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The democratization of genomic technologies has revealed profound sex biases
in expression patterns in every adult tissue, even in organs with no conspicuous
differences, such as the heart. With the increasing awareness of the disparities in
cardiac pathophysiology between males and females, there are exciting opportunities
to explore how sex differences in the heart are established developmentally. Although
sexual dimorphism is traditionally attributed to hormonal influence, expression and
epigenetic sex biases observed in early cardiac development can only be accounted
for by the difference in sex chromosome composition, i.e., XX in females and XY in
males. In fact, genes linked to the X and Y chromosomes, many of which encode
regulatory factors, are expressed in cardiac progenitor cells and at every subsequent
developmental stage. The effect of the sex chromosome composition may explain
why many congenital heart defects originating before gonad formation exhibit sex
biases in presentation, mortality, and morbidity. Some transcriptional and epigenetic
sex biases established soon after fertilization persist in cardiac lineages, suggesting
that early epigenetic events are perpetuated beyond early embryogenesis. Importantly,
when sex hormones begin to circulate, they encounter a cardiac genome that is already
functionally distinct between the sexes. Although there is a wealth of knowledge on the
effects of sex hormones on cardiac function, we propose that sex chromosome-linked
genes and their downstream targets also contribute to the differences between male
and female hearts. Moreover, identifying how hormones influence sex chromosome
effects, whether antagonistically or synergistically, will enhance our understanding of how
sex disparities are established. We also explore the possibility that sexual dimorphism
of the developing heart predicts sex-specific responses to environmental signals and
foreshadows sex-biased health-related outcomes after birth.

Keywords: sex differences, cardiac, sex-biased expression, embryogenesis, developmental origin of disease,
epigenetics

INTRODUCTION

Biological sex has long been known to affect the epidemiology, clinical manifestation,
pathophysiology, and response to treatment for cardiovascular disorders (1), yet the basic
mechanisms underlying these differences remain unknown. Filling this knowledge gap and
elucidating sex-biased protective factors should lead to better, more selective treatments for
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both sexes. Research contemplating sex differences has only
recently become somewhat more mainstream, with the mandate
from federal agencies to consider sex as a vital biological
factor (2). Often, however, studies have included both sexes
without sufficient power to perform meaningful comparisons
(3). Sex chromosomes are often excluded from genomic analyses
and association studies, limiting the ability to identify sex-
biased risk factors. Furthermore, many cardiovascular diseases
are polygenic and multifactorial, posing additional challenges
for understanding the mechanisms leading to sex disparities
(Figure 1).

SEX BIASES IN HEALTHY HEARTS

There are baseline sex differences in healthy adults in cardiac
structure and function, as shown in both humans and rodents (4).
Many cellular processes, such as rhythmicity, lipid metabolism,
regenerative capacity and fibrosis, differ between male and
female cardiac cells (5-7). Moreover, recent studies have
shown a surprising amount of transcriptional and epigenomic
variability between male and female hearts, emanating from
both the sex chromosomes and the autosomes (8-15). Efforts
to connect the functional differences between males and
females to the transcriptional biases are ongoing, although
determining whether those biases are causal will require more
extensive studies.

Traditionally, sex differences in cardiac function are
solely attributed to the influence of sex hormones. In fact,
a wealth of information has accrued over many decades
attesting to the effects of androgen and estrogen on
cardiomyocytes in humans and model organisms (16-18).
These studies have elucidated the genomic effects of sex
steroids mediated by their respective receptors, as well as
non-genomic activity. However, some of the transcriptional
sex biases are independent of hormones (19, 20). A study
on sex biases from the Genotype-Tissue Expression (GTEx)
Project found that only one-third of differentially expressed
autosomal genes across all human somatic tissues contain
estrogen or androgen response elements, suggesting either
indirect hormonal influence or regulation by other factors
altogether (14).

Even the demonstrably powerful effects of sex steroids on
the heart are not completely understood. Both males and
females produce estrogens and androgens, albeit at different
levels, but their effects are rarely studied in both sexes. In
one exception to this trend, estrogen was shown to have
opposite effects on intracellular signaling in male and female
mouse cardiac myocytes, even though the levels of estrogen
receptors do not differ (20, 21). Therefore, the differences in
the responses to estrogen must be related to the sex-specific
hormonal levels, but this begs the question of how cardiac cells
sense hormonal dosages. Are there uncharacterized receptor
variants, conformations or post-translational modifications that
are sex-biased? Do the higher levels of estrogen in females, for
example, activate a wider range of genes? Are the genomes in
male and female cardiac cells epigenetically primed to activate
different target genes in response to hormones? Recent studies

suggest that cell type composition in adult tissues is also
sex-biased, perhaps adding another variable to be accounted
for in the cardiac response if cell lineages have different
sensitivities to hormone activity (14). Another complicating
factor is that local production of steroids occurs in many
somatic tissues and is not reflected by the levels of circulating
hormones (22).

Although the fold differences in gene expression between
males and females are sometimes discounted as small, the
cumulative differences can significantly skew regulatory
networks. Network analyses show substantial differences in
regulatory structure between males and females (13, 23). Some
transcription and epigenetic factors are differentially expressed
in adult hearts, posing the question of how their dosage affects
their downstream targets. On the other hand, many transcription
factors, including the estrogen receptors ESR1 and ESR2 and the
androgen receptor (AR), have sex-biased gene targets in other
tissues, even if they are not differentially expressed themselves.
This bias may be due to the epigenomic sex differences (24, 25),
which would affect the accessibility of transcription factors to
their cognate motifs. This raises the possibility that different sets
of genes be regulated by the same transcription factor in male
and female cells. Unfortunately, the few epigenomic studies in
the heart are not sex-stratified (25), which hinders the ability
to identify sex biases in regulatory factor accessibility to their
recognition motifs. ChIP-seq studies on sex steroid receptors in
male and female hearts would also be invaluable in identifying
their genomic targets.

In addition to the above-mentioned complexities, commonly
expressed genes in males and females may be targeted by
different factors (13). Overall, the network structure differences
resulting from the sum of these regulatory biases could have
consequences for aging processes or cellular responses to stress
or disease (26). This implies that the same disease in males
and females can result from different pathways, indicating
that therapeutic targets may be different as well. Little is
known about the specific underlying mechanisms. However, they
might include differences in the protein abundance or post-
translational modification of transcription factors or differential
availability of epigenetic co-factors, in addition to sex-biased
access to recognition sites (27).

SEX DIFFERENCES IN CARDIAC DISEASE

In view of the sex differences in baseline cardiac function, it is
not surprising that biological sex is a significant determinant in
the development, presentation and progression of cardiovascular
disease (28-30). The protective role of estrogen in women is
well-known (17, 31-33). Men tend to develop cardiovascular
disease earlier, whereas women develop these disorders later in
life, accompanied by more comorbidities (34). Symptoms can
also differ markedly between sexes. For example, women with
myocardial infarction are less likely to present with chest pain
than men, and more likely to have nausea, fatigue among other
symptoms. Sex disparities in the impact of risk factors for cardiac
disease are also evident (1, 35), and women have higher rates of
adverse drug reactions (36, 37). Despite these glaring differences,
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FIGURE 1 | Schematic of the factors affecting sex biases in the heart across the lifespan. Sexual dimorphism exists at the molecular level from early cardiac
development and across the lifespan, and is reflected in the sex biases evident in congenital heart disorders and cardiovascular health and disease. In addition to
genetic, environmental and gestational factors, sex chromosome-linked genes and their interactions with hormonal effects are critical in establishing sex differences in

the heart.

the diagnostic criteria and the treatments proffered are usually
the same for both men and women, based on clinical studies that
over-represent males.

Although cardiac diseases resulting from genetic causes are
not expected to vary by sex, they do in fact occur with differing
prevalence between males and females in both humans and
mice. For example, inherited hypertrophic cardiomyopathy due
to mutations in sarcomeric proteins exhibit skewed incidence,
indicating that sex-specific factors can compensate for the genetic
defects and contribute to the penetrance of the disease (38).
Hormonal differences are assumed to be responsible for these
differences, but there are few mechanistic studies to support this
notion, and little is known of the sex chromosome effects or
developmental origins of these biases.

Genome-wide studies to identify risk alleles for cardiovascular
disease have found sex differences (39-41). Gene-by-
environment interactions, including the hormonal milieu,
can detect variants with different magnitude or direction of
association in the sexes. Associations with sex chromosome-
linked gene variants have been identified, including the
contribution of certain Y chromosome haplotypes to disease
in both humans and mice (42-44). However, sex chromosome
associations alone do not explain sex differences for highly
polygenic cardiovascular traits and disease risk. Alternative
models have been proposed to explain these observations. For
example, the sex-dependent liability threshold model proposes
that the sex with lower risk requires a greater number of risk
alleles to exhibit the phenotype (45). Evidence for this model
exists in neurodevelopmental disorders (46).

THE IMPACT OF THE SEX
CHROMOSOMES

After many years of pioneering studies, the awareness that sex
chromosomes provide an intrinsic source of differential gene
regulation is slowly spreading through the bloodstream of the
scientific community (47-51). It has become patently clear that
the inherent sexual inequality in expression of X and Y genes
in non-gonadal tissues causes widespread sex differences in
physiology and disease. In mouse models where chromosomal
sex is genetically uncoupled from gonadal sex, all adult tissues
exhibit sex-biased transcriptomes that can be directly attributed
to the sex chromosome composition (52, 53). Strong evidence
has emerged for Kdm6a and Kdm5c (Lysine-specific demethylase
6a and 5c¢), two X-linked genes and Uty/Kdmé6c (Lysine-specific
demethylase 6¢), a Y-linked gene, as candidates for contributing
to sex differences in mouse models of cancer, autoimmunity,
metabolic disease and Alzheimer’s (54-57). Evidence shows that
the presence of two X chromosomes in female cardiovascular
cells might act to increase susceptibility to ischemia/reperfusion
injury (58, 59). Variants of Y chromosome loci also affect
cardiac function (60), and the Y chromosome-linked genes
TBL1Y and KDM5D have been reported to be involved in
cardiac differentiation in human embryonic stem cells (61, 62).
Mechanistic studies on the involvement of these genes in cardiac
function are forthcoming, but the epigenetic functions of the
encoded proteins predict that they may have widespread effects
on the transcriptome. Identification of additional X and Y genes
and their downstream targets in these models will shed light on
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their effects in the context of the heart, including how they act
within sex-specific hormonal environments (63, 64).

THE EMBRYONIC ORIGINS OF SEXUAL
DIMORPHISM

One obvious gap in our understanding of sex differences is
when they originate (65). As mentioned above, adult male and
female hearts have substantial differences in their transcriptional
and epigenetic profiles; however, it is not known whether
any of these differences are established during embryogenesis.
Sex differences at the molecular level have been woefully
underexplored during early developmental stages under the
assumption that embryogenesis is sex-neutral. Yet long-standing
research shows that sex-biased gene expression is present before
gonad formation, at stages when only the sex chromosome
constitution differs (66-69). Sex chromosome-linked genes,
including many dosage-sensitive transcription and epigenetic
factors (70, 71), are expressed soon after fertilization, and
subsequently affect the expression and epigenetic patterns of the
autosomes. In fact, differences are already apparent in male and
female preimplantation embryos and embryonic stem (ES) cells
in mice and humans (72-75).

During early development, the sex chromosomes influence
expression and epigenetic patterns by several mechanisms. First,
Y chromosome-linked genes are only present in male cells.
Second, female embryos have two active X chromosomes during
a brief window before implantation, with the potential for
establishing sex-specific epigenetic marks. After implantation,
female embryos undergo X chromosome inactivation, a massive
epigenetic event, that delays differentiation (76-78); this event
has been hypothesized to alter the availability and composition
of epigenetic complexes relative to male embryos (79). Third,
although X chromosome inactivation equalizes most of the X-
linked gene dosages between males and females, a subset of genes
escape repression and are more highly expressed in female cells.
Some X-linked genes escape in a tissue-specific manner (80-82),
although early lineages have not yet been studied.

As the first organ to develop, the heart exhibits sex-
biased expression before gonadogenesis (83). Differentiation
of cardiac precursors results in the convergence of male
and female transcriptomes, but does not equalize all gene
expression and epigenetic differences (83-85). Thus, male and
female cellular identities are programmed into the genome
well before sex hormones appear (86) (Figure2). Notably,
male and female human induced pluripotent stem cells adopt
different developmental trajectories when differentiated into
cardiac progenitors (87). A subset of genes that exhibit sex-
specific expression in early cardiac development is also sex-biased
in the adult heart (86), suggesting mechanisms that perpetuate
these patterns.

Differentiation of the gonads and the secretion of sex
hormones intersects with ongoing organogenesis and influences
developmental patterns in all non-gonadal tissues, including
the heart. These so-called “organizational” effects of hormones,
which are permanent and distinct from the transient hormonal

effects in adult tissues, have not been studied outside of the
developing nervous system (88). It is unknown how the pre-
established sex differences in the epigenomic landscape impact
the genomic effects of sex steroids. Also unknown is whether
hormones in turn reprogram the epigenome, reinforcing or
counteracting the sex chromosome-dependent effects. Studies in
non-mammalian models have shown that sex-biased expression
waxes and wanes during development (89), but detailed time-
course analyses in mammals have not been done.

Since many diseases with developmental origins display sex
biases (90, 91), it is important to study the role of sex-
biased gene expression—and any underlying mechanisms—
during embryogenesis. More specifically, many congenital heart
defects exhibit unexplained sex biases in presentation, mortality
and morbidity (92-95). The fact that 45% of Turner Syndrome
patients (X chromosome monosomy) suffer from congenital
heart defects underscores the role of the sex chromosomes
in embryogenesis (96). We must identify the relevant genes
and their effects on the well-established cardiac development
network (97-100).

THE DEVELOPMENTAL ORIGINS OF
CARDIAC DISEASE

There is unequivocal evidence that the prenatal environment
can have long-term consequences on health (101). Compelling
data suggest that some cardiac diseases may be programmed in
utero (102-104). Epigenetic mechanisms record developmental
and environmental events that can be translated later into
expression patterns. In the same vein, sex-specific information
resulting from sex-biased transcription or epigenetic factors
during development may be stored in the epigenome, with
consequences on later life traits (91). Epidemiological evidence
abounds from both human and animal studies showing that
male and female embryos are not equivalent. Male embryos are
more vulnerable to developmental disorders than females, partly
because of fetal-maternal interactions and possibly due to sex
differences in developmental trajectories. Moreover, the placenta,
which originates mainly from fetal lineages and has the sex
chromosome composition of the embryo, also has a role in the
susceptibility to gestational insults (105-107).

Despite the faster growth rates of male embryos, organ
systems develop more slowly in male fetuses, potentially making
them less adaptable to adverse uterine environments (108, 109).
Indeed, a range of maternal conditions consistently increases
cardiovascular disease risk more in males than in females
(110, 111). Perhaps cardiogenesis in the female embryos is
more resilient because of the later structural and hemodynamic
demands of pregnancy (112).

EVOLUTIONARY CONSIDERATIONS FOR
SEX DIFFERENCES ACROSS
DEVELOPMENTAL STAGES

The discovery of widespread sex-biased gene expression
raises questions about the evolutionary forces that drive these
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FIGURE 2 | Sex biases in heart development before gonad formation. (A) Cardiac progenitors from the first and second heart fields establish the cardiac crescent
during late gastrulation. Subsequent proliferation and differentiation of cells lead to the formation of a linear heart tube and cranial positioning of the atria. Remodeling
then leads to chamber formation, septation, and valve development. (B) Protein-protein interaction networks were constructed from differentially expressed genes as
assayed in single-cell RNA-seq experiments (84) and sex-stratified by us (83) for 8.5, 9.5, and 10.5 days post-coitum (dpc) hearts. Networks include sex-biased
modules highlighted by red (female-enriched) and blue (male-enriched) nodes. Examples of sex-biased genes for 8.5, 9.5, and 10.5, respectively, include: Ctc1, Tbx2,

9.5dpc 10.5dpc

differences in all somatic tissues, including the heart, and
intriguingly, across all developmental stages. Evolutionary
theory can provide valuable insights into the origins of
sex differences for normal physiological traits, such as sex
biases in longevity, as well as for disease prevalence (113).
In turn, elucidating the mechanisms and dynamics of sex
biases in humans can inform the evolutionary frameworks
for explaining conflicting selection pressures on males
and females.

Sexual conflict results from the divergent fitness interests of
males and females. The vast majority of the genes encoding
traits shared by males and females is common, but some
genes can have different optimal expression levels for each
sex, leading to suboptimal levels for both (114-116). Sex-
biased gene expression can indicate the existence of regulatory
mechanisms to offset suboptimal levels by allowing each sex
to approximate its fitness optimum (117, 118). For example,
cis- or trans-regulatory mechanisms, sex-dependent methylation,
differentially spliced transcript forms, or gene duplication with
the emergence of sex-specific regulation for each duplicate, are
all mechanisms that can resolve sexual conflict by uncoupling
genetic architecture between males and females (117). In
mammals, with their greatly expanded families of transcription
factors, it would be interesting to determine whether paralogs
harbor divergent regulatory sequences that result in sex-specific
expression, with the concomitant cascading effect on their
target genes.

The relationship between sexual antagonism and sex-biased
gene expression is still uncertain. It is likely that not all sex-biased
genes are relevant (89) and it is possible that genes expressed at
equivalent levels in both sexes can result in differing phenotypic
effects. In addition, genes underlying traits undergoing sex-
specific selection can be at different evolutionary stages (113).
Additional complications arise in considering complex traits
resulting from many loci of small effects.

Forces generating sex-biased expression differences are likely
to be most prominent in adults, when reproductive interests
diverge. However, the studies in mouse and human embryonic
stem cells and embryos indicate that sex-biased expression is
present across all developmental stages. In addition, the sex bias
of a gene can vary in a developmental stage- or tissue-specific
manner. If we envision sexual differentiation more broadly
as a progressive developmental process beginning soon after
fertilization and encompassing non-gonadal as well as gonadal
tissues, sex-specific selection pressures might operate throughout
embryogenesis and shift across the lifespan (119).

These discoveries prompt several questions: (1) how are sex
biases related to the differential response to the intrauterine
environment exhibited by male and female embryos? (2)
which sex-biased genes truly encode sexually dimorphic
traits because of sex-specific selection? (3) how do sex-
biased expression patterns relate to adult-stage sex differences?
Answers to these questions in the specific case of cardiac
development and adult cardiac phenotypes will lead to a more
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profound understanding of how sex affects cardiovascular health
and disease.

One useful framework for considering sex differences
during embryogenesis and their potential contribution to later
stage health disparities is adaptive developmental plasticity
(120). During fetal development, environmental cues can elicit
responses aimed at interpreting the present conditions and
optimizing post-natal strategies for maximal fitness by predicting
future conditions. These responses are mediated in part by
epigenetic mechanisms (109, 121). This framework implies
certain trade-offs in long-lived species such as humans, where the
potential for a mismatch between pre- and post-natal conditions
can contribute to disease risk (122). Although sex differences
have not been formally incorporated into these evolutionary
models, evidence of sex-specific developmental trade-offs will
likely be considered in future work (123).

UNANSWERED QUESTIONS AND FUTURE
DIRECTIONS

It has been 20 years since the Institute of Medicine of the National
Academies of Science published an exhaustive examination of
how sex and gender contribute to human health and disease
(124). Despite this, research to discern the mechanisms that
explain sex differences is still in its infancy. Nowhere is
this more evident than in developmental biology, which has
circumscribed the study of sex differences to the process of
gonadal differentiation, thereby overlooking the effects of sex
chromosome-linked genes in early embryogenesis.

The advent of genomic technologies has certainly adrenalized
the study of sex differences. However, many unanswered
questions remain regarding whether sex differences in specific
cardiac phenotypes are due to hormones, genetic sex, or sex-
hormone interactions. Also unknown is if the target genes of
sex hormones differ in each sex. In this regard, there is a need
for studies comparing the effects of specific sex hormones on
both male and female hearts, instead of focusing exclusively on
how androgens act in males and estrogens in females. With
the expansion of the transgendered population, cross-hormone
therapy has become a standard treatment. To identify and
manage the potential risks facing these patients, studies with
animal models administering estrogen in males and androgens in
females have been performed (125). However, these experiments
do not elucidate how normal estrogen levels in males differ in
effects from normal estrogen levels in females. Thus, further
investigation is also required to fully understand the programs
controlled by the sex chromosomes in the heart. Moreover,
mitochondrial function differs between male and female hearts,
but the molecular basis of these differences is unknown (24,
126).

Not all sex-biased genes are likely to be involved in the
functional differences between male and female hearts, so it
is critical to establish the exact relationship between RNA
abundance and phenotypes. Some differential expression may
have evolved to compensate for rather than enhance the
disparities. Studies in a broader spectrum of model organisms is

essential to understand the evolutionary principles that lead to
sex-specific transcriptomes.

There are some caveats to the use of transcriptomes for
studying sexual dimorphism. RNA levels are an incomplete
indicator without complementing them with proteomic analyses.
Biases in splice forms have not been thoroughly investigated and
could be a factor in sex-specific activities, as reported previously
in primates, including humans (127). Regulatory factors present
at equal levels should not be discounted, as post-translational
modifications could also be dependent on sex.

There are still very few studies on the timing and persistence
of sex-biased gene expression during heart development. The
identities of sex chromosome-linked genes expressed from
early embryogenesis, and the mutual interactions between the
sex chromosomes and autosomes are unknown. A thorough
understanding of the interactions of sex chromosomes and
hormones throughout cardiac development is also needed.
Whether the appearance of sex hormones erases or enhances pre-
established differences, it will be interesting to understand the
underlying mechanisms. It is also important to determine the
effects of hormones on the early stages of heart organization.

Many genes are expressed with less than two-fold differences
between males and females (11, 14, 72, 83). Although these
differences are generally discounted as insignificant, their impact
can propagate along the regulatory networks that characterize
cell states, shifting phenotypic outcomes. Network modeling has
identified differential targeting of genes and revealed regulatory
differences that could be important under conditions of stress,
age or in response to therapies, even when baseline expression
levels are only slightly dissimilar (11, 128, 129). The use of the
continuously evolving systems biology tools will allow us to
analyze the aggregate pattern of sex differences in expression to
uncover sex-specific modules in global networks.

In conclusion, there is much to be learned from basic studies
of sex differences in the heart across all life stages. We have only
begun to fully understand the significance of early developmental
sex differences. Detailed mechanistic studies will enable us to
eventually develop more selective, sex-specific interventions in
cardiovascular disease.
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