stress-induced CVD

e Pathophysiology
understudied

e Undertreatment by
male physicans

* Medical therapies not
optimized

* Less invasive and ICU
treatment

Gender * Lack of specific
* Societal stress prevention strategies
o Lifestyle * Poor HRQoL

e Communication

* Access to health care
and management

¢ Psychological traits

a, Factors contributing to sex-related and gender-related modulation of
cardiovascular disease (CVD) risk and outcomes in women and men. b, Factors

<75 years Gender-related factors
* More favourable Protective

myocard[al Sex-related factors e Pathophysiology of

remodelling Adverse CAD and HF well

e Lower prevalence
of HFrEF

* Lower prevalence
of cardiovascular
risk factors

Women

* Higher prevalence
of atherosclerosis
in men aged <75
years

¢ Unfavourable
ventricular
remodelling

¢ Higher prevalence
of HFrEF

¢ Higher prevalence
of cardiovascular
risk factors

studied

¢ Medical and invasive
treatment well
adapted

Men

associated with positive or negative CVD outcomes in women and men. CAD,
coronary artery disease; HF, heart failure; HFrEF, heart failure with reduced
ejection fraction; HRQoL, health-related quality of life; ICU, intensive care unit.

Nature Reviews Cardiology | Volume 20 | April 2023 | 236-247


http://www.nature.com/nrurol

Review article

with coronary optical coherence tomography and cardiac MRl identi-
fied potential mechanisms of MINOCA in 84.5% of patients, of which
75.5% had myocardial ischaemia and 24.5% had no ischaemia, pointing
equally to a biological basis for this condition®. Of note, perceived
stress might also contribute to INOCA development®. Indeed, mental
stressisagreaterrisk factor for CVDinwomen thanin men, particularly
in younger women, which most probably relates to sociocultural trig-
gers®*** In summary, the pathophysiology, presentation and clinical
manifestation of IHD differ between women and men.

Asdiscussed above, gender seems to be more important than sex
in predicting long-term HRQoL or MACE after an ACS®. Interestingly,
sex and gender drive the results in opposite directions, with female
biological sex showing a trend towards improved survival whereas
feminine gender hasbeen associated with adverse outcomes.

Inaddition, women continue to be at disadvantage in drug devel-
opment because they remain severely under-represented in CVD
clinical trials. For example, in studies on repurposing colchicine as
atreatment for CAD only <20% of participants were women and the
authorsdid not discuss the finding that risk reduction was 33%in men
compared with 1% in women®. Women also have a disadvantage in
cardiac surgery outcomes. A study published in 2004 showed that
women with CAD often have worse outcomes after coronary artery
bypassgraftsurgery than men, with biological and sociocultural factors
identified as underlying causes®. Age, physical function and postop-
erative complications were key mediators of the excess mortality of
women after coronary artery bypass graft surgery®. The investiga-
tors concluded that self-assessed physical function should be more
seriously considered in preoperative risk assessment, particularly in
women?. Notably, as previously described, studies have linked the
poorer outcome in women after cardiac surgery with sex-specific
patient-physician interactions™.

In conclusion, although women develop obstructive CAD later
in life than men, the underestimation of women-specific IHD patho-
physiology, including biological and sociocultural components, the
lack of early recognition and the lack of women-specific treatments
increasetherisk of CVDinwomen (Fig. 4). The higher mortality in young
women with CAD than in young men despite their lower burden of
atherosclerotic risk factorsreflects adisadvantage of womenbased on
behavioural, treatment or societal aspects regardless of the advantage
of biological female sex in CVD risk.

Heart failure

HF is classified into HF with reduced (HFrEF), mid-range (HFmrEF) or
preserved (HFpEF) left ventricular ejection fraction (LVEF)”, and the
sex-specific distributions of these phenotypes have been previously
reviewed elsewhere®,

Femaleindividuals without heart disease have a higher LVEF than
male individuals, with the lower cut-off value of normal being 61%
in females and 55% in males®**°. Given that current 2021 ESC guide-
lines do not account for these sex-related differences, women with
an LVEF of 55-61% might be miscategorized to the HFpEF phenotype
in clinical studies although they should instead be classified into the
HFrEF or HFmrEF groups®. Hearts from female patients with HFpEF
are smaller and stiffer than hearts from male patients with HFpEF and
more frequently develop concentric remodelling®. Instead, women
with HFrEF have a more favourable adaption of the myocardium to
stress conditions (with less ventricular dilatation, less downregula-
tion of mitochondrially encoded genes and less fibrosis) and have a
lower risk of ventricular tachycardia, sudden cardiac death and atrial

fibrillation compared with men®?, Therefore, sex-related factors in
the pathophysiology of HF seem to be more favourable to females.
However, women with HF were more likely to have lower HRQoL, more
symptoms and depression than men*®, The pathophysiological basis of
this gender-related difference is understudied. Nevertheless, clinical
outcomesin women with HFpEF or HFrEF have always been better com-
pared with those of men, even before the most recent neurohormonal
modulators were introduced into HF therapy®.

Trends favouring a better outcome in women with HF have been
observed with several neurohormonal modulators. The PARAGON-HF
investigators demonstrated a positive effect on end points in women
with HFpEF treated with sacubitril-valsartan, whereas the compound
did not improve outcomes in men’>*, In addition, several retrospec-
tive studies investigating the effect of mineralocorticoid receptor
antagonists on HF end points reported trends towards a better effi-
cacy of this drug in women than in men, resulting in better outcomes
in women’®. Unfortunately, despite these observations, mechanistic
studies explaining these sex-related and gender-related differences
in HF treatment are lacking. Notably, although the sodium-glucose
co-transporter 2 inhibitor empagliflozin has been showntoreduce the
risk of cardiovascular death or hospitalization in patients with HFpEF,
women, who predominantly have HFmrEF or HFpEF, are still left with
less treatment options than men. In addition, increasing evidence
suggests that women with HFrEF are more likely to experience adverse
effects from HF drugs (such as digoxin) than men and their risk of
being overdosed with the guideline-recommended drugs angiotensin-
converting enzyme inhibitors and B-blockersis higher thanin men®,
Thelatter clearly indicates that pharmacological treatment strategies
in HF are less adapted to women than to men®*'%°,

With regard to non-pharmacological HF treatment, women
respond well to cardiac resynchronization therapy, apparently bet-
ter than men, but less often receive cardiac resynchronization ther-
apy devices'”'?, In addition, although the risk of a life-threatening
arrhythmiaislowerinwomen thanin men, women might still be under-
treated withimplantable cardioverter-defibrillators because recom-
mendations for implantation of these devices rely on data mainly
derived from male populations®'°?, Similarly, women with end-stage
HF undergo heart transplantation less often than men although they
experience similar benefits from heart transplantation. Indeed, data
from one of the largest heart transplantation centresin Europeindicate
thatonly 15.5% of 698 patients with dilated cardiomyopathy undergo-
ing heart transplantation between 1995 and 2008 were women'®. In
this study, women were more frequently classified as having NYHA
class IlI-1V HF and had a lower exercise tolerance, worse pulmonary
function, and poorer kidney function than men but less frequently
had diabetes. Therefore, women were referred with more severe HF
but fewer relative contraindications for heart transplantation such as
diabetes. The option of heart transplantation was less intensely con-
sidered inwomen, particularly inthose with comorbidities'*. A2022
reportfromaheart transplantation centrein the UK found a persisting
gender bias regarding the referral for heart transplantation and left
ventricular assist device implantation: women accounted for only
32% of total referrals and were less likely to receive a left ventricular
assist device (13%)'%.

In summary, despite a more favourable biology, gender-related
and treatment-related factorsimpair outcomesin womenwith HF com-
pared with men (Fig. 4). Only afew mechanistic studies have been per-
formed for HF classes that predominantly affect women such as HFpEF.
Anatomical and pathophysiological differences between females and
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males and women and men, such as different normal ranges of LVEF
and differences in neurohormonal activation or in symptom profiles,
are insufficiently considered in contemporary research and current
guidelines. Consequently, treatment strategies in HF are less well
adapted towomen and a persisting referral bias exists against women
with regard to advanced HF treatments.

Heart-brain interactions

Agrowingbody of evidence suggests that (patho)physiological inter-
actions between the heart and the brain have important roles in car-
diovascular and neurovascular conditions and that these interactions
are modified by sex and gender'**™", Both organs share common risk
factors, such as hypertension, diabetes, smoking or dyslipidaemia,
and both are affected by systemic inflammation, atherosclerosis and
dysfunction of the neuroendocrine system'*®. One of the most obvious
examples of sex-specificand gender-specific heart-braininteractions
inCVDis Takotsubo syndrome. Gender-specific factors predominantly
affect postmenopausal womenin whom astressful life event translates
into temporary dysfunction of the left ventricle. Current evidence
suggests that sex-related and gender-related differences in emo-
tional stress perception and processing via heart-brain interactions
might contribute to the higher prevalence of Takotsubo syndrome in
women™ ¢ Indeed, women perceive greater and prolonged episodes
of mentalstress during their lifespan than men'’. The limbic system',
in particular the amygdala, which regulates peripheral sympathetic
activity inresponse to emotions and fear, has been suggested to have
akey rolein Takotsubo syndrome"*""’, Although mechanistic dataare
sparse, several reports conclude that the link between metabolic
activity inthe amygdala and abnormal cardiac functionis particularly
pronounced inwomen'*"?°2 Inaddition, sympathetic nervous system
activation, a potential mediator of heart-brain interactions, shows a
clear sex dimorphism because sympathetic activity is attenuated by
oestrogen'”*and is therefore higher in men under physiological condi-
tions', increases with age inwomen' and is anindependent predictor
of MACE in women but not in men'?**?°, These sex differences in auto-
nomic function seemto translate into differential treatment responses
to B-blockers in males and females®”'**'%, In addition, increasing evi-
dencesuggests that theimmune system and inflammatory responses
mightbe a potential pathway mediating heart-braininteractions due
to their capacity to alter tissue perfusion and neurohumoral activa-
tion'?°. Clinical data point to substantial sex-specific differences in
inflammatory and innate immune responses, with females showing
higher baseline levels of circulating inflammatory markers'” and more
pronounced production of pro-inflammatory cytokines in response
to different myocardial injuries than males'>**°"*2, Given that both
sympathetic activity and inflammation are pharmacological targets,
further investigation of the molecular mechanisms that regulate the
heart-brain axis is needed. Investigating the heart-brain axis is cru-
cial given that sex-specific differences in heart-brain interactions do
not only exist in Takotsubo syndrome but also in CAD, with women
being at a greater risk of mental stress-induced endothelial dysfunc-
tion and myocardial ischaemia than men™*"*, and in HF, in which sex
steroids, excessive stimulation of the sympathetic nervous system
and neurohumoral activation drive both disease development and
sex-related differences’*”>*71*>1*¢ Notably, sex and gender differences
in heart-brain interactions have also been reported in primary brain
diseases, such as stroke, dementia or depression; however, this topic
isbeyond the scope of this article and has been reviewed elsewhere'*.
Despite many efforts to better understand the influence of sex and

gender on heart-brain interactions, most previous work has focused
on biological mechanisms only. Therefore, future research will have
to assess the effect of gender-specific behaviour and cardiovascu-
lar health inequalities between men and women on the brain’s stress
network and its cardiovascular consequences.

Gender dysphoriaand CVD

Transgender people and gender-diverse minorities (such asnon-binary
genderidentity or genderqueer individuals) now comprise an estimated
0.3-0.5% (25 million) of the global population'”. Transgender is an
umbrella term that describes individuals with a gender identity that
doesnot matchthe sex they were assigned at birth. Gender dysphoriais
defined as the feeling of discomfort or distress occurring when gender
identity differs from biological sex.

Transgender and non-binary individuals undergo discrimina-
tion, experience psychological distress and suffer adverse childhood
experiences — these stressors are associated with increased odds
of CVD. Furthermore, transgender individuals have specific health-
care needs related to gender-affirmative treatments, which include
social, psychological, behavioural or medical (hormonal treatment
orsurgery) interventions designed to supportanindividual’s gender
identity. Furthermore, despite increasing awareness of their specific
health-care needs, transgender individuals remain a marginalized
group and face unique intrapersonal (such as self-stigma), interper-
sonal (for example, discrimination, transphobia and bias-motivated
violence) and structural (for example, laws that codify discrimina-
tion) stressors that are associated with reduced access to health care
and an increased risk of mental health disorders and CVD across the
lifespan®**"'*, However, despite their higher risk of CVD, transgender
individuals remain an under-served group in clinical cardiovascular
research. Indeed, common conditions, such as diabetes, metabolic
syndrome, malignancies and CVD, are the least researched aspects of
the global disease burden in transgender individuals'*. In addition,
although growing evidence emphasizes the importance of gender-
affirming hormone treatments in transgender individuals toimprove
gender dysphoriaand promote well-being, knowledge on the cardio-
vascular effects of these treatments is scarce. Most of the available
literature consists of retrospective cohort studies that are limited by
insufficient follow-up time, a focus on younger age groups, lack of
appropriate control populations, cross-sectional designs and a small
samplesize'. Accordingly, although most studies describe aworsen-
ing cardiovascular risk profile in transgender individuals receiving
cross-sex hormone therapy, inconsistent datain transgender men have
been reported on whether these risk alterations are associated with
increased cardiovascular morbidity and mortality'** . In transgender
women receiving ethinyloestradiol and cyproterone acetate treat-
ment, an increased risk of thromboembolic events compared with
cisgender women has consistently been observed across studies' .
Likewise, several epidemiological studies suggest that the use of oes-
trogensintransgender womenis associated with anincreased risk of
Mlandischaemic stroke compared with cisgender women™°. However,
large-scale, prospective studies are required to confirm these findings
and elucidate the underlying mechanisms. Overall, a multifaceted
approach considering both gender-related (social factors such as
general life stressors and gender minority stressors) and sex-related
(clinical biological factors such as effects of cross-sex hormone treat-
ment) risk determinants of CVD is needed to better understand the
specific risk exposures of transgender and gender-diverse individu-
als. This knowledge will advance our understanding of the role of
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sex and gender in CVD and will be critical to reducing cardiovascular
healthdisparities and identifying targets for behavioural and medical
interventionsin this population.

Conclusions

Clear evidence indicates that sex-related and gender-related factors
interact in generating differences in CVD outcomes in women and
men, and might even have opposite effects on clinical manifestations
and outcomes. The influence of biological sex on CVD manifesta-
tions frequently favours females, such as the relative protection from
obstructive CAD in premenopausal females or the more favourable left
ventricular remodelling observed in females with HFrEF compared with
males. Conversely, gender-related factors, including a higher preva-
lence of anxiety in women with CVD, a stronger association between
mental stress and disease manifestations in women, poorer commu-
nication with health-care representatives, a lack of consideration of
sex-specific and gender-specific pathophysiology inmedical research,
and the underrepresentation of the female populationin drug develop-
ment, more adversely affect women than men. Therefore, studies that
investigate the influence of biological and sociocultural differences
between women and men on CVD outcomes, and which also consider
that these two variables might drive outcomesin opposite directions,
areurgently needed. Abetter understanding of these factors will sub-
sequently result in optimized treatments and improved health care
for all patients.

Published online: 31 October 2022
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