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Abstract

Nearly all cardiovascular diseases show sexual dimorphisms in prevalence, presentation, and
outcomes. Until recently, most clinical trials were carried out in males, and many animal studies
either failed to identify the sex of the animals or combined data obtained from males and females.
Cellular sex in the heart is relatively understudied and many studies fail to report the sex of

the cells used for /n vitro experiments. Moreover, in the small number of studies in which

sex is reported, most of those studies use male cells. The observation that cells from males

and females are inherently different is becoming increasingly clear — either due to acquired
differences from hormones and other factors or due to intrinsic differences in genotype (XX or
XY). Because of the likely contribution of cellular sex differences in cardiac health and disease,
here, we explore differences in mammalian male and female cells in the heart, including the less-
studied non-myocyte cell populations. We discuss how the heart’s microenvironment impacts male
and female cellular phenotypes and vice versa, including how secretory profiles are dependent

on cellular sex, and how hormones contribute to sexually dimorphic phenotypes and cellular
functions. Intracellular mechanisms that contribute to sex differences, including gene expression
and epigenetic remodeling, are also described. Recent single-cell sequencing studies have revealed
unexpected sex differences in the composition of cell types in the heart which we discuss. Finally,
future recommendations for the design and consideration of cellular sex differences in the heart
are provided.
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1. Introduction

While sex differences in cardiovascular disease have long been documented, the basis

for these observed differences in pathophysiology must be due, at least in part, to

cellular sex differences. Cells in male and female hearts are inherently different and

have acquired differences during puberty and adulthood that influence their function and
complex interactions (Figure 1). Research is beginning to address cellular sex in many
organ systems, but this aspect of biology is relatively under-studied. Here, we discuss sexual
dimorphisms in the many cell types of the heart. We use “sex” to describe biology, rather
than “gender,” which describes behavior. Recent reports have shown sex differences in the
cellular composition of male and female hearts, including subclusters of cell populations.
These observations demonstrate the challenges of unraveling the causes of larger-scale sex
differences including cardiovascular disease risk, progression, and outcome [1].

Variations of the extracellular microenvironment are both a cause and an effect of sexual
dimorphisms in the heart. A milieu of circulating factors, including cytokines and hormones,
also contribute to cellular sex differences. In turn, these factors influence inflammation and
wound repair mechanisms in a sexually dimorphic manner [20,21]. Sexual dimorphisms

in extracellular matrix (ECM) exist not only due to physical differences such as height

and gender normative lifestyles, but hormones and chromosomal cellular sex influence
composition and homeostatic mechanisms. As such, we discuss only the influence of sex

on cell phenotypes, not gender, although we acknowledge the influence of gender on heart
biology is worth studying [22,23]. In response to injury and age, resident cells contribute to
largely irreversible pathological matrix remodeling, while pregnancy and exercise result in
adaptive remodeling that is reversible [24]. Many of these sex differences can be linked to
hormonal differences, as sex hormone receptors are known to mediate fibrotic-specific ECM
pathways [25], yet chromosomal genotype and epigenetic regulation can also drive cellular
sex differences.

Compared to myocytes, little is known about cellular sex differences in the non-myocytes of
the heart. While cardiac myocytes constitute 70% of the mass of the heart, they constitute
only about 30% of the cell number. In the fetal heart, cardiac myocytes constitute a

higher fraction of cells, with the proportion declining during maturation due to the greater
proliferation of cardiac non-myocytes. According to the heart cell atlas [26], the most
abundant cell types in the adult human heart, in descending order are: cardiac myocytes,
endothelial cells, pericytes, fibroblasts, myeloid cells, lymphoid cells, smooth muscle cells,
and adipocytes (Figure 2).

In this review article, we describe known sex differences in the cells of the mammalian
heart, with an emphasis on non-myocytes. We discuss current literature regarding the
extracellular and intracellular sex differences of each cell type. We briefly discuss cardiac
myocytes and myeloid cells, as sex differences for both cell populations have been reviewed
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elsewhere [25,27-29]. There are fewer reports on cardiac smooth muscle cells, myeloid
cells, and pericytes, but some seminal work is presented here. We also focus on cardiac
fibroblasts, endothelial cells, and valve cells and present these cell populations in the most
depth. Lymphoid cells, neural cells, and adipocytes are not discussed, as little is known
about their sex differences, and they constitute small proportions of cells in the heart.

We focus on baseline sex differences for each cell type, but also include findings on the
dimorphic response of male and female cells to injury, age, and exercise as available. Cell
types will be discussed in order of abundance in the heart. Many studies to date have
made male and female comparisons for a single cell type; however, we acknowledge the
complexities regarding cell-cell and cell-matrix interactions in the heart as a driving factor
of sexually dimorphic phenotypes. To address these complexities, we conclude by discussing
multicellular, bioengineering approaches that could direct future investigations of cellular
sex in the heart and help develop /7 vitro models that could inform clinical studies.

2. Cells of the Heart

2.1 Cardiac Myocytes:

Clinical/pathophysiology: Adult cardiac myocytes (CMs) produce contractile forces that
pump blood through the body and constitute the majority of the cellular volume of the heart.
Moreover, CM loss during cardiac injury is a major cause of heart failure since there is

little proliferation of CMs post-natally [30]. Instead, there is replacement fibrosis, unlike
pathological cardiac remodeling, where changes in the heart during pregnancy and exercise
are largely due to CM enlargement and there are no indications of fibrosis [31]. For these
and other reasons, CMs are the best-studied cell type of the heart, and many studies have
identified sex differences in CM phenotypes [32-35], so we will only briefly discuss CMs.

Cell functions and populations: CMs are known for their large size as well as their
“brick-like” striated appearance. A single-cell sequencing study found that human female
hearts contain a significantly higher percentage of ventricular CMs than male hearts [26],
and while surprising, may partially explain why females have lower risk of cardiovascular
disease as a reduced number of CMs is strongly associated with cardiac pathologies, like
ischemia, heart failure, and myocardial infarction [36]. The mechanistic basis for this sex
difference in CM number is unknown. However, we posit this difference is established
during embryogenesis or fetal development since CMs rarely proliferate during adulthood
[37,38]. Additionally, CM contractility is very much affected by sex, with male cells
contracting more strongly and rapidly than female cells, while female cells relax more
slowly [33,39]. In response to exercise, female hearts enlarge more than male hearts

even when normalized to distance run, demonstrating sex differences in physiological CM
signaling [40].

Extracellular/Intracellular: In addition to their contractile properties, CMs are highly

secretory and their secretomes change in response to stress stimuli including ER stress and
ischemia [41,42]. We could find no reports, however, of sex differences in CM secretomes
since most studies were carried out on neonatal or adult CMs whose sex was not reported.
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CM secretomes from both sexes should be characterized to gain insights into how different
stimuli may impact CM secretions and overall heart health.

A significant number of genes are differentially regulated in female and male ventricular
CMs [39]. With gene enrichment analysis, female CMs were found to upregulate genes
involved with energy metabolism, while male cells upregulated genes associated with cell
morphology, cell cycle, and cell movement [39]. The protein kinase A (PKA) pathway

was differentially activated in female CMs and likely plays a role in mediating at least
some of these differences [39]. Additionally, single-cell sequencing experiments found that
muscle development and myofibril organization were enriched gene ontology (GO) terms
in differentially expressed genes between male and female CMs (Figure 3) [26]. This
enrichment is consistent with the known sex differences in the basic contractile function of
CMs. While the differences between male and female ventricular and atrial CMs are similar
(Figure 3), there are more differentially expressed genes in atrial CMs (178) compared

to ventricular CMs (102) (SI Table 1). Since changes in epigenetic modifications and
chromatin remodeling are associated with CM development and function [43-45], there are
likely such dimorphisms in male and female cells as well. Although no studies to date have
investigated epigenetic-based sexual dimorphisms in CMs, sex has been found to influence
DNA methylation in myocytes from skeletal muscle [46]. Further work in this area is
warranted.

2.2 Endothelial Cells
Introduction

Clinical/pathophysiology: The cardiac endothelium plays a crucial role in modulating the
contractility and overall health of the myocardium. Anatomically, the cardiac endothelium
can be split into three major regions: the inner linings of atrioventricular tissue, also

known as the endocardial endothelium, blood vessels within the heart, also known as the
myocardial endothelium, and lymphatic vessels [47]. Approximately 7-12% of total cells in
the heart are endothelial cells (ECs) [26]. In the myocardial endothelium, cardiac ECs are
known to contribute to sex differences in atherosclerotic vascular stiffening during coronary
artery disease (CAD), which is the largest contributor to cardiovascular disease mortality
and morbidity [48]. Of further note, increased arterial stiffness leads to a higher incidence
of plaque formation and calcification in women relative to men [49]. Although risk factors
for CAD are similar for men and women (e.g., hypertension, diabetes, high fat diets), low
high-density lipoprotein levels and smoking are more predictive of coronary risk in women
compared to men [50]. Pre-menopausal women are also known to have increased plaque
erosion, whereas post-menopausal women experience increased plaque rupture [51]. Some
of these sex differences are likely to be attributed to cellular dimorphisms between ECs.

Cell function and populations: ECs have highly specialized functions within the
endothelial linings, depending on their relative locations within the heart. In general,
interactions between ECs and adjacent CMs are necessary for maintaining cardiac
metabolism, growth, contractility, and rhythmicity [52]. Ten different subpopulations of
ECs have been identified in male and female human hearts based on single cell sequencing
[26]. Just as in CMs, there is a sex difference in the number of ECs. The hearts of male
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mice and humans both have a ~1.3-fold higher number of ECs relative to female hearts
(Figure 2) [1,26]. Gonadectomy of mice did not reverse the sex difference in EC number

[1], suggesting that the sexual dimorphic cellularity may be established independently of

sex hormones. Although several reviews have discussed the roles of ECs in heart biology
[3,4,52], we review the current understanding as to how biological sex may influence cardiac
EC biology.

Extracellular:

Circulating Factors: Cardiac ECs may have sex-specific secretomes since such differences
have been reported in ECs from other tissues in response to stresses. For example, in
response to serum starvation, male human umbilical vein endothelial cells (HUVECS)
have increased apoptosis and pentraxin-related protein 3 (PTX3) levels relative to female
HUVEGCs [5]. PTX3 primarily behaves as an acute phase response protein, and serum
concentrations increase with inflammation and induce vascular endothelial dysfunction
and hypertension [53]. Additionally, sex differences in endothelin-1 (ET-1) production are
observed in adulthood, with men exhibiting higher plasma ET-1 levels relative to women
[54]. ET-1 is a potent vasoactive peptide that is synthesized and secreted primarily by ECs;
ET-1 increases cardiac contractility and heart rate [55], and may play a key role in the
pathophysiology of CAD.

ECs in the heart may also regulate sexual dimorphisms in response to cardiac injuries

and inflammation. Endothelial damage is exacerbated by reduced endothelial nitric oxide
synthase (eNOS) activity, which causes reductions in nitric oxide availability [56].
Interestingly, eNOS gene and protein expression are increased ~2-fold in female HUVECs
relative to male HUVECSs [57]. Exercise has been shown to improve EC function through
increased nitric oxide availability [58], but it is unclear if there are sex differences in this
response. Increased autocrine EC activity is known to lead to increased cardiac hypertrophy
after damage [59], which may be a partial driver of increased hypertrophy and greater left
ventricular wall thickening in women due to aortic valve stenosis [60].

Cardiac ECs also have sex-specific functions in regulating recovery after myocardial
infarction. Clinically, pre-menopausal women have lower rates of myocardial infarction and
improved survival post-infarct, and risk for myocardial infarct increases in post-menopausal
women [61]. Recent work has revealed improved recovery of the female mouse heart after
myocardial ischemia, and knockout of signal transducer and activator of transcription 3
(STAT3), a transcription factor, in ECs neutralized these sex differences in myocardial
recovery [62]. After ischemia, cardiac ECs show sexually dimorphic transcriptomes, with
increased expression of family with sequence similarity 5, member C (FAM5C) in women
after injury, which increases cardiac inflammation in women relative to men [63]. Taken
together, cardiac ECs partially regulate sex dimorphisms in cardiac remodeling after injury,
which may have a significant impact on how women should be treated after myocardial
injury.

Extracellular Matrix: The ECM surrounding the vascular endothelium in the heart
provides a scaffold for ECs to organize into blood vessels during angiogenesis. EC adhesion
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to the ECM is critical for maintaining proper blood vessel stabilization, tubular formation,
and vascular permeability following cardiac injury [64]. Sex hormones can impact EC
behavior in vascular permeability and ECM deposition [65], but recent work suggests
intrinsic sex differences in EC maintenance of vascular permeability. For example, there
are sex-dependent responses of skeletal muscle ECs to cilostazol, a vasodilator, in7 vitro [66].
Female ECs had a significant reduction in vascular permeability in response to cilostazol
treatment relative to males. The authors suggested that sex-dependent differences in
collagen, fibronectin, and/or elastin may contribute to the decreased permeability observed
in female ECs. Indeed, increased ECM deposition has been observed in female ECs,
especially during menopause [67]. Together, both intrinsic gene expression differences and
response to extracellular hormones likely regulate sexually dimorphic EC behavior, which
likely explains why women are more susceptible to arterial stiffening during aging [68,69].

Intracellular:

Gene differences: Intrinsic sex differences in gene expression of ECs are widely
recognized and apparent in multiple tissues. Single cell sequencing reveals that gene
expression differences in male and female ECs are related to immune cell regulation,

like leukocyte migration (Figure 3). For example, Platelet and Endothelial Cell Adhesion
Molecule 1 (PECAML1) is a pan-EC adhesion molecule responsible for maintaining EC
intercellular junctions. Sex differences have been shown in rat ECs of the aorta and skeletal
muscle, where female ECs have increased gene and protein expression for various cell
adhesion markers including PECAM-1, N-cadherin (NCAD), and integrin avp3 and male
ECs have higher levels of Vascular Cell Adhesion protein 1 (VCAM-1) [70]. Other studies
have shown that 14-25% of the HUVEC transcriptome is sex-biased, based on studies
comparing aortic ECs and HUVECSs from boy-girl twins [71]. Open questions remain
regarding sex differences are if these differences translate to cardiac ECs.

Sex differences in gene expression of endocardial ECs may also impact angiogenic behavior.
Cardiac ECs express the angiogenic regulator SPARC Related Modular Calcium Binding 1
(SMOC1) to promote angiogenesis, cell migration, and proliferation across human, porcine,
and murine sources [72]. Previous genetic analyses have identified expressed quantitative
trait loci (eQTL) hotspots, which control sexually dimorphic gene expression, and showed

a female bias for SMOC1 expression in mouse adipose tissue [73]. Another cardiac EC
marker, SHROOMZ, is known to regulate EC contractility, migration, and adhesion and can
escape X-chromosome inactivation [74,75]. Further characterization of sexually dimorphic
angiogenic behavior of cardiac ECs is warranted, based on observations in these other
tissues.

Epigenetics: Sex differences in cardiac EC chromatin remodeling have not been reported
to date but may be responsible for intrinsic gene expression differences in ECs. Recent work
suggests that cardiac ECs maintain open chromatin sites to actively express CM myofibril
genes, previously thought to be unique to CMs [76]. However, open questions remain
regarding how the common epigenetic signature between ECs and CMs leads to differential
cardiac EC function relative to other EC types. We also know that cell sex influences DNA

J Mol Cell Cardiol. Author manuscript; available in PMC 2022 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Walker et al. Page 7

methylation and subsequent gene expression in a variety of cell types [46,77], suggesting
cardiac ECs will also have sex-specific epigenetic alterations.

2.3 Pericytes

Clinical/pathophysiology: Pericytes have been implicated in the development of disease
states, including fibrosis, ossification and calcification, and atherosclerosis [78]. Specifically,
pericytes contribute to fibrosis via detachment from vascular walls and differentiation into
myofibroblasts [79-81]. Additionally, the loss of pericytes results in weakened capillary
walls, dysfunction, and rarefaction [79]; however, studies have revealed a therapeutic
potential of transplanting pericytes after cardiac injury [80], suggesting that understanding
sex differences in pericyte phenotypes will aid in developing sex-specific cardiac therapies.

Cell functions and populations: Pericytes are pleiotropic perivascular cells that are
thought of as “vascular stem cells” due to their plasticity to differentiate into myofibroblasts
[80] and smooth muscle cells [82] in response to injury. A majority of pericytes in

the heart can be found in the coronary arteries [83]. The function of pericytes is to

maintain homeostasis of the vascular wall, contribute to tissue regeneration, and promote
transmigration of neutrophils [84] Studies have shown a therapeutic potential of pericyte
transplantation after cardiac injury [85]. Pericyte progenitor cells can reduce scar formation
and improve CM contractility, while improving heart function via microRNA (miR)-132
secretion in a myocardial infarction (MI) mouse model [86].

Extracellular/Intracellular: Recent work recognizes the regenerative potential of cardiac
pericytes, but there is a dearth of information regarding sex differences in these cells in

the heart [65]. Male rats have been observed to have higher levels of miR-132 in the

brain, suggesting a sexually dimorphic regulatory mechanism; however, no such studies
have been performed on cardiac pericytes [87]. Sex differences were also observed in an
ischemia-reperfusion (IR) injury of kidney tissue in spontaneous hypertensive rats. Results
indicated that male rats had increased numbers of pericytes with respect to female rats, and
that male rats experienced a greater loss of pericyte cell number post-IR [88]. Single-cell
sequencing identified 106 differentially expressed genes between male and female pericytes,
including smooth muscle aortic alpha-actin (ACTA2) and transgelin (TAGLN), both markers
of smooth muscle cells [89], which potentially suggests that there are sex differences in
differentiation into myofibroblasts or smooth muscle cells (SI Table 1, Figure 3). While
pericytes are crucial for proper cardiac function and regeneration, almost nothing is known
about their sex differences in the heart.

2.4 Cardiac Fibroblasts

Clinical/pathophysiology: Cardiac fibroblasts (CFs) are critical in regulating the ECM
of the healthy and diseased heart. Fibrosis is a consequence of the dysregulation of the
wound healing process after cardiac injury, and therefore occurs in nearly all cardiovascular
diseases, such as ischemia, hypertension, and aortic valve disease [90,91]. There are major
sex differences in the prevalence and presentation of fibrosis after cardiac injury [92,93],
where premenopausal women are generally protected from adverse cardiac remodeling.

For example, women with left ventricle pressure overload display less myocardial collagen
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deposition than men [94]. Experimental studies in ovariectomized animals suggests estrogen
signaling to be a key factor in the sexual dimorphic response to pressure overload [92].
These studies motivate the investigation of the role of CFs in many sexually dimorphic
cardiac phenotypes.

Cell functions and populations: Resident CFs are largely responsible for maintaining
ECM homeostasis through tissue remodeling [95] and are important for maintaining proper
tissue mechanics. In healthy heart tissue, CFs are largely quiescent, and characterized

by expression of Transcription Factor 21 (TCF21) [96]. CFs also participate in wound
healing. After cardiac injury, such as ischemia, these fibroblasts proliferate and activate to
muscle-like fibroblasts called myofibroblasts [8]. Activated myofibroblasts are characterized
by expression of collagens 1 and 3, alpha smooth muscle actin (aSMA), and periostin
(POSTN), although other markers have been also been suggested as myofibroblast markers
[8-10]. Persistent activation of myofibroblasts results in sexually dimorphic fibrosis [97]. We
will review what is currently known and highlight areas which need further investigation
about cellular sex in CFs.

CFs make up a large percentage of the cells in the heart, between 10-32% [26,98-100].
Interestingly, this cellular distribution is sexually dimorphic; female mice have relatively
more CFs in their hearts compared to male mice [1], but this difference was eliminated
with gonadectomy, which suggests hormones play a significant role in determining the

CF population of male and female hearts. Recent single-cell sequencing experiments have
further revealed the diversity in the CF population of the heart as well. For example, in
healthy human hearts, a recent study reported seven CF subpopulations [26], while another
study reported four fibroblast subpopulations [100]. These CF subpopulations correspond
to distinctive functional properties, like ECM remodeling or transforming growth factor
beta (TGF-B) signaling. We posit that the shifting proportions of these CF subpopulations
are sexually dimorphic, since there is a differential fibrotic response in males and females.
Indeed, when Angiotensin 11, which causes fibrosis and hypertension, was given to mice, a
pro-fibrotic subpopulation of CFs increased 2-fold in females compared to males [101].

Extracellular:

Circulating factors: A major difference between the microenvironment of male and female
CFs is hormone exposure. Female cells are exposed to higher levels of estrogen, while

male cells are exposed to higher levels of androgens, and these microenvironmental
differences have been shown to modulate CF phenotypes. Interestingly, CFs express the
highest levels of estrogen receptor alpha (ERa), estrogen receptor beta (ERB), and androgen
receptor (AR) of all the cells in the heart [101]. Estrogen can protect female CFs from

a myofibroblast phenotype, at least in part, by downregulating collagens and matrix
metalloproteases (MMPs) [102,103]. In addition, estrogen inhibits miRNAs that promote
the cellular fibrotic response [104]. The mechanism for estrogen mediated protection against
myofibroblast activation involves both ERa and ERp since genetic knockout of either
causes cardiac fibrosis [105,106]. Activation of the non-traditional estrogen receptor, G
protein-coupled receptor 30 (GPR30), inhibits CF proliferation [107], indicating hormone
receptors play major roles in controlling CF phenotypes. In addition to estrogen, androgens
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are also capable of modulating CFs. Testosterone protects against TGF-p-induced collagen
production in male rat CFs [108].

In addition to hormones, circulating proteins differ between men and women [109] that may
lead to sex differences in CFs. A recent study from our group found that in physiological
microenvironments, female CFs treated with female sera from aortic valve disease patients
deactivated the myofibroblast phenotype more than male CFs treated with male sera [110].
Additionally, CFs themselves secrete factors that can influence cardiac function [111].

Male CFs activated to myofibroblasts through matrix cues versus TGF-p have different
secretomes, with the secretome of TGF-B-activated CFs promoting CM hypertrophy [112].
Since not all CFs secrete the same factors, it is possible that male and female CFs have
different secretory profiles, offering another avenue of investigation.

Extracellular matrix: There are sex-specific differences in matrix composition that
potentially influence CF phenotype, since cells are able to sense and respond to matrix
cues, like stiffness or stretch [113]. For example, CFs activate to myofibroblasts when
cultured on matrices with a stiffness similar to fibrotic tissue, while they maintain their
quiescence on softer material that mimics healthy tissue [112]. Our group recently observed
that male hearts are significantly stiffer than female rat hearts (Peter et al. JAHA Accepted).
This stiffness difference might be caused by differential matrix composition. In young
adult humans, female hearts contain less collagens 1 and 3 than male hearts, but the
difference in ECM is reversed in hearts from aged males and females [21]. This reversal

in ECM deposition with age is also observed in mice, where aged female mice display
increased reactive and replacement fibrosis compared to aged male mice, likely mediated
by an increase in fibroblast proliferation in females [114]. Supporting these findings, ECM
organization is the top GO term difference between male and female CFs (Figure 4A).
Further, sexually dimorphic regulation of matrix remodelers, including TIMPs [21,115],
may contribute to the matrix differences in mechanics and/or degradation. Overall, these
studies show that male and female hearts have distinctive mechanical microenvironments,
likely influenced by male and female CF and vice versa, including their susceptibility to
activation and proliferation in response to injury cues.

Intracellular:

Gene/protein expression: Recent studies indicate that there are intrinsic sex differences

in gene expression of CFs (Figure 4A). Our group isolated CFs from young rats and

found female CFs were more proliferative than males, but males were more myofibroblast-
like than females (Peter et al. JAHA, in press). Moreover, differences in gene expression
between male and female CFs have been identified via single-cell sequencing experiments
[26,100,116,117]. These expression patterns likely influence the fibroblast’s ability to
mitigate or promote myofibroblast activation. For example, Cysteine Rich Secretory Protein
LCCL Domain Containing 2 (CRISPLD2) modulates proliferation, apoptosis, and migration
in lung fibroblasts [118] and is higher in female CFs at baseline [100]. Differential gene
expression in male and female CFs also controls their ability to adapt to exercise. CF
expression of metallothionein 1 and 2 (two antioxidant genes) is more important for
preventing exercise induced fibrosis in male mice than female mice [119]. However, not all
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studies report sex differences in CFs. For example, one study immunostained for fibroblast
markers in young male and female mice and found no significant differences in TCF21,
Platelet Derived Growth Factor Receptor Alpha (PDGFRa.), or aSMA [114]. Clearly, more
work is needed to determine whether these expression patterns influence sex-biased CF
phenotypes.

Epigenetics:. It is unclear if genotype (XX, XY) and epigenetic remodeling influence the
sexually dimorphic CF phenotype. Studies in other fibrotic models suggest that X-linked
and Y-linked genes are involved in CF activation or quiescence. For example, X-linked
expression of X-inactive specific transcript (XIST) has been shown to be protective

against renal fibrosis [120]. Moreover, TIMP-1, a matrix remodeler, is implicated in
fibrosis [121] and is capable of escaping X inactivation [74,122], which could influence
female CF’s ability to regulate matrix deposition and remodeling. Epigenetic remodeling is
known to influence CF proliferation and myofibroblast activation [123]. In fact, inhibition
of Class I histone deacetylases (HDACs) can suppress CF proliferation and mitigate
fibrotic remodeling after cardiac injury [124-126]. Other chromatin remodelers, including
bromodomain-containing protein 4 (BRD4), function downstream of TGF-f to promote the
expression of pro-fibrotic genes [127]. Interestingly, many of these chromatin remodelers
have been found to have sexually dimorphic functions in other tissues. In the brain, BRD4-
bound enhancers drive cell intrinsic sex differences in tumors and inhibitors of BRD4 have
opposing effects in males and females [128]. Unfortunately, studies investigating epigenetic-
based sex differences in CFs are lacking. Further epigenetic-based studies are needed to
address the potential influence of inherent epigenetic differences between male and female
CF proliferation and activation.

2.5 Myeloid Cells (Macrophages/Monocytes)

Clinical/pathophysiology: The human heart has a heterogeneous population of myeloid
cells, including macrophages [129] and other types of immune cells [130]. The demands

of the resident and circulating myeloid cell population varies with age, inflammation state,
and tissue injury in regulating repair and homeostasis. Cardiovascular disease is associated
with chronic inflammation [131]. Dysregulation of the immune response prevents tissue
recovery, leading to left ventricular dilation [132] or atherosclerotic plaque buildup [133].
Sex differences with respect to immunity and immune response have been reviewed and
presented elsewhere in detail [134,135] including their role in cardiac tissue [136-138].
Here, we touch briefly on the role of macrophages in sex-specific cardiac disease.

Cell functions and populations: Inflammation-mediated myeloid infiltration has been
reported to be increased in males relative to females [139]. However, in a mouse model

of viral myocarditis, macrophages from male mice expressed higher levels of M1(pro-
inflammatory) markers while females had more M2 (anti-inflammatory) markers [140].
Additionally, M1 macrophage conditioned-medium was shown to promote an osteoblast-like
phenotype in male porcine valvular interstitial cells, suggesting that macrophage polarity
mediates cellular phenotypes leading to clinically relevant sex dimorphisms [141]. Another
study discovered a pro-inflammatory shift accompanied by a decrease in anti-inflammatory
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protection in the macrophage population of aged female human hearts (>50 years old) that
was not observed in males [142].

Extracellular/Intracellular: Macrophage secretion and interaction with matrix vesicles
have been linked to cardiovascular calcification [13,143,144], yet the influence of sex

in this phenomenon is unexplored. Sex hormones have a well-documented contribution

to sex-specific inflammation and macrophage activity [145,146]. Male macrophages have
increased adrenergic receptor (AR) expression relative to females, which was reported to
lead to an increase in lipid accumulation and increased risk of atherosclerosis in males [11].
Cholesterol accumulation and apoptosis were lowered in female macrophages treated with
estrogen and progesterone [147,148]. Single-cell sequencing analysis of the myeloid cell
population revealed that neutrophil activation is differentially regulated between male and
female cells (Figure 4A).

2.6 Smooth Muscle Cells

Clinical/pathophysiology: During atherosclerosis progression, vascular smooth muscle
cells (SMCs) are the main source of plaque formation and excess ECM production, of
which there are sex differences. Men are more likely to die than pre-menopausal women
from atherosclerosis [149] and hypertension [150]; however, this trend is reversed with
postmenopause where hypertension rates are higher in women than men.

Cell functions and populations: The main function of SMCs is to regulate the

caliber of blood vessels by relaxing or contracting [12]. In a healthy adult, SMCs adopt a
quiescent or contractile phenotype to control vasodilation or constriction, respectively [151].
Functional changes in the SMC phenotype can lead to diseases, including atherosclerosis
and hypertension [12,152]. However, after vessel injury, SMCs undergo a transition to a
synthetic phenotype characterized by increased migration, growth, and ECM deposition. The
increased incidence of atherosclerosis in males is thought to be caused in part by differences
of SMC phenotype [6], specifically elevated proliferation and migration in male SMCs
compared to female SMCs [7,153,154].

Extracellular/Intracellular: Male and female SMCs express different levels of ECM
remodeling proteins. In induced pluripotent stem cell (iPSC)-derived SMCs, female cells
express reduced MMP-1 levels, but increased collagen 1 relative to male cells [155]. These
studies indicate that SMCs are sexually dimorphic at baseline. In addition, estrogen is
implicated in playing a protective role in preventing dramatic shifts in SMC phenotype.
For example, estrogen decreases proliferation in female coronary arterial SMCs, but has no
effect on proliferation of males or cells from ovariectomized females [156]. Estrogen also
protects from excessive vascular reactivity during abnormal metabolite presence associated
with hypertension [157]. However, circulating sex hormones are likely not the only factor in
regulating the distinct SMC sex phenotypes. SMCs have the highest number of differently
expressed genes between male and female cells from all the cell types in the heart (523)
(Figure 4A, Sl Table 1), including genes associated with SMC maturation/differentiation,
like ACTAZ2, calponin (CNN1), and TAGLN [89,158]. Studies investigating SMCs from
newborn rats have shown that male SMCs are more proliferative and less adhesive than
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female SMCs [159], suggesting that other factors are playing a role; however, little is known
about sex differences in cardiac SMCs.

2.7 Valve Cells

Introduction

Clinical/pathophysiology: Sexual dimorphisms are present in the pathophysiology of
valve disease. Reports indicate that male sex is a perioperative risk factor associated with
morbidity after tricuspid valve replacement [160] and is associated with decreased time
between congenital pulmonary valve disruption and replacement [161]. In female patients,
mitral valve prolapse is reported to occur 2.5-4% more frequently than in males. Female

sex is further associated with more mitral valve leaflet thickening, and postmenopausal
osteoporosis is considered a risk factor in mitral valve calcification [14,15,25]. Aortic valve
stenosis (AVS) presents later in women [16], where symptoms are more severe with a lesser
amount of calcification [17,18]. Interestingly, the mineralization that occurs during aortic
valve calcification (AVC) develops more slowly in females relative to males [162]. Males
have a 2-fold excess risk in developing AVS [18], and bicuspid valves are ~3x more likely in
male patients [19]. While it is difficult to decouple cellular sex from lifestyle and mechanics
from physiological differences, there is little known about how inherent cellular sex of valve
cells contribute to these clinical observations.

Cell Functions and Populations: The tricuspid, pulmonary, mitral, and aortic semilunar
valves direct blood flow unidirectionally through the heart. While there is relatively
similarity in the valve structures, the laminated leaflets are composed of ECM components
that include collagens, elastin, laminin, fibronectin, glycosaminoglycans, and proteoglycans
[163]. Valvular interstitial cells (VICs) constitute the main cell population of the leaflet,
while valvular endothelial cells (VECS) line the external surfaces in contact with blood
flow. Several different types of VIC phenotypes are known to exist, including progenitor
endothelial/mesenchymal cells, progenitor VICs, quiescent VICs, activated VICs, and
osteoblast-like VICs [164]. It is not clear whether VICs can transdifferentiate between
each of these phenotypes or derive from individual progenitor or mesenchymal cells.
Additionally, single cell sequencing of valve tissue identified three distinct populations of
VICs, and two populations of VECs [165,166]Future work should investigate if these VIC
subpopulations differ between male and female valves.

Much like the CFs discussed earlier, quiescent VICs activate to a pro-fibrotic myofibroblast
phenotype, marked by increased contractility, a SMA, and ECM production [164] to
maintain tissue homeostasis or in response to stimuli such as injury, pro-inflammatory
biochemical cues [167] or changes in ECM composition or stiffness [168]. Alterations in
VIC phenotypes and ECM can lead to valve degeneration, such as in myxomatous valve
disease, sclerosis, and stenosis. Calcification, as seen in mitral and AVC, is mediated by
VICs that adopt an osteoblast-like phenotype in response to mechanical and biochemical
cues [141,169], leading to further stiffening of the tissue and disrupted blood flow.
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Extracellular

Circulating factors: Factors secreted from valve cells into their local environment
contribute to observed sexual dimorphisms. Serum collected from male AVS patients

after a transcatheter aortic valve replacement (TAVR) had increased interleukin (IL)-1p
and tumor necrosis factor alpha (TNF-a), while bone morphogenetic protein (BMP)-6

was more abundant in male pre-TAVR serum relative to post-TAVR [110]. Porcine VICs
exposed to the male pre-TAVR serum showed increased myofibroblast activation relative
to sera collected from females, suggesting that circulating factors in male pre-TAVR serum
promote an osteogenic cellular phenotype [110]. Further studies revealed IL-1p and TNF-
a may regulate male VIC proliferation prior to osteoblast-like cell differentiation [170],
although further study in female VICs is warranted. Additionally, male and female VICs
respond differently to pro-inflammatory cues. In response to the cytokine interferon gamma
(IFN-7v), human male VICs exhibit greater pro-angiogenic, pro-calcific and pro-apoptotic
responses than females [171]. These IFN-y treated male VICs also increase expression

of the osteogenic markers BMP-2 and RUNX2 when compared to female VICS [172].
Reports suggest that reduced calcification in female VICs may be due to decreased alkaline
phosphatase content [173], and sex-specific regulation of protein kinase B (Akt) activation
[172]. While circulating sex hormones undoubtably contribute to sexual dimorphisms /n
vivo, in vitro studies with VICs are less clear. One report suggested that there was no direct
response of VICs to sex hormones, nor of the expression of sex steroid receptors in VICs
[174]. However, in a separate study, female rat VIC cell number decreased with increasing
concentration of estrogen treatment relative to male cells [173].

Extracellular Matrix: Limited data suggest sexual dimorphisms exist in the
microenvironment of male and female valves with respect to the ECM composition. For
example, mitral valves from healthy human females contain more of the proteoglycan,
versican, relative to male tissue, and male myxomatous valves have increased proteoglycan
content overall [175]. Additionally, female stenotic and rheumatic aortic human valves have
increased collagen content with reduced calcification [18,176,177]. Besides whole valve
tissue, sexual dimorphisms have also been observed in VIC expression profiles as well.
VICs from female rats have increased glycosaminoglycan content, collagen 1, and MMP-2
expression compared to males [173]. Additionally, ECM organization and collagen fibrils
are two of the most significant GO terms enriched between male and female VICs (Figure
4A), suggesting that outside-in cell signaling may be linked with cellular sex, potentially
contributing to clinical differences between men and women.

Intracellular

Genetic: Genetic and epigenetic factors contributing to sexual dimorphisms of valve
cells are likely but are understudied. A microarray analysis of porcine VICs identified
183 genes that were sex-specific between male and females, particularly of pathways
associated with ECM remodeling (aggrecan (ACAN), dipeptidyl peptidase 4 (DPP4)),
angiogenesis (angiopoietin-like 4 (ANGPTI4)), proliferation (Calcitonin Receptor Like
Receptor (CALCRL)), lipid metabolism (apolipoprotein E (APOE)), and calcification
(stanniocalcin-1 (STC1), Natriuretic peptide precursor C (NPPC)) [174] (Figure 4A).
Additionally, basal levels of the osteogenic gene Matrix Gla protein (MGP) and anti-
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apoptosis gene B-cell lymphoma 2 (BCL-2) were increased in human female calcific

aortic valve tissue and VICs [172]. Interestingly, the Phosphoinositide 3-kinase (PI3K)
pathway was implicated in these gene expression differences, as the use of a PI3K inhibitor
LY294002 increased mineralization of female cells /7 vitro[172]. miRNAS are also known
to play a role in AVS [178]. MiRNA-29b and miRNA-214 promote calcification of human
VICs [179,180], although these data were not separated by sex. However, miRNA-29b has
been found to be a predictive marker of reverse remodeling and hypertrophy in female
patients after valve replacement [181]. Also, miRNA-214 was found to be male-biased in rat
kidney tissue [182], suggesting a potential sex specific role of these and other miRNAs in
valve disease.

Epigenetic: Chromatin remodeling is involved in the progression of valve disease
[183,184], yet how cellular sex, hormones, and sex-specific epigenetic modifications
contribute to AVS and AVC remain unclear. Parallels can be drawn between the epigenetic
regulation of 5-lipoxygenase (5-LO), where calcified aortic valve tissue shows decreased
DNA methylation of the promoter for this proinflammatory enzyme [185], which is
elsewhere linked to sex-specific inflammatory role of neutrophils [186]. In contrast, the
methylation of long non-coding RNA (IncRNA) H19, known to be associated with AVC via
suppression of Notch homolog 1, translocation-associated (NOTCH1) in humans [187], was
not different between male and female mice [188].

3. Discussion and Forward Thinking

An increased focus on the pathophysiology of sex differences that arise in cardiac disease
is a promising direction for improving patient health and treatment, yet more research

is needed to understand the nuances that occur because of cellular sex, especially within
individual cell types present in the heart. Based on the above-mentioned studies on cellular
sex (Sl Table 1), it is clear that research focused on understanding the mechanisms
involved is needed if sex-dependent cardiac therapies are to be realized. Our comparisons
of differentially expressed genes in male and female cells (Figure 3,4, SI Figure 1) reveal
that many of these mechanisms are highly specific to each cell type and highlights the
importance of studies focused on specific cell types, rather than whole cardiac tissue.
Even as the scientific community is calling for increased requirements for the inclusion
of the sex of animals and cells used in studies, there is still a general lack of statistical
analysis between male and female samples. Future work needs to include data, even if
non-significant, between the sexes.

While the focus of this review was to highlight the baseline differences between male and
female cardiac cells, there are additional insights to be gained from reviewing the responses
of these cells to pathological (injury, age) and physiological (pregnancy, exercise) cues. It
is generally recognized that males and females experience different cardiac adaptations to
some of these inputs, but how these adaptations are controlled by specific cells is under
explored. It is clear there is an interplay between sex and age where the cardioprotective
mechanisms associated with the female sex disappear after menopause [2]. Understanding
the specific role of various cell types in this loss of protection will be important for
developing postmenopausal care to women with cardiovascular disease. Even more poorly
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studied is the impact of pregnancy on these cell types. Sex hormones flood the body during
pregnancy, in addition to transferred factors from the fetus and changing dynamics of fluid
flow [189,190], influence cell phenotypes, but it is unclear if pregnancy has a transient

or persistent impact on cells in the heart. Exercise also causes cardiac remodeling in a
sex-specific manner. The hearts of exercised female mice increase more in size than those of
males when normalized to the amount of exercise [40], but whether and how non-CM cells
play a role in this sex difference is still unclear and could provide additional mechanistic
insights that can be leveraged for future therapies.

Additionally, most studies to date use non-physiologic /n vitro culture models to study

sex differences, which neglects the extracellular matrix effects and mechanical signaling

on cell-phenotype. Male and female cells have distinct microenvironments with complex
interactions between neighboring cells/cell types and their local ECM [21]. The complexities
of these sex-specific cellular microenvironments call for advancement in /n vitro models
that can recapitulate clinical findings. However, very few investigations using more complex
in vitro models report cellular sex. A 2017 snapshot review of organ-on-a-chip studies
reported that 62% of models did not specify cellular sex [191]. Studies on the development
of biomaterial matrices are even worse; only 3.7% of publications included the sex of

cells used [192]. To achieve the goal of precision, patient-specific medicine will require a
fundamental understanding of the sexual dimorphisms present, not only cellular sex, but of
the sex-differences in microenvironmental factors and matrix composition [192,193].

Cardiac tissue engineering necessitates complex coordination of over 20 different cell types
[100], microenvironmental matrix, cellular crosstalk, fluid flow, mechanical and electrical
function, and cellular sex. The bioengineering community is rapidly developing and utilizing
new technologies aimed at culturing multiple cell types and mimicking cardiac tissue. One
strategy for cardiac tissue engineering is recellularization of an entire cadaveric human heart
with iPSC-derived CMs toward the goal of mimicking active myocardial tissue [194]. Other
strategies include developing cardiac organoids to recapitulate aspects of cardiac tissue.

For example, agarose organoids were engineered as a model for myocardial infarction and
formed using hiPSCs, CFs, HUVECs, and mesenchymal stem cells [195]. Other examples
implementing synthetic or natural-based hydrogel matrices for 3D co-culture of multiple
cell types, including CFs and CMs, to regenerating models of cardiac muscle contraction
and remodeling [196]. Advanced biomaterials or scar-on-a-chip methods are promising
directions for studying cardiac biology and the sex differences within [197-199]. The
complexity of cardiac microenvironments and the disparities between male and female cells
must be addressed in developing /n vitro models for cardiac tissue. Nearly all cell types

of the heart are understudied regarding cellular sex and how this impacts pathophysiology;
however, more research is needed to develop more personalized therapies and treatments in
the future.

4. Conclusion

Sex differences in cardiac myocytes, fibroblasts, endothelial cells, valve cells, and other
resident cells must drive the well-known pathophysiological differences between men and
women. However, very little is known about the mechanisms underlying cellular sex
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phenotypes. Recent studies suggest there are differences between the sexes in cellularity,
their response to extracellular cues, and gene expression and epigenetics that ultimately
influence the pathophysiology of heart disease. In general, premenopausal women are
protected from pathological phenotypes compared to men, which suggests that hormone
signaling plays a significant role in cellular sex differences. However, intrinsic cellular sex
also plays an important role, and more attention needs to be focused on this. Moreover,
future work should consider additional complexities, including biomimetic /n vitro systems,
to probe cellular sex differences. Research could focus on harnessing these cell sex
differences to better understand and develop treatment regimens for both men and women.
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Figure 1.

Pathophysiology of cardiac diseases can be linked to differences in cellular sex of myocytes
[2], endothelial cells [3-7], fibroblasts [8-10], macrophages [11-13], smooth muscle cells
[3-7], and valve cells [14-19]. Figure created with BioRender.com.
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Sex Differences in Cells of the Heart
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Figure 2.

Cell distribution in male and female human hearts based on single cell sequencing datasets
from the heartcellatlas.org [26]. Healthy hearts from seven males and seven females with an
age range of 40-75 years and collected from North America and the United Kingdom.
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Figure 3:
Gene ontology — biological processes term analysis of differentially expressed genes

between male and female CMs, ECs, and pericytes. Lists of the differentially expressed
genes between males and females from all cell types in the heart can be found in
Supplemental Table 1. The gene ratio refers to the number of significantly different genes
identified between male and female cells that fit within a specific GO term over the total
number of significantly different genes identified. Essentially, the gene ratio signifies the
enrichment of the GO term within the significantly differentially expressed gene set.
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A) Gene ontology — biological processes term analysis of differentially expressed genes

between male and female cardiac fibroblasts, myeloid, smooth muscle, and valvular

interstitial cells. Lists of the differentially expressed genes between males and females from

all cell types in the heart can be found in Supplemental Table 1. The gene ratio refers
to the number of significantly different genes identified between male and female cells
that fit within a specific GO term over the total number of significantly different genes

identified. Essentially, the gene ratio signifies the enrichment of the GO term within the
significantly differentially expressed gene set. B) Comparisons of differentially expressed
genes between male and female cells. ECs = endothelial cells, CFs = cardiac fibroblasts,
VICs = valvular interstitial cells. Data for ECs and CFs from heartcellatlas.org. Data for

VICs from microarray of porcine VICs [174].
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