1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Circ Res. Author manuscript; available in PMC 2023 February 18.

-, HHS Public Access
«

Published in final edited form as:
Circ Res. 2022 February 18; 130(4): 578-592. doi:10.1161/CIRCRESAHA.121.319916.

Sexual Dimorphism in Cardiovascular Biomarkers: Clinical and
Research Implications

Emily S. Lau, MD, MPH?, Aleksandra Binek, PhD?, Sarah J. Parker, PhD, MS?2, Svati H. Shah,
MD, MS, MHS3, Markella V. Zanni, MD#, Jennifer E Van Eyk, PhDZ2, Jennifer E. Ho, MD®

1Division of Cardiology, Massachusetts General Hospital, Boston, Massachusetts, USA
2Smidt Heart Institute, Cedars-Sinai Medical Center, Los Angeles, California, USA
3Division of Cardiology, Duke University School of Medicine, Durham, North Carolina, USA

“Metabolism Unit, Division of Endocrinology, Massachusetts General Hospital, Boston,
Massachusetts, USA

SDivision of Cardiovascular Medicine, Beth Israel Deaconess Medical Center, Boston,
Massachusetts, USA

Abstract

Sex-based differences in cardiovascular disease (CVD) presentation, diagnosis, and response

to therapies are well established, but mechanistic understanding and translation to clinical
applications are limited. Blood-based biomarkers have become an important tool for interrogating
biologic pathways. Understanding sexual dimorphism in the relationship between biomarkers and
CVD will enhance our insights into CVD pathogenesis in women, with potential to translate

to improved individualized care for men and women with or at risk for CVD. In this review,

we examine how biologic sex associates with differential levels of blood-based biomarkers and
influences the effect of biomarkers on disease outcomes. We further summarize key differences
in blood-based cardiovascular biomarkers along central biologic pathways, including myocardial
stretch/injury, inflammation, adipose tissue metabolism, and fibrosis pathways in men vs women.
Finally, we present recommendations for leveraging our current knowledge of sex differences in
blood-based biomarkers for future research and clinical innovation.
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INTRODUCTION

Sex-related differences in cardiovascular disease (CVD) risk, pathophysiology, disease
presentation, response to therapy, and prognosis have been well characterized, but
mechanistic understanding and implications for clinical practice are incompletely
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understood.! This is in part due to limitations of existing tools to interrogate biological
pathways in men vs women. CV biomarkers offer an opportunity to expand our insights
into these sex-based differences in CVD, which may translate to improved risk prediction,
prognostication, and therapeutic options uniquely tailored to men and women. In this
review, we use the term sex to represent biologic sex assigned at birth and reference sex
as a binary variable (male/men vs female/women).2 As most clinical studies relied on
self-identified gender as a proxy for biologic sex, we use the terms male/female and men/
women interchangeably. We acknowledge that this approach does not capture the complex
interplay between sex and gender.

What is a biomarker?

A biomarker (biological marker), as defined by the National Institutes of Health, refers to “a
characteristic that is objectively measured and evaluated as an indicator of normal biological
processes, pathogenic processes, or pharmacologic responses to a therapeutic intervention.”3
While the term ‘biomarker’ has become synonymous with laboratory measured markers
(blood-based biomarkers), biomarkers in fact may range from physical signs (e.g. pulse and
blood pressure) to more complex readouts such as imaging findings. In this review, we focus
specifically on blood-based biomarkers, recognizing the complementary insights provided
by other CV biomarkers.

In cardiology clinical practice, blood-based biomarkers may be useful for disease screening,
diagnosis, and risk prediction among individuals without CVD, as well as prognostication
among individuals with established CVD.# Given the significant influence of biologic sex
on biomarker levels and clinical manifestations of CVD, there is a major unmet need

to translate sex-specific biology to clinical implications and eventual implementation into
practice. For example, sex-specific normative values and biomarker cut-points have been
studied but are not yet widely adopted in practice. Beyond clinical application, blood-based
biomarkers may also offer important biological insights into disease mechanisms. With

the introduction of high throughput large-scale -omic platforms for biomarker discovery
(e.g. proximity extension assay and modified aptamer proteomics, next-generation DNA
sequencing among others) that are able to interrogate fundamental biology from genome,
transcriptome, proteome, and metabolome to disease phenotype, we are poised to leverage
high-dimensional biomarker readouts to better understand the underlying biologic basis of
sex differences across CVD.* Sex differences can arise at any step along the relationship

of genome, transcriptome, proteome, metabolome, and disease phenotype resulting from
X-chromosome and sex-specific gene expression and transcriptional regulation, sexual
dimorphism in circulating biomarkers, interaction networks, and system biology, as well

as sex hormones (Figure 1). In this review, we will examine how sex influences blood-based
biomarkers, review sources of sex differences in biomarker biology, and discuss potential
clinical implications (Figure 2). Specifically, we will highlight representative biomarkers
of key pathways related to CVD and summarize established sex differences and examine
potential clinical and research implications for each selected biomarker. Finally, we will
identify important future areas of investigation to address current knowledge gaps around
sex differences in CVD and offer opportunities for blood-based biomarkers to inform and
more precisely guide clinical care for men and women with CVD.
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Biomarkers as predictors of CVD: Why and how does sex matter?

Recognition of sex-related differences in CVD has motivated an interest in understanding
sex-based differences in blood-based biomarkers. Biologic sex can influence blood-based
biomarkers in two ways (Figure 2, Panel B). First, plasma concentrations of blood-based
biomarkers may differ in men vs women.® For example, cardiac natriuretic peptides (NP) are
approximately two times higher in women compared with men in the general population.®: 7
Of note, these differences necessitate well-conducted studies that adjust for confounders of
the relationship between sex and biomarker. Second, and less well characterized, sex can
modify the effect of a given biomarker on a disease outcome. In 30,443 individuals from
four community-based European studies, amino-terminal-peptide N terminal-pro BNP (NT-
pro BNP) was more strongly associated with incident heart failure (HF) in men compared
with women.8 Finally, both effects may be at play. Most sex-specific investigations have
focused on differences in plasma concentrations of blood-based biomarkers in men vs
women, but further characterization of how sex interacts with biomarkers and disease
phenotype is needed to fully understand the impact of biologic sex on CVD pathogenesis.

The biological underpinnings that drive whether a biomarker demonstrates sex differences
are complex. Any given biomarker has its own unique combination of sex-specific factors
that dictate its regulation, which makes a global summary of driving factors for sex
differences in biomarkers challenging. However, there are broad categories of physiological
drivers that can be considered when gleaning a stronger understanding of sex differences in
any given biomarker (Figure 2, Panel A), which include:

1. Differences in sex chromosome complement: Sex differences in blood-based
biomarkers are influenced first and foremost by sex differences in genetic
make-up and gene expression. Historically, some biologists have downplayed
potential gene dose differences by leaning on the dogma that X inactivation of
one allele of all X chromosome genes in females is complete and consistent
across all tissues and across the lifespan.® Mounting evidence indicates that this
assumption is flawed, and we are only beginning to understand how escape
from X inactivation affects female gene expression in different tissues and
physiological contexts, including the CV system.10-12 For example, incomplete
X-chromosome inactivation has been implicated in sex-biased expression of
endothelial inflammatory genes in women with HF with preserved ejection
fraction.13

2. Levels of and/or fluctuations in gonadal hormones: Gonadal hormones,
including estrogen and progesterone in women and testosterone in men, promote
pleiotropic effects across tissues distal to the reproductive system, including
potent effects influencing cardiac and vascular physiology.1# 15 Furthermore,
other sex related hormones such as oxytocin, luteinizing hormone (LH),
and follicle stimulating hormone (FSH) may also exert sex-biased effects on
cardiovascular function,16-18

3. Differences in body size and body composition: Differences in body size as
well as adipose tissue composition and distribution between men and women
influences sex-differences in blood-based biomarkers. For example, greater
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subcutaneous adiposity and lower visceral adiposity, and lower muscle mass
in women vs men may translate to important sex differences in biomarkers as
visceral and subcutaneous adipose tissue are associated with unique metabolic
biomarker profiles.1?

4. Inflammatory milieu: Existing data suggest that female sex strongly modulates
immune responses.2% 21 Women incur ~80% of incident autoimmune disease
in the US and mount strong innate immune responses which may influence
responses to select infectious diseases.?2 23 Greater systemic inflammation in
women has therefore been implicated in driving sex differences in CVD risk,
pathogenesis, and disease manifestations.24 25

5. Sociocultural contributions: Behaviors elicited by gendered norms manifested
within different cultural contexts including family dynamics and social
networks strongly contribute to biomarker biology and are of critical
importance. For example, socioeconomic factors including educational
attainment, socioeconomic status, and occupation have all been associated with
CV biomarkers.2® Detailed discussion of these factors is beyond the scope of this
review.

Taken together, a thorough review of each of these biological drivers will translate to a better
understanding of whether a biomarker will be equally informative between men and women
and under what assumptions we should evaluate its performance. While simple rubrics

for risk stratification and diagnostics are attractive, biomarker biology is highly complex

and oversimplification of biomarker utility and performance between sexes can contribute

to misinterpretation and misapplication.2’-2% Acknowledging this complex interplay, we
sought to highlight important biological pathways that exhibit sexual dimorphism including
myocyte injury/stretch, inflammatory, adipose tissue metabolism, and fibrosis pathways.
Given the breadth of available biomarkers, we further selected specific biomarkers as case
examples for discussion (Table 1).

TRADITIONAL CV BIOMARKERS

Sex differences in biomarkers are best established for traditional CV biomarkers that are
routinely used in clinical practice, including NPs and cardiac troponins (cTn consisting of
cardiac troponin | [cTnl] or troponin T [cTnT]).30 Both sets of biomarkers exhibit significant
sex differences in circulating plasma concentrations and their interactions with disease
phenotype are modified by biologic sex. Such knowledge has not yet been translated to
sex-specific clinical applications in the use of NP’s and Tn to guide prediction, diagnosis, or
treatment of CV disease.

Natriuretic Peptides

NPs, a group of neurohormones secreted by the myocardium in response to stretch and
hypoxia stimuli to maintain volume and arterial pressure homeostasis, are widely used

in contemporary clinical practice to guide diagnosis and prognosis of HF. There are two
forms of NPs found in the myocardium: atrial NPs (ANP) and BNP. BNP is produced as a
prohormone and selectively proteolyzed to form the biologically active BNP and pro-BNP.

Circ Res. Author manuscript; available in PMC 2023 February 18.
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The available clinical assays include BNP and the amino-terminal-peptide of pro-BNP
(NT-proBNP).31 32 Sex is known to impact circulating concentrations of both BNP and NT-
proBNP.33 Specifically in healthy populations, baseline levels of circulating NPs are higher
in women compared with men.33 The sex differences observed in healthy populations,
however, are less pronounced among patients diagnosed with HF. The differential prevalence
of HF phenotype (HF with preserved ejection fraction [HFpEF] vs HF with reduced ejection
fraction [HFrEF]) may explain this phenomenon.”: 30 Specifically, because NP levels are
lower in patients with HFpEF vs HFrEF, similar NP concentrations between men and
women may reflect greater prevalence of HFpEF among women. However, a study of 9847
outpatients (6733 men and 3114 women) with chronic HF in the Swedish HF Registry
showed higher median NT-pro BNP levels across the left ventricular ejection fraction
spectrum (median NT-pro BNP (inter-quartile range [IQR]), HFpEF: 1598 (709-3186) ng/L
in women vs 1310 (536, 2771) ng/L in men; HFmrEF 1764 (670-3640) ng/L in women vs
1464 (640, 3173) ng/L in men; HFrEF: 2543 (1100, 5520) ng/L in women vs 2226 (1003,
4650) ng/L in men).34 Alternatively, in disease states, the overwhelming activation of NP
production may effectively eliminate any contribution of sex on circulating NP levels.

Sex hormone profiles appear to be a significant driver of sex differences in circulating
levels of NPs. In women, higher circulating testosterone and lower estradiol levels are
associated with lower circulating proBNP levels.3> For example, women with polycystic
ovarian syndrome (PCOS) with biochemical hyperandrogenism exhibit reduced NT-pro
BNP levels compared with women with PCOS without hyperandrogenism (median [IQR]:
34.6 (20.0-46.7) pg/mL vs 39.8 (25.3-63.3) pg/mL).36 An independent effect of estrogen

on elevated NP levels in women has also been implicated, given evidence supporting

an increase in circulating BNPs following initiation of hormone replacement therapy

in postmenopausal women.37 Separately, the association of body fat distribution with
proBNP levels has been well established, with more female ‘gynoid’ fat deposits positively
correlated with proBNP levels3® Separating influences of fat deposition from influences of
sex hormones on circulating NP levels is challenging. There are minimal data indicating

an overt role for sex chromosome influences on proBNP levels. However, at least one

gene located on the X Chromosome, SHOJX; is a known regulator of BNP expression in
chondrocytes.39 Whether this or other X Chromosome factors participate in BNP regulation
in the cardiomyocyte is unknown. Overall, hormone status is a major regulator of circulating
proBNP levels in healthy adults and warrants careful attention in terms of reference ranges
and utility of this classical biomarker for CVD applications.

NPs have been shown to aid in risk prediction of future CVD and prognostication, but

data on whether sex modifies the utility of NPs for risk prediction and prognostication are
conflicting. For example, in a prospective study of 78,657 healthy participants (38,001 men
and 40,656 women) from the BiomarCaRE consortium, the association of NT-pro BNP
with incident HF was more pronounced in men vs women (hazard ratio [HR] 1.89, 95%
confidence interval [CI] [1.75-2.05] in men vs HR 1.54, 95% CI [1.37-1.74] in women,
Pint=0.006).8 By contrast, in a prospective study of 22,756 participants enrolled in four
community-based cohorts, NPs were strongly and similarly associated with incident HF

in both men and women.#0 Sex-specific data on association of NPs with outcomes are
limited, but one study found that NT-pro BNP levels was a predictor of long-term clinical
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events including mortality and HF readmissions in men but not women (HR for composite
event, highest tertile vs lowest tertile: 1.74, 95% CI 1.25-2.43 in men vs HR 1.17, 95% ClI
0.87-1.56 in women).41

In clinical practice, NPs are primarily used to help diagnose help diagnose HF and

grade HF severity.32 42 Recognizing differences in NP levels among the general vs

HF populations, universal cutoffs have been proposed separately for ambulatory and
hospitalized/decompensated patients. Despite robust evidence supporting the impact of
biologic sex on cardiac NP levels in the general population, these NP cutoffs are not
sex-specific.#2 Many have advocated for the adoption of sex-specific NP cutoffs, particularly
in the ambulatory setting, but how unique NP thresholds for men vs women will inform
future clinical practice guidelines remains to be seen.

Cardiac Troponins

cTns including cTnl and cTnT are regulatory proteins involved in the calcium-mediated
interaction between actin and myosin that is integral to myocardial contraction. Elevations
in cTn, even mild elevations, indicate myocardial damage. Sex differences in plasma
concentrations of cTn are well described but incompletely understood. In the general
population, circulating levels of cTn are consistently higher in men compared with women
across all age groups (Roche Diagnostics standard (fourth generation) cTnT assay [pooled
median value * standard deviation (SD)]: 5.5 = 2.2 ng/L in men vs 3.6 + 1.3 ng/L in women,
limit of detection [LoD]: 0.01 ng/L; Abbott cTnl assay: 2.6 + 1.1 ng/L inmenvs 1.8 £

1.0 ng/L in women, LOD: 1.7 ng/L).3%: 43-46 This is also true for disease states including
stable coronary artery disease (CAD)*’, acute coronary syndromes (ACS), and acute and
chronic HF. For example, in 1865 patients presenting with unstable angina and non-ST
elevation myocardial infarction (NSTEMI) from the TACTICS-TIMI 18 study, men were
more likely to have elevated cTns compared with women even after adjustment for baseline
comorbidities.*8

Numerous mechanisms have been proposed to explain these sex-related differences in cTns.
The majority of studies point to differences in heart size and cardiomyocyte volume to
explain higher ¢Tn levels in men.4® However, hormonal milieu is believed to play a role as
well, as testosterone has been shown to induce myocardial hypertrophy and cardiomyocyte
apoptosis, while estrogen suppresses cardiomyocyte damage.49-52 Furthermore, among
patients presenting with ACS, men are more likely to have evidence of obstructive CAD

or more severe atherosclerosis at time of coronary angiography, while women have a

higher prevalence of coronary microvascular dysfunction and nonobstructive coronary
disease.32 53 Tendency toward macroscopic coronary plaque translates to higher ¢Tn in
men because myocardial injury in the setting of epicardial coronary disease is often more
severe. Finally, sex differences in myocardial response to ischemia and reperfusion have also
been implicated; in a small study of 17 age-matched men and women undergoing cardiac
surgery, cTn release was markedly higher in men vs women despite similar duration of
cardiopulmonary bypass and aortic cross-clamp times.>*

cTn has important value in prediction and prognostication of CV events, including Ml and
HF. Whether the predictive value of cTns is influenced by sex is less evident as the available
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data are conflicting. For example, in 19,501 healthy participants enrolled in the Generation
Scotland Scottish Family Health Study, cTn concentrations were more strongly predictive
of cardiovascular events in women vs men (HR cTnl of 10 ng/L relative to limit of blank
[LoB], the highest apparent analyte concentration expected to be detected when a blank
sample without actual analyte is assayed: HR 9.7 in women vs HR 5.6 in men; HR high
sensitivity cTnT (hs-cTnT) of 10 ng/L relative to LoB: HR 3.7 in women vs HR 2.2 in
men).%5 Other studies have found that the predictive value of cTns for incident CV events
was comparable in men vs women. The data for the prognostic value of cTns is similarly
mixed. In 5626 patients with stable CAD, preprocedural hs-cTnT was a strong predictor

of mortality in both men and women, but the effect was particularly pronounced in men
(HR 6.45, 95% CI 4.68-8.87 in men vs HR 4.29, 95% CI 2.36-9.03 in women).56 This was
seen again in a prospective study of patients with HFpEF, where cTnl was more strongly
associated with adverse events in men vs women.>’ These findings were in contrast to other
studies that demonstrated similar associations of cTnT concentration with adverse outcomes
in men vs women.>8

Acknowledgement of the role of sex in influencing reference levels of cTns has led to the
adoption of sex-specific reference levels and cutoffs in clinical practice. Sex-specific 99t
percentiles for the 5 generation high sensitivity-cTnT assay (hs-cTnT) assay have been
reported (20 ng/L for men and 13 ng/L for women).5® Moreover, the 4" Universal Definition
of Myocardial Infarction (MI) incorporated sex-specific thresholds for the diagnosis of Ml
in clinical practice.89 This guideline update comes after consistent evidence supporting
improved risk stratification in patients with ACS using sex-specific thresholds,*?: 61 and

is particularly important in the context of ACS guidelines that recommend a conservative
treatment strategy for low-risk women presenting with chest pain in the absence of positive
biomarkers of myocardial injury.52 Despite the potential benefit of adopting sex-specific
thresholds for M1 diagnosis, the real-world benefits have been less clear.63 While several
analyses have found better reclassification of MI (with increase in MI diagnoses in women),
reclassification did not translate to improved outcomes for women perhaps owing to
persistent disparities in the management of men and women presenting with M1.83

INFLAMMATORY PATHWAYS

The contribution of inflammation to promoting CVD has been firmly established;
concomitantly, sex-specific activation of immune and inflammatory pathways has been
implicated as an important driver of sex differences in CVD. Female sex strongly modulates
immune responses as reflected by higher incidence of autoimmunity among women vs

men and lower susceptibility to most infectious diseases.?2 64 Immune pathway biomarkers
reflect this sexual dimorphism as demonstrated by overexpression of select inflammatory
biomarkers in women as compared with men in several large-scale proteomic studies. For
example, in an analysis of 71 circulating CVVD biomarkers in 7184 healthy participants from
the Framingham Heart Study (FHS), CVD biomarkers preferentially expressed in woman
were enriched for those involved in inflammation-related pathways including C-reactive
protein (CRP), hemopexin, and C2.5 A complementary analysis of 3439 healthy individuals
from the Dallas Heart Study (DHS) found significant sex-based differences in biomarkers
of inflammation including higher levels of high sensitivity CRP (hsCRP), D-dimer, and
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osteoprotegerin and lower levels of interleukin-18 and lipoprotein phospholipase A2 among
65
women.

Genetic differences, specifically X-linked genes, are thought to play a significant role in
sexual dimorphism observed in expression of inflammatory biomarkers. The human X
chromosome includes a significant number of immune response related genes, such as
interleukin 2 (/L-2) receptor-y chain, IL-3 receptor-a chain, IL-9 receptor, IL-13 receptor-a
chains, Toll-like receptor 7 (7TLR7), TLRS, IL-1 receptor-associated kinase 1, as well as
multiple transcriptional and translational effectors.2%: 21 While X-chromosome inactivation
provides dosage compensation for X-linked genes between XX females and XY males,
approximately 15% of X genes in humans escape or have skewed X inactivation and are
found in higher copy number in women compared with men.5¢ The role of sex hormones

is less clear. Estrogen affects functional activity of innate immune cells that influence
downstream adaptive immune responses. For example, low endogenous E2 levels have been
shown to enhance the production of markers of innate immune activation and inflammation,
including IL-1, IL-6, and tumor necrosis factor. However, the effect of treatment with
estrogen on inflammatory markers is less clear. Previous studies have demonstrated an
increase in circulating neutrophils after treatment with estrogen (17p-estradiol, E2), but
others have found that high concentrations of estrogen reduce the production of pro-
inflammatory cytokines.67-69 In a proteomic analysis from the FHS, menopause or hormone
status did not appear to significantly influence levels of inflammatory markers.> Finally,
adipose tissue contributes to overexpression of select inflammatory markers in women.

For example, adipose tissue stimulates hepatic production of CRP and has been strongly
correlated with CRP levels, particularly among women.”0 Cross-sectional analyses from the
DHS found that the association between female sex and hsCRP was completely attenuated
after adjustment for body mass index (BMI).8° This was further corroborated by a study

of 353 healthy men and pre-menopausal women that found that adjusting for subcutaneous
adipose tissue abolished sex differences in baseline CRP concentrations.”? Other studies,
however, have found significant sex differences in CRP levels independent of BMI and
obesity.>

To demonstrate how biologic sex can modulate inflammatory pathway biomarkers, we
highlight sex-based differences in CRP, an acute phase reactant released from the liver

in response to cytokine stimulation.”2 CRP and its high-sensitivity assay (hsCRP) are

the best studied markers of inflammation and their associations with CVD have been

well characterized. Studies from the general population have shown that hsCRP levels

are 30-50% higher in women compared with men across all ethnic subgroups even after
adjustment for traditional cardiovascular risk factors BMI.73-75 While most of the literature
examining hsCRP in men vs women has been limited to the general population, higher levels
of hsCRP in women have also been demonstrated in patients with metabolic syndrome,’6
stable angina,’” and following acute M1.78. 79

The clinical application of hsCRP has been limited to prediction and prognostication in
select populations. Large population-based studies have shown that baseline levels of CRP
predict long term CVD risk,8% 81 but the predictive value of CRP beyond clinical risk
factors is small, particularly in healthy populations. As such, professional guidelines do
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not recommend routine screening of hsCRP in low atherosclerotic CVD risk individuals.
Whether to screen individuals at intermediate risk for CVD is actively debated, and has been
left to the discretion of the clinician to help guide further diagnostics and therapeutic options
in the most recent Centers for Disease Control/American Heart Association statement on
markers of inflammation and CVD.82 While there does not appear to be a sex difference

in the predictive ability of CRP, hsCRP was incorporated into the Reynolds Risk Score, a
risk assessment tool that was developed specifically for use in women acknowledging that
previous existing tools underestimated risk in women.83 Finally, CRP has been shown to
perform well as a marker of prognosis, particularly after ACS, but the prognostic value does
not appear to be influenced by sex. For example, elevated levels of hsCRP 1-month post-
acute MI were associated with poor health status including symptoms, functional capacity,
and quality of life at 12 months follow-up in both men and women enrolled in the VIRGO
study.’® Other trials including PROVE-IT TIMI 22 and GUSTO IV ACS found that both
male and female participants with elevated CRP levels had significantly greater risk of an
adverse outcome including new or worsening HF or mortality.84: 85

ADIPOSE PATHWAYS

Adipose tissue secretes many signaling factors that play important roles in systemic
metabolic regulation. There is significant enthusiasm in the scientific community for
examining adipose-derived biomarkers, or adipokines, as a biologic link between obesity,
metabolic dysregulation, and CVD risk. Sex differences in these adipokines have been
described in large-scale proteomic studies from the DHS and FHS including higher levels
of leptin, adiponectin, and resistin in women vs men.>: 85 We will here focus on sex-
differences in leptin and adiponectin, two of the main adipokines that have been linked to
cardiometabolic diseases.

Leptin is produced and secreted from adipocytes and is regulated by various hormones
including estrogen and insulin.8¢ The main action of leptin appears to be regulation of
energy balance and metabolism, although it also has a role in fertility and bone function.8”
Paradoxically, while leptin appears to promote insulin sensitivity and anorexigenic behavior,
levels are increased with obesity despite limited physiological effects leading to a

condition of ‘leptin resistance’ similar to insulin resistance.86 The specific role of leptin

in cardiovascular physiology is controversial, with some research supporting an association
with HF and CAD risk in contrast to other work demonstrating no relationship or even
beneficial effects on cardiac metabolism and function.86

There are clear sex-differences in circulating leptin levels, with women evidencing

3-4x greater levels relative to men.88 Of note, estrogen is a potent stimulus for leptin
secretion.89: 9088 Higher body fat in women also likely contributes to sexual dimorphism

of leptin.® Beyond higher levels of secreted leptin in women vs men, sex differences in
sensitivity and resistance to leptin action have not been fully elucidated but may also be of
critical significance.86: 92 Whether sex hormones and other sex-dependent biological factors
(e.g. sex chromosome dependent gene expression, body composition differences) contributes
to leptin sensitivity warrants additional study.
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Adiponectin, another adipose tissue derived factor that has been linked to CVD risk,

also displays sexual dimorphism. Adiponectin is a cardioprotective adipokine that is
abundantly produced and secreted by adipose tissue in response to pro-inflammatory
factors, reactive oxygen species, and hypoxia. It modulates glucose regulation and has been
shown to improve insulin sensitivity and suppress both inflammation and atherogenesis.%3
Adiponectin circulates in three forms, low molecular weight (LMW), moderate molecular
weight (MMW), and high molecular weight (HMW) oligomers, with the HMW form
considered the most biologically active form. Low plasma levels of total adiponectin and
HMW adiponectin have been associated with increased risk of cardiometabolic disease
including obesity, insulin resistance, diabetes, and CAD in healthy individuals.%4 95
Paradoxically, in patients with established CVD, higher levels of adiponectin have been
associated with poor prognosis.? In particular, HMW adiponectin is associated with
increased risk of CAD.%7 This conundrum, dubbed the ‘adiponectin paradox’, limits the
application of adiponectin as a biomarker for clinical use.98

Women have significantly higher levels of circulating total and HMW adiponectin levels
compared with men in healthy populations.55 99-101 gex differences in adiponectin levels

in disease states are not well characterized, but differences in regional distribution of fat
(subcutaneous vs. visceral) in men vs women may contribute to sex differences in levels

of circulating total and HMW adiponectin.102-104 Sex hormones are not known to play a
significant role in adiponectin regulation.105 106 \While baseline levels of adiponectin are
higher in women vs men, it is not known whether sex modifies the predictive and prognostic
value of adiponectin in CVD.

As highlighted by the case examples of leptin and adiponectin, adipose-derived biomarkers
display significant sexual dimorphism, likely related to inherent differences in adiposity
between men and women. While their clinical utility remains limited, adipokines can
provide important biologic insights into the drivers of sex differences in cardiometabolic
disease.

FIBROSIS PATHWAYS

Sexual dimorphism in fibrosis and fibrosis-related pathways has been previously described.
For example, in a proteomic analysis from FHS, circulating levels of fibrosis biomarkers
including tetranectin and TIMP1 were higher in men vs women. Despite the important
contribution of fibrosis in the pathogenesis of CVD and HF, the majority of identified
fibrosis biomarkers have not been adopted for clinical use. We will here focus on sex
differences galectin-3 (Gal-3) and soluble ST2 (sST2), two fibrosis biomarkers that are
currently recommended for risk stratification in HF patients.107. 108

Gal-3 is a B-galactoside-binding lectin that is thought to play an important role in

cardiac fibrosis and heart failure.109 Gal-3 is secreted by activated macrophages and is
highly expressed in adipose tissue, respiratory tract, and hematopoietic tissue. In population-
based studies, Gal-3 concentrations are consistently higher in women compared with men
(pooled median value [IQR]: 12.8 [10.9-15.1] ng/L in men vs. 14.2 [11.9-16.7] ng/L in
women).110-113 Data on sex differences in Gal-3 concentrations in the HF population are
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less consistent. While Gal-3 levels are higher HF compared with healthy individuals for

both men and women,114 whether levels are higher in women vs men in HF is actively
debated. Some studies have reported higher levels in women with HF vs men,115 while
others have shown the opposite.}16: 117 |n a sub-analysis of the Valsartan Heart Failure

Trial, for example, female sex was a predictor of both baseline and changes in Gal-3 levels
in symptomatic HF patients.11°> The exact mechanisms driving Gal-3 ‘excess’ in women,
particularly in the healthy population, are not precisely known, but differences in distribution
of adipose tissue have been implicated. Direct associations with adipose measures (including
BMI, total body fat, abdominal fat, and body fat distribution) and Gal-3 levels have been
observed in both children and adults.111 118-120 Other comorbidities including diabetes and
chronic kidney disease are also strongly associated with Gal-3 levels, and differences in
comorbidity profile may explain observed sex-based differences. In a randomized trial of
modified citrus pectin, a Gal-3 inhibitor vs. placebo, administered to human subjects with
hypertension and elevated Gal-3 levels, the association between female sex and Gal-3 levels
was attenuated after multivariable adjustment for age, BMI, DM, systolic blood pressure,
and estimated glomerular filtration rate.12!

Gal-3 has been shown to predict incident HF, CV death, and all-cause mortality in the
general population.110. 113, 122 \Whether sex modifies the association of Gal-3 with incident
CV outcomes is unclear. An analysis of 8444 healthy participants from the FINRISK 1997
cohort found similar associations between Gal-3 levels and CV outcomes in men and women
(HR for HF: 1.16, 95% CI 1.03-1.31 in men vs 1.22, 95% CI 1.07-1.40 in women).113
Longitudinal changes in Gal-3 have also been shown to predict incident HF,123 but there are
no sex-specific data on the predictive value of longitudinal Gal-3 changes. Finally, baseline
Gal-3 concentrations can be used for risk stratification and prognostication in patients with
acute and chronic HF.107. 112,113,124-126 CJjnjcally, measurement of Gal-3 alone or in

a multi-marker strategy is recommended for risk stratification in patients with HF, but
sex-specific cutoffs have not been advised.32

sST2 is a member of member of the interleukin-1 receptor family and is a marker of
cardiomyocyte stress and fibrosis. It acts as a decoy receptor of 1L-33 by binding to 1L-33
and blocks the cardioprotective effects derived from the interaction between IL-33 and
transmembrane ST2 ligand. Biologic sex is an important modulator of sST2 concentrations,
with significantly higher levels in healthy men compared with women that become apparent
in adolescence (sST2 [median + SD]: 24.0 £ 0.78 ug/L in men vs 17.2 + 1.18 ug/L

in women).85: 127131 Among patients with HF, sST2 levels are also higher in men vs
women.116.132 The source of sex related differences in sST2 levels is not clearly known,
although limited data support the influence of sex hormones on circulating levels. For
example, in 3109 individuals from the FHS, exogeneous estrogen therapy was associated
with lower sST2 levels.131 By contrast, sST2 was not independently associated with sex
hormones including testosterone, estradiol, FSH, and LH in 528 healthy blood donors.130
Small animal and human studies have also supported an association between obesity and
SST2 levels.133: 134 |n a study of 80 morbidly obese individuals pre- and post- bariatric
surgery, sST2 levels decreased significantly following bariatric surgery, highlighting the
potential role of obesity on modulating sST2 concentrations.134
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sST2 has been shown to predict incident HF in community-based studies, 13 but sex-specific
data on predictive value of sST2 are lacking. The primary clinical application of sST2

is for risk stratification in patients with acute or chronic HF given its strong association

with hospitalization and death in patients with HF beyond traditional biomarkers such as
NPs.136-143 Higher levels of sST2 are considered a strong independent marker of poor
prognosis in patients with HF, and a universal prognostic cut-point of 35 ug/L has been
proposed.32 Despite consistent evidence of higher levels of sST2 in men, sex-specific more
outcomes-based data are needed to clarify the need for sex-specific cutoffs.

FUTURE DIRECTIONS

These examples of CV biomarkers representative of myocardial injury/stretch,
inflammation, adipose tissue metabolism, and fibrosis pathways illustrate widespread sex
differences in their associations with CVD. While significant knowledge gaps remain, CV
biomarkers have enormous potential to expand biologic insights into disease mechanism and
to improve contemporary clinical practice by refining our diagnostic, risk prediction, and
even therapeutic capabilities specific to men vs women. We are beginning to understand

that sex modulates CV biomarker biology, but the biologic underpinnings are poorly
characterized and translation to clinical practice has been limited. This is in large part due

to paucity of sex-specific studies and uncertainty regarding how to more precisely tailor
clinical care for men and women separately.

In this review, we have summarized the effect of sex on biomarker biology and

highlighted sex-specific aspects of key CV biomarkers along important established biologic
pathways. Evolving molecular technologies such as metabolomics and epigenetics will

no doubt identify additional sex-based biomarkers. Looking ahead, we offer specific
recommendations for future research on sex-based differences in CV biomarkers and explore
opportunities for improved targeted clinical application of CV biomarkers in men vs women
(Table 2). Broadly, we would like to highlight the following areas for future study:

. First, women are consistently underrepresented in biomedical research, and
strategies to recruit, enroll, and retain women in CV biomarker research have
been inadequate.144 145 We highlight an opportunity to leverage sex-specific
biomarker thresholds to more precisely target women for enroliment into clinical
trials and also endorse the inclusion of specialized populations of women who
have been historically excluded from clinical studies.

. Second, biologic sex has not been systematically incorporated in research study
design.146 We enumerate potential opportunities to integrate biologic sex and
female-specific factors into research study design and emphasize the importance
of performing well-conducted studies that adjust for confounders that influence
the association between sex and biomarker. These recommendations will enable
more rigorous investigation into the mechanisms that drive sex-based differences
in CVD.

. Third, sex-stratified analyses are not routinely reported. We propose that
whenever possible, biomarker research studies should report sex-stratified
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Taken together, these approaches may ultimately enhance prevention strategies and clinical

analyses. Suggested metrics for reporting sex-stratified results include sex-
specific plasma concentrations, cut-points, risk ratios, and prediction models.”

Finally, the clinical application of biomarkers has yet to integrate the role of
biologic sex. We suggest considering the incorporation of sex-specific thresholds
only when clinically relevant sex differences exist for a given biomarker.
Importantly, because sex-specific biomarker analyses are often underpowered
owing to insufficient recruitment of women, absence of significant findings
should not be used as evidence to support withholding evidence-based therapies

care for both men and women with CVD.
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ABBREVIATIONS
ACS

ANP
BMI
CAD
Cl
CRP
cTn
CVvD
DHS
FHS
FSH
Gal-3
HF

HFpEF

acute coronary syndrome
atrial natriuretic peptide
body mass index
coronary artery disease
confidence interval
C-reactive protein
cardiac troponin
cardiovascular disease
Dallas Heart Study
Framingham Heart Study
follicle stimulating hormone
galectin-3

heart failure

heart failure with preserved ejection fraction
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HFrEF heart failure with reduced ejection fraction
HR hazard ratio
hs-cTnT high sensitivity cardiac troponin T
hsCRP high sensitivity C-reactive protein
IL interleukin
IQOR inter-quartile range
LH luteinizing hormone
Ml myocardial infarction
NP natriuretic peptide
NSTEMI non-ST elevation myocardial infarction
NT-pro BNP amino-terminal-peptide N terminal-pro BNP
PCOS polycystic ovarian syndrome
SST2 soluble ST2
TLR toll-like receptor
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Figure 1.
Sex differences can arise at multiple steps along the relationship of genome, transcriptome,

proteome, metabolome, and disease phenotype. Biomarkers measured at each level
may elucidate sex differences in disease pathogenesis that contribute to unique disease
phenotypes in men vs women.
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Figure 2.

Sex differences in blood-based biomarkers and potential clinical implications. (A) Biologic
determinants of sex differences in blood-based biomarkers can be broadly classified

into internal and external factors. Internal factors that contribute to sex differences in
biomarkers include genes and sex chromosomes, sex hormones, tissue distribution, and
inflammatory milieu. External factors include social/cultural and environmental factors. (B)
Sex differences in biomarkers can manifest in two ways. First, a given biomarker may
portend a similar risk of CVD in men and women, yet inherent differences in circulating
baseline levels of biomarkers in men vs women may contribute to sex differences in disease
risk. Second, sex may modify the effect of a biomarker on a disease outcome. In other
words, the same biomarker increment may portend a differential risk in men vs women,
resulting in sex differences in disease. (C) The clinical applications of sex-based differences
in blood-based biomarkers remain unclear, but sex differences can translate to sex-specific
biomarker cutoffs for improved diagnosis of CVD, improved risk prediction and prognosis
for men and women, and sex-specific targeted therapies.
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