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The mortality rates attributed to cardiovascular diseases (CVD) are increasing
within the United States. Atherosclerotic cardiovascular disease (ASCVD) and
pulmonary arterial hypertension (PAH) are two severe, life-threatening subtypes
of CVD. Although ASCVD and PAH are distinct vascular disorders, they share
common mechanisms, including endothelial dysfunction, inflammation, smooth
muscle proliferation, fibrosis, and vascular remodeling. It is noteworthy that
patients diagnosed with PAH may have underlying atherosclerotic coronary
artery disease at a rate of ~28%, and conversely, patients with ASCVD may
present with pulmonary symptoms. PAH is more prevalent among females;
however, once the disease is established, males exhibit disproportionately worse
right ventricular (RV) adaptation and higher rates of RV failure. Conversely,
atherosclerosis is more common in males and less prevalent in females before
menopause. Despite advances in understanding the unique pathophysiology of
each disease, the relationship between ASCVD and PAH remains poorly
elucidated, and current animal models often fail to accurately replicate the
complexities of both conditions. This review underscores the key similarities and
differences between ASCVD and PAH, with particular emphasis on sex as a
significant biological factor in these diseases. Recognition of these sex-specific
vascular and cardiac mechanisms has important therapeutic implications,
supporting sex-informed risk stratification and the development of targeted
interventions for both pulmonary and systemic vascular diseases.

KEYWORDS

atherosclerosis, pulmonary arterial hypertension, sex chromosome, sex differences, sex
Hormones

1 Introduction

Atherosclerotic Cardiovascular Disease (ASCVD) and Pulmonary Arterial
Hypertension (PAH) contribute to numerous forms of cardiovascular disease, one of
the leading causes of death globally (1). ASCVD is characterized by the sudden
occlusion of the main coronary arteries, leading to myocardial ischemia or infarction,
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resulting in right or left ventricular dysfunction and heart failure.
PAH is characterized by elevated mean pulmonary arterial
pressure, right ventricular hypertrophy (RVH), and right
ventricular (RV) dysfunction, often culminating in RV failure.
Both conditions are chronic and progressive, developing
gradually throughout an individual’s lifetime, and typically
becoming evident only in advanced stages. Currently, both are
incurable and associated with adverse health outcomes (2, 3).
Atherosclerosis, the underlying disease process in ASCVD, is a
chronic process characterized by endothelial dysfunction and
ongoing inflammation, with infiltration of immune cells,
primarily macrophages, into large and medium-sized arteries
(4-6). PAH involves endothelial dysfunction, inflammation,
vasoconstriction, and arteriolar remodeling (7, 8). Although the
underlying pathology of PAH appears to be multifactorial, it
involves cellular and molecular mechanisms also observed in
atherosclerosis. In both ASCVD and PAH, excessive vascular
inflammation and remodeling of the arterial wall ultimately led
to sudden occlusion and heart failure (9). Figure 1 shows some
shared vascular mechanisms between ASCVD and PAH.

1.1 Sex differences in prevalence,
incidence, and mortality of ASCVD and PAH

Multiple extensive population-based studies consistently
demonstrate that ASCVD is more prevalent in men until
midlife, after which women’s incidence sharply increases post-
menopause. In the United States, men aged 40-59 years exhibit

10.3389/fcvm.2026.1733624

approximately 2.6-fold higher prevalence of ASCVD than
women (95% CI 2.4-2.8) (1, 12). After age 60, this disparity
significantly diminishes, and by age 75 and older, the prevalence
in women slightly surpasses that in men (27.1% vs. 26.0%, RR
1.04, 95% CI 1.01-1.07) (13). Mortality rates are comparatively
lower in premenopausal women but increase post-menopause,
with a 52% rise in ASCVD-related mortality among women
aged 75 years or older relative to men (HR 1.52, 95% CI 1.44-
1.4401.60) (14). Conversely, PAH exhibits an opposite sex
distribution, with women accounting for approximately 65%-
80% of idiopathic PAH cases across major registries such as
COMPERA, REVEAL, and ASPIRE (15-17) (Table 1). Despite
the higher incidence in women, they consistently demonstrate
superior adjusted survival rates (see Table 1). These quantitative
registry findings substantiate the sex paradox, wherein females
demonstrate greater susceptibility to PAH yet exhibit better
survival outcomes, thereby supporting the influential role of
hormonal and molecular sex modifiers in the disease process.

1.2 ASCVD and PAH may coexist in
cardiovascular disease (CVD) patients

Pulmonary arterial medial hypertrophy and structural changes in
distal arterioles have been observed in patients with advanced
ASCVD, indicating that systemic vascular pathology extends
the arterial beds (18).
Histopathological and imaging studies suggest that atherosclerosis-

beyond coronary and  systemic

related endothelial dysfunction and inflammation are not confined
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FIGURE 1

Schematic illustration of shared mechanisms between ASCVD and PAH, including endothelial dysfunction, inflammation, smooth muscle cell
proliferation, fibrosis, and vascular remodeling. Arrows indicate shared disease mechanisms. PAH is more common in females than males (4.1:1
ratio) (10), while ASCVD is more prevalent in males than females (2:1 ratio) (11).*Generated in bioRender.
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TABLE 1 COMPREA, REVEAL, and ASPIRE Registry Information.

Female: Male
Ratio

Registry %

Female

1-Year Mortality
(Women vs. Men)

10.3389/fcvm.2026.1733624

Adjusted Hazard Ratio
for Death

COMPERA 65% 1:8:1 11% vs. 15%
REVEAL 79% 3:8:1 10% vs. 17%
ASPIRE 70% 2:3:1 15% vs. 27%

to the coronary or systemic arterial beds but can extend to the
pulmonary circulation. Patients with advanced ASCVD exhibit
pulmonary arterial medial hypertrophy, endothelial dysfunction,
and distal arteriolar remodeling, even in the absence of overt left
heart failure (19, 20). Systemic inflammation, oxidative stress, and
circulating pro-atherogenic mediators can impair pulmonary
endothelial nitric oxide (NO) signaling and promote smooth
muscle cell proliferation in ASCVD. These pulmonary vascular
changes often mirror those seen in PAH (5, 19-21), suggesting a
common pathophysiological mechanism for ASCVD and PAH
(Figure 1). Clinical studies further associate ASCVD with reduced
pulmonary vascular compliance and early exertional dyspnea,
suggesting subclinical pulmonary vascular involvement that
precedes clinically apparent pulmonary hypertension (20, 21).
This emerging link underscores the need of reevaluate how
systemic atherosclerosis may predispose individuals to pulmonary
vascular dysfunction, thereby blurring the traditional distinctions
between right- and left-heart-related vascular diseases.

1.3 ASCVD and PAH common risk factors
and underlying sex differences

Both ASCVD and PAH, although affecting different vascular
areas, share several common risk factors such as hypertension,
diabetes mellitus, smoking, obesity, obstructive sleep apnea
(OSA), and chronic pulmonary or cardiac conditions (22-24).
Elevated systemic blood pressure, abnormal metabolic profiles,
and tobacco wuse promote vascular inflammation and
dysfunction, leading to the formation of atherosclerotic plaques
(25, 26). Similarly, factors like obesity, OSA, chronic pulmonary
or cardiac diseases, and genetic predispositions also raise the
risk of PAH (27, 28). Importantly, conditions like OSA serve as
a connecting link, worsening systemic hypertension and
cardiovascular stress, while also increasing pulmonary artery
pressure through intermittent hypoxia and endothelial damage
(29). This overlap highlights the potential interconnection of the
mechanistic functions of the two diseases at the systemic,
cellular, and molecular levels. Table 2 outlines the risk factors
and sex differences linked to ASCVD and PAH.

This article aims to summarize the similarities between
ASCVD and PAH regarding sex as a key biological factor, and
to address the significant knowledge gap between preclinical
animal studies and clinical data related to the two diseases,
especially concerning  sex more

disparities. Gaining a

comprehensive understanding of these mechanisms will not only
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0.78 (95% CI 0.65-0.93) Better functional class at baseline in

women (15).

0.75 (95% CI 0.63-0.88) Women have lower BNP and higher

DLCO (16).

0.56 (95% CI 0.44-0.71) Improvement persists after adjustment for

age and etiology (17).

clarify sex disparities but also help develop targeted therapeutic
and preventive strategies, ultimately advancing personalized
medicine for both women’s and men’s cardiovascular health.

2 ASCVD vs. PAH: the role of sex
hormones

Both ASCVD and PAH exhibit apparent sex differences in
both risk and disease development (54, 55). Past studies have
focused on sex hormones such as estrogen and testosterone and
their metabolites, vascular signaling pathways (e.g., BMPR2),
inflammation, metabolic changes, RV alterations, and collider-
stratification bias to explain these sex-based discrepancies.

Estrogen exerts well-studied protective effects on the
vasculature in both systemic atherosclerosis and pulmonary
vascular disease (Figure 2). Activation of estrogen receptor-
alpha (ERa) by estradiol (E2) increases endothelial NO
production, accelerates re-endothelialization, and prevents
vasoconstriction, making ERa signaling a key anti-
atherogenic mechanism (57). Loss-of-function mutations in
ESRI, the gene linked to

endothelial cell dysfunction, myocardial infarction, coronary

encoding ERa, have been
artery disease, and stroke, highlighting estrogen’s protective
effects against atherosclerosis (57).

2.1 The estrogen paradox in PAH:
mechanisms, metabolites, and unresolved
questions

PAH demonstrates a well-known estrogen paradox, where
women are more often affected but surprisingly have better
survival rates compared to men. Registry data consistently show
a higher prevalence in females in PAH cohorts and better
survival outcomes (Table 1), but traditional risk profiles do not
fully
mechanistic

explain these sex differences,
research  (55).

estrogen signaling, receptor biology, and metabolic pathways in

prompting  further

Mechanistic insights implicate
modulating pulmonary vascular and RV responses. Activation of
both estrogen receptors ERa and ERf in cultured pulmonary
(PAECs)
endothelial nitric oxide synthase (eNOS) and causes vasodilation
(58). Additionally, ERpS-mediated

associated with increased prostacyclin production, a NO-

artery endothelial cells increases production of

signaling is specifically

independent mechanism that promotes systemic vasodilation
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TABLE 2 Risk Factors and sex differences between ASCVD and PAH.

Risk Factor/

Aspect

Atherosclerosis (ASCVD)

Pulmonary Hypertension
(PH/PAH)

10.3389/fcvm.2026.1733624

Mechanisms Underlying Sex
Differences

Age and disease

onset

Traditional risk

factors

Unique female-
disease-specific

factors

Anatomical/
hemodynamic

factors

Hormonal or

Estrogen influence

Summary of

disparity

Post-menopause, women experience more rapid
plaque instability due to histological changes, loss
of smooth muscle cells, and altered calcification,
resulting in a plaque burden similar to that of

men in older age (30, 31).

Smoking increases ASCVD risk more sharply in
women, up to a 25% higher risk of CAD relative
to men. Diabetes and obesity also confer an

especially elevated risk in women (34, 35).

Women face additional CVD risks from adverse
pregnancy outcomes, depression, autoimmune

diseases, and breast cancer treatment (35).

Women have smaller coronary arteries and
higher vessel curvature, which may influence
shear stress and plaque formation differently

than in men (43-45).

Postmenopausal, loss of estrogen raises LDL,
lowers HDL, and accelerates atherosclerosis. Pre-
menopausal women benefit from estrogen:
improved lipid profiles, endothelial function, and

metabolic regulation (50-52).

Women’s risk for ASCVD is lower before
menopause, but certain risk factors (e.g.,
smoking, diabetes) hit women harder;
postmenopausal risk accelerates, and unique

factors contribute disproportionately (31).

Onset is generally between ages 30-60; females
are affected more often (approximately 3-5

times more in females than males) (10).

BMI and airflow abnormalities (obstructive/
restrictive patterns) are strongly associated
with elevated pulmonary pressure in women;
chronic lung disease relates more to elevated

PASP in men (36).

Sex hormones and chromosomes, immune
modulation, epigenetic, and social factors
likely contribute to differences in PAH

prevalence and outcomes (40).

Generally, women maintain right ventricular
(RV) adaptation despite higher PAH
incidence. Males with PAH tend to have worse

right ventricular (RV) function (40, 46).

Estrogen contributes to the “sex paradox”;
women are more likely to develop PAH yet
often have better right ventricular function and

survival (40, 46, 53).

Women are more likely to develop PAH but
tend to survive longer with better RV function;
risk factors manifest differently between sexes,
and mechanisms are still under active

investigation (40).

Estrogen loss promotes endothelial
dysfunction and adverse lipid/inflammatory
shifts; in PAH, female predominance with
better survival vs. men reflects sex differences
in RV adaptation and hormone signaling (32,
33).

Sex differences reflect divergent metabolic
responses, adipose inflammation, and
endothelial sensitivity to hyperglycemia and
tobacco toxins. Women demonstrate greater
microvascular dysfunction for equivalent risk
exposure (37-39).

Shared mechanisms include heightened
immune activation, interferon signaling, and
estrogen-immune crosstalk. Autoimmunity
prevalence is ~2-3x higher in women and

overlaps with PAH susceptibility (41, 42).

Sex differences in ventricular-vascular
coupling, mitochondrial efficiency, and
oxidative stress handling favor RV adaptation
in females. Male PAH patients show a higher
risk of RV failure and death (47-49).

Estrogen signaling can promote pulmonary
vascular remodeling while protecting RV
function; estradiol improves pulmonary
arterial compliance/stiffness and RV
adaptation (54-56).

Divergent effects of sex hormones on
systemic vs. pulmonary vasculature, coupled
with sex-specific immune and metabolic
programming, drive opposing risk and

outcome profiles across ASCVD and PAH.

CAD; coronary artery disease, CVD; cardiovascular disease, LDL; low-density lipoprotein, HDL; high-density lipoprotein, BMI; body mass index, PASP; pulmonary artery systolic pressure.

and protects against platelet aggregation (59). In PAH, estradiol
can decrease pulmonary arterial muscularization, reduce lung
inflammation and  fibrosis, and promote pulmonary
neoangiogenesis, thereby improving pulmonary function in
women (54). Moreover, animal studies demonstrate that
ovariectomy worsens PAH phenotypes, while estrogen repletion
improves pulmonary vascular remodeling and enhances RV
adaptation (60), supporting a protective role for estrogen in
cardiopulmonary health. However, other studies suggest that
estradiol can also aggravate PAH by modulating the bone
morphogenetic protein receptor type II (BMPR2) pathway (61).
Loss-of-function mutations in BMPR2 are the most common
genetic cause of heritable PAH and are associated with a worse
prognosis in both males and females (62). Additionally, sex
differences in RV function and adaptation are increasingly
recognized as central to the paradox; women tend to maintain
better RV contractility and coupling under increased afterload,

which correlates with improved survival outcomes (53-55).
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Multiple non-exclusive mechanisms have been proposed below
for the “estrogen paradox in PAH™:

2.1.1 Divergent roles in estrogen metabolites

Emerging evidence suggests that estrogen metabolites, rather
than estradiol (E2) itself, may be the main drivers of different
pulmonary vascular effects. 16a-hydroxyestrone (16a-OHEL) is
produced by CYPIBI, an enzyme that is highly expressed in
pulmonary artery lesions in patients with PAH and in cell
16a-OHE1
enhances pulmonary arterial smooth muscle cell (PASMC)

cultures. In vitro, promotes cell proliferation,
growth, and worsens pulmonary vascular remodeling; it is
elevated in carriers of BMPR2 mutations (63). Conversely,
2-methoxyestradiol (2-ME2) is another estrogen metabolite that
exhibits antiproliferative effects, blocks hypoxia-inducible factor-
la (HIF-la), inhibits PASMC proliferation, and promotes

apoptosis and microtubule destabilization (63, 64). A shift
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FIGURE 2

The schematic diagram illustrates the molecular mechanisms underlying estrogen (E2, or 17p-estradiol) and testosterone. Estrogen or 17-estradiol
(E2) is recognized for its ability to bind to ERa or ERB, thereby promoting the production of nitric oxide (NO) or prostaglandins (PGI2). In the context of
atherosclerosis, the binding of E2 to ER enhances NO synthesis, facilitates vasodilation, and inhibits platelet aggregation; collectively, these functions
constitute E2's atheroprotective role. Conversely, in pulmonary arterial hypertension (PAH), E2/ERa interaction stimulates NO production. In contrast,
E2/ERp interaction promotes prostaglandin synthesis, predominantly 12, which is associated with vasodilation, reduced pulmonary vascular
remodeling, and improved pulmonary vascular function. Furthermore, E2 is implicated in promoting the BMPR2-PAH disease pathway. On the
other hand, Testosterone and dihydrotestosterone (DHT) activate androgen receptor (AR) signaling in endothelial cells, promoting endothelial
nitric oxide synthase (eNOS) activation and nitric oxide (NO) production. NO stimulates the cGMP—protein kinase G (PKG) pathway in vascular
smooth muscle, leading to opening of large-conductance Ca®*-activated K* (BKCa) channels and reduced vasoconstriction. Testosterone, but
not DHT, may also be aromatized to estradiol via aromatase, enabling estrogen receptor—dependent signaling that contributes to improved
vascular function, lipid metabolism, and right ventricular adaptation. Its specific role in PAH remains inadequately defined. *Generated in biorender.

toward favoring 16a-OHE1 may increase the risk of PAH, while
higher levels of 2-ME2 could offer protective effects against
disease progression. This metabolite-specific duality is a key
aspect of the estrogen paradox.

2.1.2 ERa vs. ERp vs. GPERL: receptor subtype
distribution matters

Estrogen receptors are not uniformly distributed across the
systemic and pulmonary vasculatures. ERa is abundant in
systemic endothelium and is strongly atheroprotective via NO
signaling (57-59). ERS is enriched in the pulmonary vasculature
and promotes prostacyclin synthesis, but may also enhance
proliferative responses in BMPR2-deficient states (59). Lastly,
GPER1 (G-protein-coupled estrogen receptor), a membrane-
associated estrogen receptor independent of ERa and ERfS
mediates rapid non-genomic vasodilatory signaling and is
upregulated during vascular stress (65). Disproportionate ERS
and GPERI activation in the pulmonary circulation may help
explain why estrogen can simultaneously promote vasodilation
while facilitating maladaptive remodeling (66, 67).

Frontiers in Cardiovascular Medicine

Similar to its role in cardiovascular aging, estrogen may
exert protective effects early in pulmonary vascular disease but
promote pathology in later stages of life. In the early years,
patients may generally have a healthy endothelium; therefore,
estrogen may promote anti-inflammatory effects, vasodilation,
and antiproliferative effects. in patients with
established injury due to aging or disease, estrogen may
promote PASMC proliferation, inflammation, and remodeling,
especially in BMPR-2-deficient (68). This
hypothesis offers a potential temporal dimension to the

However,

environments

estrogen paradox and warrants further investigation.

2.2 Testosterone and its metabolites in
ASCVD and PAH

Testosterone and its metabolite dihydrotestosterone (DHT)
in both ASCVD and PAH
(Figure 2), although their roles remain less clearly defined.

influence vascular function

Beyond serving as a precursor for estradiol, testosterone exerts
direct vascular effects through androgen receptor (AR) signaling

frontiersin.org
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in endothelial and smooth muscle cells (69). Physiological
testosterone levels promote NO production, suppress vascular
inflammation, and improve lipid metabolism, whereas
testosterone deficiency is associated with increased ASCVD
risk, metabolic and endothelial dysfunction

(70-73). Of note, in postmenopausal women, DHT levels

syndrome,

decline to near-undetectable levels, which may partially
explain the steep rise in atherosclerotic disease risk after age
50 (74). In PAH, high- but not low testosterone levels in men
correlate with worse RV function and reduced survival,
suggesting that testosterone may have a detrimental rather
than protective effect in RV adaptation (75). Moreover, in
experimental PAH studies, testosterone has been shown to
mediate pulmonary vascular remodeling and vasodilation;
however, this effect is limited to isolated vessels (76). Because
in vivo studies of testosterone confirmed its detrimental
effects on RV outcomes, it does not consistently offer
complete protection against disease progression. Furthermore,
due to limited data availability, its impact on pulmonary
vascular remodeling, metabolism, and PASMC proliferation
warrants further study.

Clinical insights into androgen signaling are further provided
by studies of androgen deprivation therapy (ADT) in prostate
cancer. ADT is associated with increased risk of myocardial
infarction, stroke, heart failure, and metabolic dysfunction,
highlighting the cardioprotective role of androgens (77, 78).
These findings reinforce the importance of balanced androgen
health and that
androgen may have

signaling in vascular suggest excessive

suppression  of pathways adverse
cardiovascular consequences (79). Because testosterone serves as
a precursor for estradiol via aromatization, it contributes to age-
related hormonal changes affecting ASCVD risk in women.
Notably, aromatase (estrogen synthase) is expressed in vascular
endothelial cells, smooth muscle cells, and cardiomyocytes,
enabling local conversion of testosterone to E2 within the vessel
wall (Figure 2). This local production is believed to contribute
to cardiovascular health by mediating the protective effects of
E2 (80). By contrast, in PAH, evidence supports increased
aromatase activity in pulmonary vascular lesions, which may
amplify estrogen signaling independently of circulating hormone
levels, thereby contributing to sex-specific vascular remodeling
(81). This local estrogen production may partially explain why
hormonal effects persist even in postmenopausal women and
aging men. Given that estrogen metabolites, rather than
estradiol alone, appear central to PAH pathobiology, clarifying
the interplay between testosterone, AR signaling, and
downstream conversion to E2 and DHT remains an important
future direction.

3 Sex chromosomes as modulators in
ASCVD and PAH

Sex chromosomes (XX and XY) play pivotal roles in
influencing susceptibility to vascular diseases, including
ASCVD and PAH (Figure 3). The X chromosome encompasses
numerous genes involved in immune regulation, endothelial
function, and lipid metabolism (82-84). Females possess two
X chromosomes, which may confer their resilience in vascular

Frontiers in Cardiovascular Medicine
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adaptation via gene-dosage effects or X-linked gene escape
from inactivation (85, 86). Importantly, several X-linked genes
that escape X-inactivation are expressed at higher levels in
females, including KDM6A and DDX3X (87, 88). KDM6A
(lysine demethylase 6A) and DDX3X (DEAD-box RNA
helicase X-linked) are involved in inflammation and vascular
biology that may intersect with atherosclerotic and PAH
processes. Human studies of X chromosome escape genes show
KDM6A (UTX)
cardiometabolic traits, including lipid metabolism and CVD
risk profiles (89). Moreover, experimental studies suggest that

escapes inactivation and is active in

KDM6A regulates inflammatory gene expression, including
pro-inflammatory cytokines (e.g., IL-6, IFN-f) via H3K27
demethylation in innate immune cells such as macrophages, a
key process linked to vascular inflammation and atherosclerosis
pathogenesis (90). However, the direct effect of KDM6A on
atherosclerosis remains largely uninvestigated. In contrast,
DDX3X encodes an ATP-dependent RNA helicase that is
critically involved in RNA metabolism, including translation
initiation and RNA spliceosome assembly, and also serves as a
node in innate immune and stress-responsive pathways (89).
Although direct studies of atherosclerosis are limited, DDX3X has
been implicated in innate immune responses, including
inflammasome activation and NF-xB signaling, which are central
to atherogenic endothelial dysfunction and macrophage activation
in vascular lesions (91), making it a plausible contributor to
chronic vascular inflammation in atherosclerosis. However, how
these gene escape effects influence overall female ASCVD risk and
management is largely unknown.

In PAH, increased expression of these genes may enhance
immune responsiveness and vascular adaptability in females,
contributing to higher PAH susceptibility while improving RV
resilience (87). BMPR2 loss-of-function mutations create a
permissive genetic background for PAH, but disease penetrance
remains incomplete, suggesting that other modifiers are needed
for clinical development. Among BMPR2 mutation carriers,
penetrance shows a significant sex bias, with females developing
PAH much more often than males (~40% vs. 14%-15%,
respectively), despite similar rates of mutation carriage (92, 93).
In males, the SRY (sex-determining region Y) gene has been
shown to influence transcriptional programs beyond sex
determination, including aiding BMPR2 expression, which
supports pulmonary vascular stability and may reduce disease
penetrance (94). However, PAH risk is not solely dictated by
BMPR2
metabolism act downstream of BMPR2 to promote pulmonary
vascular cell growth, inflammation, and resistance to cell death,

expression. In females, estrogen signaling and

thereby increasing disease risk even when BMPR2 signaling
remains intact (95, 96). These findings support a “two-hit”
model of PAH development, in which a BMPR2 mutation is the
first hit. A second hit, such as sex hormone signaling,
inflammation, hypoxia, metabolic

stress, pregnancy, or

environmental exposures, is necessary to induce overt
pulmonary vascular remodeling and clinical symptoms (97).
Consistent with this idea, unaffected BMPR2 mutation carriers
display higher adequate BMPR2 transcript levels than those with
the disease, highlighting the significance of both genetic
background and modifying factors in determining disease

penetrance (98).
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FIGURE 3
Schematic illustration of sex chromosome and hormone differences in relation to ASCVD and PAH. A list of genes on the X and Y chromosomes
relevant to cardiovascular function is illustrated. *Generated in biorender.

The interaction between sex chromosomes and sex hormones
further modulates disease outcomes. For instance, X-linked
immune genes, such as toll-like receptors TLR7 and TLRS, can
amplify inflammatory pathways that facilitate ASVD and PAH,
whereas estrogen confers protective effects (99, 100). These
chromosomal effects underscore that sex differences in vascular
disease are not solely hormone-dependent but are also
genetically encoded, influencing how vessels respond to stress,
inflammation, and remodeling in both the systemic arterial and
pulmonary circulations. Insights derived from the Four Core
Genotypes (FCG) model, which separates

chromosome complement from gonadal sex by relocating the

mouse sex
SRY gene to an autosome, resulting in XX and XY mice with
either testes or ovaries (101). This model facilitates the
sex-chromosome-dependent ~ phenotypes
independent of circulating hormones and has been employed to
sex-chromosome influences on cardiovascular and

identification  of

explore
pulmonary phenotypes, including ischemia/reperfusion injury
and pulmonary hypertension models (102). Additionally,
FCG studies underscore that variations in X chromosome
escape genes may affect vascular responses, suggesting that
chromosomal components beyond traditional hormonal
mechanisms are involved (101-103). However, sex chromosomal
genes receive little attention, even though various functional
studies on cardiovascular health have been conducted in both

animal models and humans; therefore, future studies should
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further investigate the role of sex-linked genes in atherosclerosis
and PAH.

4 Emer%ing sex-specific modulators
linking ASCVD and PAH

4.1 MicroRNAs: sex-specific post-
transcriptional regulation

MicroRNAs (miRNAs) are increasingly recognized as critical
regulators of vascular homeostasis and disease progression, with
accumulating evidence that their expression and function are sex
dependent. In both ASCVD and PAH, dysregulated miRNA
profiles contribute to endothelial dysfunction, smooth muscle
cell proliferation, inflammation, and adverse cardiac remodeling
(104). Among these, miR-29, miR-124, and miR-204 have
emerged as key sex-sensitive regulators across systemic and
pulmonary vasculature. MiR-29 regulates extracellular matrix
turnover and fibrosis; its downregulation promotes vascular
stiffening and remodeling in ASCVD and PAH, with evidence
of estrogen-sensitive regulation (104). MiR-124 suppresses
inflammatory and proliferative signaling in PASMCs and is
reduced in PAH, particularly in female-derived cells (105). MiR-
204 is consistently downregulated in PAH and contributes to
STAT3 activation, inflammation, and vascular remodeling;
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estrogen-mediated suppression of miR-204 provides a mechanistic
link between sex hormones and PAH susceptibility (105, 106).
Collectively, these miRNAs represent shared, sex-modulated
regulators across systemic and pulmonary vascular disease.

4.2 Metabolomics: sex differences in
energy utilization

Sex differences in metabolic substrate utilization significantly
influence vascular disease progression and cardiac adaptation. In
ASCVD, men exhibit more adverse lipid profiles and impaired
fatty acid oxidation, whereas premenopausal women demonstrate
greater metabolic flexibility, an advantage lost after estrogen
decline in menopause (107). In PAH, pulmonary vascular cells
and the RV undergo metabolic reprogramming toward glycolysis.
Female RV cells maintain more efficient mitochondrial oxidative
metabolism and fatty acid utilization, contributing to superior RV
adaptation and survival compared to males (47, 108). These sex-
specific metabolic phenotypes highlight metabolomics as a critical
determinant of disease severity and outcomes.

4.3 Gut microbiome: an emerging sex
modifier

Emerging evidence implicates the gut microbiome as a sex-
dependent modulator of cardiovascular disease. In ASCVD,
microbiota-derived metabolites such as trimethylamine N-oxide
(TMAO) are higher in men and correlate with increased
risk, estrogen suppresses TMA-
producing microbial pathways (109, 110). Although data on the
gut microbiome in PAH are limited, altered microbial diversity

atherosclerotic whereas

has been linked to systemic inflammation and metabolic
dysfunction, suggesting that sex-dependent microbiome-immune
interactions may contribute to pulmonary vascular remodeling
and RV dysfunction (111).

4.4 Epigenetics: hormone-responsive gene
regulation

Epigenetic mechanisms, such as DNA methylation and

histone modifications, mediate long-term effects of sex
hormones on vascular gene expression. Estrogen receptor
signaling promotes histone acetylation and transcription of
vasoprotective genes, while estrogen loss is associated with pro-
atherogenic epigenetic changes (112). In PAH, epigenetic
repression of BMPR2 and anti-proliferative pathways contributes
to disease progression, with sex hormones influencing these
epigenetic markers

and potentially explaining sex-specific

penetrance in mutation carriers (113).

4.5 Mitochondrial function and RV
adaptation

Sex differences in mitochondrial function critically influence
RV adaptation in PAH. Female RV mitochondria exhibit
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enhanced oxidative capacity, improved antioxidant defenses, and
resistance to oxidative stress, largely mediated by estrogen-

dependent pathways (114, 115). In contrast, male RVs
demonstrate greater mitochondrial dysfunction and oxidative
injury under pressure overload, contributing to worse

survival rates (115). These findings underscore mitochondrial
metabolism as a sex-specific determinant of PAH and outcomes.

5 Lesson learned from rodent models
for sex differences

The underrepresentation of women in clinical trials and
genomic datasets contributes significantly to the persistent
disparities in understanding sex differences in ASCVD and
PAH. To enhance understanding of these sex-related differences
in ASCVD and PAH, in vivo rodent models are valuable tools
that offer insights into biological distinctions and mechanisms
attributable to sex. Table 3 summarizes rodent models of PAH
and atherosclerosis, including a comparison of sex differences in
their development. In atherosclerosis research, both diet-induced

approaches and genetically modified strains, such as
apolipoprotein  E-deficient ~(ApoE™/7) and low-density
lipoprotein receptor-deficient (LDLR™/”) mice, have been

widely used to study lipid imbalance and plaque formation (116,
117). In PAH, experimental models such as chronic hypoxia
(118), monocrotaline (MCT) treatment (119), and the Sugen-
hypoxia models (120) reproduce the hallmark features of
pulmonary vascular remodeling, endothelial dysfunction, and
RV adaptation observed in human idiopathic PAH. Table 3
summarizes rodent models that may be used to investigate
ASCVD and PAH simultaneously, including a comparison of
sex differences. PAH animal models are fully reviewed (121),
and the ASCVD rodent model is thoroughly reviewed (122).

It is noteworthy that animal models often do not fully replicate
the human ASCVD and PAH phenotypes, including their
structural and hemodynamic intricacies, species-specific
cardiopulmonary responses, and the impact of sex hormones on
disease manifestation. Most rodent models rely on single insults,
such as dietary, toxic, hypoxic, or genetic insults, and do not
capture the chronic, multifactorial nature of human disease. In
ASCVD,

metabolism limit modeling of plaque instability and clinical

fundamental species differences in lipoprotein
events, whereas in PAH, key histopathological features, such as
plexiform lesions and progressive RV failure, are inconsistently

reproduced. Moreover, experimental

(e.g.
oversimplifies human hormonal transitions such as menopause

manipulation of sex

hormones in rodents ovariectomy or castration)
and androgen decline, potentially exaggerating sex effects or
misrepresenting disease biology (53, 132). Age is an essential
limitation across most ASCVD and PAH animal models, as
experiments are typically performed in young animals. In
contrast, clinical disease most often manifests in middle-aged or
older individuals. Aging profoundly alters vascular biology,
including endothelial dysfunction, mitochondrial impairment,
immune senescence, and extracellular matrix remodeling, which
can modify disease penetrance, severity, and therapeutic
responses, limiting direct translation from young-animal studies

to older patient populations (133-135).
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TABLE 3 Rodent Models of ASCVD and PAH: Insights into Sex-Specific Mechanisms.

Animal Model

Disease Model

Sex-Differences Findings

10.3389/fcvm.2026.1733624

Overlap (PAH & ASCVD in the
same model?)

References

ApoE™/” mouse

LDLR™/™ mouse

CRISPR ApoE™/7/
LDLR™/™ rat (single/
double KO)

Chronic Hypoxia
(mouse/rat)

Monocrotaline (MCT) rat

Sugen-Hypoxia (SuHx)

rat/mouse

Zucker Obese rat

BMPR2 mutant

mouse/rat

Atherosclerosis

Atherosclerosis

Atherosclerosis

PAH

PAH

PAH

PAH (MCT-induced) &

Metabolic syndrome

PAH

Females: Spontaneously form smaller, more
fibrotic plaques; protection is lost after estrogen
decline with age.

Males: larger, lipid-rich plaques.

Females: delayed lesion progression and more
calcification with the Western diet

Males: more severe hyperlipidemia and plaque

burden.

Females: milder lesions.

Males: extensive plaque burden and
dyslipidemia.

Females are more likely to develop PAH but

often maintain better RV function than males.

Females: better RV adaptation; ovariectomy
worsens outcomes, estrogen restores function.
Males: worse RV function and survival due to

oxidative stress.

Females: severe pulmonary vascular remodeling
but preserved RV function; estrogen
supplementation improves outcomes.

Males: severe pulmonary vascular remodeling
and RV function deteriorate.

Female obese rats: more severe PAH vs. lean
females; sex differences are less marked in
hypoxia models.

Females: predisposition to PAH; hormonal
modulation alters penetrance.

Males: no spontaneous development of PAH.

Yes, used in ASCVD & PAH studies.
Mechanism, including inflammation &

vascular remodeling.
Primarily the ASCVD model, but
occasionally used in pulmonary vascular

remodeling under dietary stress.

No established ASCVD and PAH overlap.

Does not induce atherosclerosis.

No, liver metabolism of MCT is specific to

PAH.

No, primarily PAH.

This model partially reflects
cardiometabolic risk relevant to both

ASCVD and PAH.

ASCVD is not typically studied.

(7, 123, 124).

(125)

(126)

(114)

(65, 127)

(60, 115, 128)

(129)

(95, 130, 131)

Species-specific differences further influence susceptibility to PAH
and interpretation of sex effects. Rats generally develop more severe
pulmonary hypertension  with pulmonary  vascular
remodeling and RV hypertrophy, making them advantageous for

robust

studying advanced disease and RV adaptation. In contrast, mice
exhibit strain-dependent susceptibility, milder hemodynamic
changes, and limited progression to RV failure despite their utility
for genetic manipulation (121). Sex differences are also model- and
species-dependent: female rats consistently demonstrate superior RV
adaptation in MCT and Sugen-hypoxia models, whereas sex-related
differences are minimal or absent in chronic hypoxia-induced PAH
in mice, highlighting divergence between vascular pathology and
cardiac adaptation across species (114, 129). These differences
underscore the importance of selecting species and models based on
the biological question rather than the disease label alone.

Emerging human-relevant model systems offer complementary
approaches to address these translational gaps. Human-induced
pluripotent stem cell-derived endothelial and smooth muscle cells,
lung and vascular organoids, and precision-cut lung slices enable
interrogation of sex-specific vascular, metabolic, and immune
mechanisms within a human genetic and hormonal context
(136-138). In addition, humanized mouse models incorporating
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patient-derived cells or immune components may better capture
inflammatory and sex-dependent features (139) relevant to both
ASCVD and PAH. Although these systems cannot yet model
long-term hemodynamics or systemic interactions, they provide
critical platforms for mechanistic validation and hypothesis
refinement before in vivo testing.

Accordingly, optimal model selection for guided testing sex-
specific hypotheses should be driven by the experimental intent.
Genetic mouse models are best suited for pathway-specific and
immune-mediated mechanisms, rat models for severe pulmonary
vascular remodeling and RV adaptation, and humanized or ex
vivo systems for investigating sex hormone signaling and cell-
intrinsic differences relevant to PAH-ASCVD overlap. Integrating
findings across complementary models rather than relying on a
single system will be essential for improving translational
relevance and advancing sex-informed therapeutic strategies.

6 Clinical implications

Although ASCVD and PAH arise from distinct initial causes,
they share remarkably similar pathophysiological mechanisms
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(140, 141) (Figure 4). In fact, advanced atherosclerotic lesions have
been observed in patients with long-standing or advanced PAH
(142), highlighting the possible overlap in disease mechanism
between these vascular disorders (99, 143). Mechanistically,
several atherosclerotic pathways intersect with PAH pathobiology,
including arterial wall remodeling, endothelial dysfunction,
smooth muscle cell proliferation, inflammation, and fibrosis (140,
141). These common processes suggest that the coexistence of
ASCVD and PAH in the same patient is not coincidental but
may reflect shared underlying drivers of vascular injury and
maladaptation. Significantly, sex further influences these
Female patients with ASCVD and PAH often
experience greater disease severity and different progression

pathways.

patterns compared to males (44, 144), implicating hormonal,
immune, and molecular mechanisms in shaping outcomes.
Therefore, it is both essential and timely to investigate sex-
specific mechanisms at the intersection of ASCVD and PAH, as
sex differences extend beyond prevalence and encompass
in pathophysiology, circulating biomarkers, and
treatment responses in these two conditions diseases.

variations

6.1 Early clinical screening for ASCVD and
PAH, along with sex stratification

Sex should be explicitly included in clinical risk stratification
algorithms for both ASCVD and PAH. In PAH, existing tools

10.3389/fcvm.2026.1733624

like REVEAL and COMPERA already factor in sex, but
growing evidence indicates that more detailed stratification is
sex-specific factors, including
menopausal status, cardiometabolic burden, and RV adaptive
capacity (15, 16, 33, 144). Conversely, ASCVD appears earlier in
men but progresses more quickly in postmenopausal women
after the loss of estrogen-related vascular protection (1).

necessary based on other

Therefore, postmenopausal women with PAH and men with
PAH who have metabolic risks should receive routine ASCVD
screening. Likewise, female patients with ASCVD who present
with unexplained dyspnea or RV dysfunction should be
evaluated for PAH. These points support a sex-informed,
bidirectional risk assessment approach across both conditions.
Recognition of sex differences in circulating cardiovascular
biomarkers has significant implications for the early detection
and risk stratification of both ASCVD and PAH. Women
generally exhibit higher circulating levels of natriuretic
peptides, such as B-type natriuretic peptide (BNP) and
N-terminal pro B-type natriuretic peptide (NT-proBNP), than
men of comparable age and hemodynamic status (145, 146).
This phenomenon has been documented across multiple
populations (147) and can influence the interpretation of
cardiac stress markers. Similarly, concentrations of high-
sensitivity cardiac troponin (hs-cTn) vary by sex, with men
typically having higher baseline values and women exhibiting
lower 99th-percentile reference limits (148), necessitating
sex-specific  thresholds in diagnostic algorithms. These

FIGURE 4

Global aspects, intersection, & emerging insights

Shared

Mechanisms

e EC dysfunction (1 NO,

TET-1).

e TVascular remodeling

(VSMC migration,
proliferation).

¢ Inflammation (immune

cells, cytokines).
o Fibrosis & Stiffening.

e Oxidative stress
imbalance.

e ~10-30% of PAH

patients have

ASCVD

. Pulmonary
Atherosclerosis — vascular

Dysfunction

In most patients, systemic atherosclerotic risk and vascular
dysfunction precede pulmonary vascular disease

Schematic showing the unique and shared mechanisms between ASCVD and PAH. *Generated in biorender.

PAH

—

Frontiers in Cardiovascular Medicine

10

frontiersin.org


https://doi.org/10.3389/fcvm.2026.1733624

Rose et al.

differences mirror physiological variations in cardiac
structure, metabolism, and hormonal regulation, and are not
limited to heart failure but extend to a broader spectrum
of cardiovascular conditions. Recognizing these sex-specific
biomarker distributions holds clinical significance; the
application of uniform cutpoints may delay diagnosis or result
in underrecognition of myocardial injury and ventricular
dysfunction in women. Conversely, sex-adjusted thresholds
the
prognostication, and equitable clinical care in both ASCVD
and PAH without compromising specificity.

addition
cardiopulmonary imaging are enhancing the detection of vascular

and RV dysfunction in individuals at risk for, or diagnosed with,

have potential to enhance diagnostic sensitivity,

In to circulating biomarkers, advances in

ASCVD and PAH. Non-invasive echocardiographic markers such
as pulmonary artery acceleration time (PAcT), RV-pulmonary
artery (RV-PA) coupling indices, and RV longitudinal strain
provide surrogate measures of pulmonary vascular load and RV
performance and may detect subclinical dysfunction before the
development of overt pulmonary hypertension or symptomatic RV
failure (149, 150). Significantly, emerging evidence indicates sex-
related differences in RV adaptation and imaging phenotypes:
female patients with PAH exhibit greater RV contractility and RV-
PA coupling than their male counterparts, despite comparable
afterload (47). This variability may help explain the observed sex
disparities in clinical outcomes and can be identified through
imaging evaluations, such as RV strain and RV-PA coupling
measures. Cardiac magnetic resonance imaging (CMR) offers
highly reproducible measurements of RV volumes, mass, and
functional adaptation, establishing itself as the benchmark for
detecting subtle myocardial remodeling. Population-based research
indicates sex-dependent differences in RV strain and function in

CMR (151), and these distinctions should inform clinical
assessment and interpretation.
Furthermore, CT-based assessments, which include

quantitative measures of pulmonary vascular pruning and the
concurrent evaluation of coronary artery calcium, enable the
comprehensive characterization of pulmonary and systemic
vascular disease burdens within a single imaging session (152).
Notably, quantitative CT measures of pulmonary vascular
pruning have been shown to reflect the loss of small pulmonary
vessels, to serve as an imaging surrogate for pulmonary vascular
disease, and to have prognostic value for mortality and
cardiopulmonary outcomes in PAH (152). Coronary artery
calcium scoring on CT is a well-established marker of systemic
atherosclerotic burden and cardiovascular risk (153). These
imaging biomarkers can often be derived from the same or
similar chest CT data, enabling simultaneous assessment of both
pulmonary and systemic vascular disease. While these advanced
imaging techniques provide additional diagnostic and prognostic
information beyond biomarkers alone, routine population-wide
screening for ASCVD and PAH using high-resolution imaging
is unlikely to be cost-effective. Targeted screening strategies that
incorporate clinical risk factors, including biological sex and
metabolic risk, biomarker profiles, and sex-informed non-
invasive imaging in higher-risk groups are more practical and
may support earlier diagnosis and treatment, aligning with
than

current guidelines that emphasize risk-based rather

universal screening.
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6.2 ASCVD and PAH overlapping
management and sex significance

Sex-specific differences in therapeutic responses have become
a significant consideration in managing ASCVD and PAH, and
emphasize the translational importance of sex as a biological
variable (12, 13, 154, 155). Clinical evidence indicates that
although both women and men derive substantial benefits from
standard lipid-lowering therapies, notable disparities exist in
response magnitude and treatment patterns in ASCVD patients.
For example, while statins effectively reduce low-density
(LDL-C)

cardiovascular events (MACE)

lipoprotein  cholesterol and major adverse

in both sexes, women are
generally less likely to be prescribed high-intensity statin therapy
and to achieve guideline-recommended LDL-C targets than men
(156-158). Observational and registry data for PCSK9 inhibitors
that, although agents LDL-C

cardiovascular events across sexes, sex differences in LDL-C

show these reduce and
reduction have been reported, with men sometimes achieving
greater percentage reductions and women less frequently
reaching lipid goals despite similar treatment indication (159,
160).  Additionally, the

intensification of therapies such as ezetimibe and PCSK9

disparities  in initiation  and
inhibitors following myocardial infarction have been observed
by sex (161), practice

and response.

suggesting differences in clinical

Observational and registry data in PAH suggest that female
patients often exhibit better functional and hemodynamic
responses to endothelin receptor antagonists and may experience
more favorable RV adaptation and survival than male patients.
In contrast, male sex has been associated with poorer RV
adaptation and outcomes in many cohorts. The influence of sex
on response to phosphodiesterase-5 inhibitors and on
pulmonary vascular resistance changes remains less clearly
defined (131, 144, 162, 163). Prostacyclin therapies improve
functional and hemodynamic outcomes in both women and
men with PAH; however, observational and mechanistic studies
suggest that sex-dependent differences in RV adaptation, and
possibly mitochondrial and oxidative signaling, may influence
variability in RV response and tolerability to these agents
(40, 47). these

therapeutic strategies are now entering clinical testing in PAH,

Building on observations, Sex-informed

including estrogen pathway modulation with aromatase
inhibitors such as anastrozole, which has been shown to lower
circulating estradiol and improve exercise capacity in PAH
patients (164), and the clinical evaluation of estrogen receptor
antagonists such as fulvestrant in postmenopausal women with
PAH is underway (165).

While most therapies approved for PAH target the pulmonary
vasculature, accumulating evidence suggests that certain agents
used to manage PAH may also exert beneficial effects across a
broader spectrum of cardiovascular diseases, including ASCVD.
For instance, phosphodiesterase-5 inhibitors (such as sildenafil
and tadalafil), which are standard treatments for PAH, have
been associated in observational studies and clinical trials with
improved systemic endothelial function, reduced inflammatory
markers, and a decreased risk of myocardial infarction and heart
failure (166), suggesting potential cardioprotective effects beyond
the Likewise, endothelin receptor

pulmonary circulation.
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antagonists  (including bosentan and ambrisentan) have
demonstrated anti-atherosclerotic properties and endothelial
benefits in preclinical models and small-scale clinical studies,
including those involving peripheral artery disease, where they
enhanced vascular function and lowered the risk of adverse
events (167). Although comprehensive randomized clinical trials
specifically assessing PAH drugs within primary or secondary
ASCVD populations remain limited, these translational insights
that modulating the
oxide-cyclic guanosine monophosphate (NO-cGMP)

endothelin pathways may provide therapeutic benefits across a

support the premise agents nitric

and

range of cardiopulmonary vascular diseases, emphasizing shared
mechanisms in PAH and ASCVD and encouraging further
clinical investigation.

As statins are the primary agents in ASCVD owing to
their potent LDL-cholesterol-lowering and plaque-stabilizing
properties, their role in PAH has been extensively studied with
mixed and largely inconclusive outcomes (168). In animal
models of PAH, statins demonstrate beneficial vascular effects:
they enhance endothelial function, reduce pulmonary vascular
remodeling and RV hypertrophy, and lower inflammatory
mediators (168), providing a mechanistic basis for their
potential benefits. However, in human studies, evidence has not
consistently shown clear improvements in function or
hemodynamics. Early randomized trials, such as the Simvastatin
as a Treatment for Pulmonary Hypertension study, observed
reductions in RV mass and neurohormonal biomarkers (e.g.,
NT-proBNP) over short periods but no long-term benefits on
exercise capacity, pulmonary pressures, or clinical outcomes
(169).

randomized and observational studies indicate that statins do

Systematic reviews and meta-analyses of available
not significantly improve key clinical endpoints in PAH,

including the 6-minute walk distance, pulmonary artery
pressure, cardiac index, or pulmonary vascular resistance (170).
The disparity between animal models and human trials may be
due to differences in disease mechanisms or the relative
importance of lipid-independent (“pleiotropic”) effects of statins
in pulmonary vs. systemic vascular tissues. Despite these mixed
results, statin therapy is generally safe and well tolerated in PAH
patients, with ongoing research focusing on better-powered or
subtype-specific studies to determine if certain PAH phenotypes

(or comorbid pulmonary hypertension groups) could benefit.

7 Conclusions

The relationship between atherosclerosis (ASCVD) and PAH
remains incompletely understood. Advances in the molecular
and pathophysiological characterization of both conditions
should provide the foundation for multidisciplinary research
their Such
collaboration will not only clarify the clinical impact of
comorbidity between ASCVD and PAH but also inform the
of the
prioritization of research funding to address these pressing gaps.

efforts aimed at unraveling interconnections.

development novel therapeutic strategies and

While idiopathic PAH is a rare and challenging condition,
frequently diagnosed using methods developed for ASCVD,
both diseases share hallmark mechanisms, including chronic
smooth muscle cell

inflammation, immune dysregulation,
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abnormalities, endothelial dysfunction, and vascular remodeling.
This convergence underscores the interconnected nature of
systemic and pulmonary vascular diseases, highlighting the need
for integrative approaches to study their overlapping biology and
clinical manifestations. Importantly, sex-specific differences in
the prevalence, severity, and outcomes of ASCVD and PAH are
increasingly recognized at multiple levels, from hormonal
regulation to gene expression and immune responses. These
disparities not only shape disease development but also
influence therapeutic responses. A deeper understanding of how
sex hormones and sex-linked genetic factors influence vascular
biology will be critical for advancing personalized prevention
and treatment strategies. Ultimately, progress in this field will
depend on recognizing sex as a central biological variable and
on building research frameworks that incorporate sex-specific
mechanisms into both experimental models and clinical practice.
Future research must address the complexities of ASCVD and
PAH by
epigenomic approaches, alongside psychosocial and behavioral
sciences, to thoroughly characterize sex-based disparities in

integrating sex-related genetic, molecular, and

vascular diseases. A coordinated research strategy is necessary,
one that applies unified methodologies across ASCVD and PAH
and leverages interdisciplinary collaborations among clinicians,
basic scientists, and funding agencies to prioritize sex-based
investigations. Moreover, several critical limitations shape the
interpretation of the current evidence and point to opportunities
for future research. Much of the reviewed literature originates
from predominantly White, Western cohorts, and sex-by-race/
ethnicity interactions remain insufficiently characterized,
limiting the generalizability across diverse populations. In
studies, may be
confounded by age and hormonal status, especially in mixed

clinical observed sex differences also
pre- and post-menopausal cohorts, complicating the attribution
of outcomes solely to biological sex. Publication bias is a
potential concern, whereby studies reporting positive sex
differences may be overrepresented relative to those reporting
null findings. It is important to note that many proposed
mechanisms, while supported by preclinical and observational
studies, lack definitive validation in human cohorts. Although
animal models are discussed as tools for mechanistic insight,
these systems have inherent limitations in capturing the full
complexity of human cardiopulmonary disease.

Furthermore, the focus on estrogen and testosterone, though
central, oversimplifies the broader endocrine environment and
does not fully account for interactions with other hormonal and
metabolic pathways. Despite expanding mechanistic

literature, there has been limited translation into sex-specific

an

therapies, underscoring the necessity for future studies that
connect mechanistic understanding with clinical innovation and
therapeutic ~development. Addressing disparities in trial
enrollment, diagnosis, and treatment, as well as implementing
sex-specific prevention and management strategies, will be
essential to optimize outcomes for both women and men
afflicted with ASCVD and PAH.

Future research examining these disorders through a sex-
based perspective will be vital for uncovering causal pathways,
improving risk assessment, and developing precision therapies
tailored specifically for men and women, who carry a

disproportionate burden of these vascular diseases.
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Glossary

ASCVD Atherosclerotic cardiovascular disease
PAH Pulmonary arterial hypertension

PH Pulmonary hypertension

RV Right ventricle / right ventricular
RVSP Right ventricular systolic pressure

RV-PA coupling Right ventricular-pulmonary artery coupling

Hormones and receptors

E2 17B-estradiol

ERa (ESR1) Estrogen receptor alpha

ERp (ESR2) Estrogen receptor beta

GPER (GPER1) G protein—coupled estrogen receptor
AR Androgen receptor

SRY Sex-determining region Y

Genetics and signaling

BMPR2 Bone morphogenetic protein receptor type II

BMP Bone morphogenetic protein
eNOS  Endothelial nitric oxide synthase
NO Nitric oxide

Cell types

EC Endothelial cell

PAEC  Pulmonary artery endothelial cell
PASMC Pulmonary artery smooth muscle cell
VSMC  Vascular smooth muscle cell
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Animal models

ApoE™/~ Apolipoprotein E-deficient
LDLR™/~ Low-density lipoprotein receptor-deficient

MCT Monocrotaline

SuHx Sugen-hypoxia

ZSF1 Zucker diabetic fatty strain
OVX Ovariectomy

Metabolic and clinical terms

FH Familial hypercholesterolemia

MI Myocardial infarction

CAD Coronary artery disease

BNP B-type natriuretic peptide

NT-proBNP N-terminal pro-B-type natriuretic peptide
hs-cTn High-sensitivity cardiac troponin

Imaging and diagnostics
CMR  Cardiac magnetic resonance imaging

CT  Computed tomography
PAAT Pulmonary artery acceleration time

Clinical trials and guidelines
EDIPHY Effects of DHEA in Pulmonary Hypertension

ESC European Society of Cardiology
ERS European Respiratory Society
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