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ABSTRACT

Aortic valve stenosis (AVS) exhibits significant sexual dimorphism,
influencing its pathophysiology, clinical presentation, and outcomes.
Despite growing recognition of sex as a biological variable in
cardiovascular diseases, the molecular mechanisms underlying AVS remain
inadequately explored through a sex-specific lens. This paper investigates
the role of sexual dimorphism in AVS by analyzing a large cohort of
congenital heart disease (CHD) cases in Saudi Arabia, utilizing «a
comprehensive dataset of over 3 million variables. Our findings confirm a
strong male predominance in AVS cases, with a male-to-female ratio of
3:1 (p=0.003), suggesting intrinsic biological differences in disease
development. This paper highlights key genetic, epigenetic, and hormonal
factors contributing to these disparities, including X-chromosome
inactivation escape genes, Y-chromosome-linked risk factors, and sex-
specific variations in valvular interstitial cell behavior. Furthermore,
transcriptomic analyses reveal distinct male and female responses to
fibrotic and calcific remodeling, potentially guiding future sex-based
precision therapies. These insights emphasize the need to incorporate sex-
specific considerations into AVS diagnosis, treatment, and therapeutic
development, promoting a shift toward personalized medicine in
congenital and acquired cardiovascular diseases.
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Introduction

Aortic valve stenosis (AVS) is a significant cardiovascular
disorder with a complex and multifactorial etiology. It
remains a major cause of morbidity and mortality
worldwide, particularly among congenital heart disease
(CHD) cases. While congenital malformations of the heart
constitute a substantial burden on global health, an often-
overlooked factor in their pathogenesis is the role of
sexual dimorphism. Emerging evidence suggests that sex-
based differences influence not only the clinical
presentation and progression of AVS but also its
underlying molecular mechanisms. However, the exact
biological pathways driving these disparities remain
insufficiently characterized.

Sexual dimorphism in cardiovascular disease is well-
documented in both congenital and acquired conditions,
with AVS serving as a paradigm of these differences.
Epidemiological data indicate that AVS is more prevalent
in males than females, with a striking male-to-female
ratio of approximately 3:1 in congenital cases. This
imbalance has been attributed to various factors,
including sex hormones, genetic determinants, and
epigenetic modifications. Recent research suggests that
estrogen may exert a protective effect against AVS
progression, whereas testosterone is linked to increased
fibrosis and calcification in the aortic valve. Furthermore,
genes that escape X-chromosome inactivation (XCI) in
females may provide an additional protective mechanism
against the fibrotic remodeling characteristic of AVS.
Conversely, specific Y-chromosome haplogroups have
been implicated in an increased risk of cardiovascular
disease in males, suggesting a potential genetic
predisposition that warrants further investigation.

In addition to hormonal influences, cellular sex differences
also contribute to AVS pathophysiology. Valvular
interstitial cells (VICs), the predominant cell type within
the aortic valve, exhibit sex-specific transcriptional
profiles and responses to fibrotic stimuli. Recent
transcriptomic analyses have demonstrated that male
VICs are more prone to myofibroblast activation and
extracellular matrix (ECM) disorganization, which are
hallmark features of stenotic aortic valves. Moreover,
Rho-associated protein kinase (ROCK) signaling has been
identified as a key pathway driving these sex-specific
responses, with female VICs exhibiting differential
regulation of ROCK-associated genes. Such findings
underscore the importance of considering cell-intrinsic sex
differences when investigating AVS pathogenesis.

Despite accumulating evidence supporting the influence
of sex in AVS, current clinical approaches largely adopt
a male-centric framework, overlooking potential sex-
specific therapeutic strategies. Sex differences in
pharmacokinetics and pharmacodynamics have long
been recognized, yet most cardiovascular treatments
remain standardized across sexes. The identification of
molecular mechanisms underlying AVS sexual dimorphism
presents an opportunity to develop targeted therapies
that align with precision medicine principles. These could
include sex-specific pharmacological interventions,
biomaterial engineering for valve replacements tailored
to the patient’s biological sex, and gene-based therapies

designed to modulate sex-linked pathways in AVS
progression.

Obijectives

This paper aims to:

1. Investigate the prevalence and sex distribution of
AVS within a nationally representative cohort of CHD
cases in Saudi Arabia.

2. ldentify genetic, epigenetic, and hormonal factors
contributing to the sexual dimorphism observed in
AVS progression.

3. Analyze the role of VIC sex differences in ECM
remodeling and fibrosis associated with AVS.

4. Explore the implications of sex-based molecular
mechanisms for future precision medicine approaches
in AVS treatment and prevention.

By integrating epidemiological data with molecular
insights, this paper seeks to advance the understanding
of AVS sexual dimorphism, ultimately guiding the
development of sex-specific precision therapies.
Addressing these sex-based disparities is imperative for
optimizing cardiovascular care and enhancing treatment
efficacy in both congenital and acquired forms of AVS.

Materials and Methods

The investigation into aortic valve stenosis (AVS) as a
sexually dimorphic condition was conducted within the
broader framework of a nationwide study on congenital
heart defects (CHD) across the Kingdom of Saudi Arabia.
This extensive project included hospitals, primary
healthcare centers, and specialized pediatric cardiology
units focused on CHD management. CHD was defined as
a significant structural abnormality of the heart or major
intrathoracic vessels that affected functionality. Cases
involving arrhythmias without associated structural
abnormalities were excluded due to diagnostic
uncertainties regarding their congenital nature.

Study Population and Data Collection: This paper
encompassed a unique, nationally representative sample
of live-born infants diagnosed with CHD within their first
year of life over a five-year period. The primary
objective was to identify potential genetic and
environmental risk factors influencing the development of
CHD, with a specific focus on AVS as a sexually dimorphic
trait. For case identification, CHD status was coded as
present (1) or absent (0). Data collection was meticulously
designed, employing standardized data entry sheets
(Figure 1) to capture over 3 million statistical variables
across all cases,40.000 of which were related to AVS.

Diagnosis and Classification: Each diagnosis was
confirmed by certified pediatric cardiologists, following
a hierarchical classification system that mapped 49 key
morphogenetic landmarks to determine the precise timing
of embryogenic disruptions (Figure 2). This rigorous
framework aimed to ensure the accuracy of the
developmental stage associated with each case of AVS.
Of the total 4,491 CHD cases included, 97 (2.6%) were
identified as isolated AVS. Supra-valvular and sub-
valvular aortic stenosis cases were excluded to maintain
a specific focus on valvular pathology and its etiological
(not hemodynamic) concerns.
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Questionnaire and Exposure Assessment:
Comprehensive  questionnaires consisting of 412
variables per case were administered, addressing a
wide range of potential genetic, physiological, and
environmental risk factors. Parents, primarily mothers,
were interviewed in person to ensure high data accuracy.
These interviews explored exposure to environmental
factors, medical history, and lifestyle practices during a
defined six-month vulnerability period—three months
pre-conception and three months post-conception.

Database Management and Statistical Analysis: The
relational database, containing 3,018,724 variables,
was managed using Oracle-SQL and interfaced with the
SAS software package through ODBC connections. Data
analysis utilized conditional logistic regression models,
including  stratified analyses that incorporated
specialized macros to address matching and stratification
needs effectively. This approach ensured that
confounding factors were controlled for, enhancing the
reliability of findings related to sex-based differences in
AVS.

- a9~ s

Cohorts for Comparative Studies: To further investigate
AVS within the CHD context, two key cohorts were
established. The first included 1,010 CHD-affected
subjects paired with 1,010 controls, specifically
examining extracardiac anomalies' association with AVS.
The second cohort consisted of 2,604 patients to assess
the distribution of CHD types across Saudi Arabia's four
most populated regions. This strategy aimed to mitigate
referral bias, given the concentration of cardiac care
facilities in the central region.

Statistical Approach: The analysis strategy combined
univariate and multivariate logistic regression methods,
with  maximum likelihood estimation as the primary
algorithm. Descriptive statistics were reported as mean
values with 95% confidence intervals (Cls), and
associations between variables were tested using the Chi-
square test. This robust approach aimed to quantify sex-
based differences and establish AVS risk factors within
the context of congenital heart disease.
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Figure 1. A data entry sheet used to collect 3,018,724 statistical variables on potential

risk factors for congenital

heart malformations, including 39,936 variables specifically related to AVS.
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Aortic Stenosis sexual dimorphism as a biological variable to decode the molecular mechanisms of aortic valve stenosis
25. Upstream (proximal) division of

bulbus with closure of interventricular

|foramen complete

1. First fusion of epimyocardial
layers of bilateral heart primordia

2. Completion of fusion of primordia

of bulbus cordis and primordia of 26. Appearance of intercalated swellings

of semilunar valves

ventricles '
3. First appearance of myofibrils in 27. Semilunar valves achieve grossly
myocardium |mature form

28. Atrioventricular valves achieve grossly
|mature form

5. Blood flow through heart begins |29. Aortic arches I definitive

6. Appearance of external

atrioventricular and bulboventricular |30. Dorsal aortas fuse

grooves or sulci

7. Earliest heart curvature apparent :3 1. Aortic arches I disappear

4. First myocardial contractions

8. Achievement of S-shaped curve |32. Aortic arches II definitive

9. Expansion and ventromedial

rotation of primordium of right 33. Aortic arches II disappear

ventricle |

10. Atrial septum primum appears |34. Aortic arches III definitive

.l L Pc-erforatlons {estiun sccundurn 35. Aortic arches IV definitive

in atrial septum first seen ‘

12. Atrial septum secundum first 36. Dorsal aortas between arches IIl and
definable IV disappear

13. Alignment of right atrial cavity
with primordium of right ventricular
cavity

14. Ventral and dorsal endocardial
cushions first definable

15. Ostium primum closed by fusion
of septum primum with endocardial

37. Dorsal aorta (right or left) distal to
arch I'V disappears

38. Aortic arches VI definitive

39. Dorsal portion of one (right or left)
aortic arch VI disappears

cyshions
16. Ventral and dorsal endocardial 40. Buds of main pulmonary vein projects
cushions unite |from atrium

41. Main pulmonary vein unites with

17. Cells first seen in cardiac jelly
|pulmonary venous plexus

18. Trabeculations first seen in 42. Buds of coronary veins from coronary
regions of ventricles |sinus first definable

19. Muscular ventricular septum first |[43. Buds of coronary arteries first
definable |definable

=9 Aoticopuimonscy Sephum RSt 44. Left anterior cardinal vein obliterated
definable

21. Internal division of aortic sac by |45. Mesenteric portion of interior vena
aortic-pulmonary septum complete cava first definable

22. Rotation of downstream (distal) 46. Conduction system first definable
segment of bulbus cordis |histologically

23. Septa or ridges of bulbus cordis | 47. Main conduction system organized in
first definable |its major form

24. Downstream (distal) division of

bulbus cordis completed 48. Purkinje system can be identified

|49. Nervous tissue first definable
|histologically in heart or great arteries
From Sissman HJ. Developmental landmarks and cardiac morphogenesis:
comparative chronology. Am J Cardiol 1970; 25:141.
Figure 2. The developmental milestones of aortic valve stenosis within the chronobiology timeline of human
cardiogenesis. Landmarks 24, 25, 26, and 27 mark the formation of the aortic valve.

Results
Isolated aortic valve (AS) pathology, mostly bicuspid aortic valve stenosis was found in 97 cases out of the project 4491
cases (2.16%) (Table 1)

Table 1: Out of 4,491 subjects with congenital heart disease (CHD), 97 cases were identified as aortic stenosis (AS).
AS Freq. Percent Cum.
NO 4,394 97.84 97.84
YES 97 2.16 100.00
TOTAL 4,491 100.00
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Percentage of cardiac defects in cohort of 2604 patients with congenital heart disease including AVS in the 4 most

populated regions in Saudi Arabia is shown in table.2

Table 2: Distribution of valvular aortic stenosis and other major congenital heart disease (CHD) subtypes across the four

most populated regions of the country

Lesion Al Hassa South East North Central West Overall
No % No % No % No % No %

VSD 292 39.5 109 32.5 123 38.4 359 29.7 883 33.9
ASD 85 11.5 35 10.4 37 11.6 314 26.0 471 18.1
PS 66 8.9 34 10.1 29 9.1 195 16.1 324 124
PDA 64 8.6 53 15.8 25 7.8 159 13.2 301 11.6
AVSD 26 3.5 12 3.6 16 5.0 38 3.1 92 3.5
TOF 31 4.2 18 5.4 15 4.7 26 2.2 90 3.5
AS 26 3.5 9 27 9 2.8 20 1.6 64 2.5
COA 20 2.7 11 3.3 6 1.9 23 1.9 60 2.3
D-TGA 14 1.9 5 1.5 14 4.4 22 1.8 55 2.1
Other 116 15.7 49 14.6 46 14.4 53 4.4 264 10.1
Total 740 100.0 335 100.0 320 100.0 1209 100.0 2604 100.0

Table 3: Distribution of congenital heart disease defects among 2,604 patients based on sex.

Defects Total Males Females M:F

No. % Cl No. % Cl ratio

VSD 883 442 50.1 48.3-57.7 441 49.9 48.3-51.7 1:1

ASD 471 224 47.6  45.7-50.7 247 52.4 49.7-54.3 0.9:1

PS 324 155 47.8  45.2-50.8 169 52.2 49.2-54.8 0.9:1

PDA 301 122 40.5 38.2-43.8 179 59.5 56.2-61.8 0.7:1

AVSD 92 44 47.8  42.8-53.2 48 52.2 46.8-57.2 0.9:1

TOF 20 45 50.0 44.7-55.3 45 50.0 44.7-55.3 1:1

AVS 64 48 75.0 69.6-80.4 16 25.0 19.6-30.4 3:1

COA 60 43 717  66.2-77.8 17 28.3 22.2-33.8 2.5:1

D-TGA 55 39 70.9  64.9-77.1 16 29.1 22.9-35.1 2.4:1

Other 264 137 51.9  48.9-55.1 127 48.1 44.9-51.1 1.1:1

Total 2604 1299 49.9 49-51 1305 50.1 49-51 1:1

CI = confidence interval. VSD = ventricular septal defect; ASD = atrial septal defect; PS = pulmonary stenosis;PDA= patent
ductus arteriosus; AVSD = atrioventricular septal defect; TOF = tetralogy of Fallot; AVS = aortic stenosis; COA = coarctation

of aorta; D-TGA = dextro-transposition of great arteries.

Male constitute 60.4% of AS cases, there is statistically significant difference (60.4% vs.39.6; P=0.003) with Pearson Chi
square = 4.7227. Having a female baby has an Odd Ratio (OR =0.63) as predictor to AS compared to male, table 4.

Table 4: Having a female baby is a protective factor against aortic stenosis (AS), with an odds ratio of (OR = 0.63)

compared to males

Robust
AS Odds Rtio Std Err. Z P>Izl [95% Conf. Interval]
Gender
Female .6346228 .133881 -2.16 0.031 4197056 .9595917
—Cons 027619 0036767 | -26.96 |0.000 |.0212762 .0358528
Discussion This significant finding of male dominance of AVS is in
Strong male predominance was observed in our concordance with worldwide reports (1). In addition, AVS

population with congenital aortic valvular stenosis (AVS)
as detailed in results section. A cohort of 2604 children
with congenital heart disease was carried out fo
overcome any bias in referral as our total population
showed dominance of central region where major cardiac
centers are located. Analysis of this cohort is in
concordance with total project population in incidence
and sex dimorphism of AVS.Having a female baby has
an Odd Ratio of (OR =0.63) and considered as
protective predictor to AS compared to male (Table 4).

is sexually dimorphic, with sex differences in clinical
presentation, pathophysiology, and postoperative
outcomes (2345, Sex hormones partially regulate
cardiovascular disease, but there are other major players
in the field as gonadectomized animal models show
sexually dimorphic  disease progression (67),
Cardiovascular diseases control may be encoded in
biological sex. Research shows that hormonal, genetic,
and anatomical differences between sexes can lead to
variations in how cardiovascular disease (CVD) develops
and is managed. The primordia of mature valve leaflets
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during embryogenesis are the endocardial cushions (EC)
which are composed of a highly organized extracellular
matrix (ECM). The valve ECM is consisting of 3 distinct
layers made of collagens, proteoglycans and elastin that
together represent all the essential biomechanical
properties to withstand constant changes in the
hemodynamic  environment (8.  Superficial valve
endothelial cells (VECs) create uninterrupted protective
endothelial protective layer over the leaflets and
communicate at the molecular level with the underlying
valvular interstitial cells (VICs) to modulate their behavior
in response to shifts in the hemodynamic environment.
Turnover of the valvular ECM is tightly regulated by valve
interstitial cells (VICs) which are precursors to profibrotic
myofibroblasts. (%) In a healthy, non-diseased state, VICs
are largely dormant and exhibit a fibroblast-like
phenotype, contributing to the extracellular matrix and
maintaining the integrity of the valve. However, in
response to injury or disease, VICs can become activated
and differentiate into profibrotic myofibroblasts. This
activation is associated with increased production of ECM
components and pro-fibrotic factors, which can lead to
fibrosis and dysfunction of the heart valves. This process
is crucial in the pathophysiology of various cardiovascular
diseases, including aortic stenosis. Spatiotemporal
coordination of ECM  organization and VIC
compartmentalization is characteristic of normal valve
development which is disrupted in patients with diseased
bicuspid aortic valve. (8 Increased ECM Production, ECM
Disorganization, and VIC disarray are cardinal features
of the stenotic aortic valve in pediatric patients- (8 It has
been shown that male and female VICs have different
gene expression profiles and phenotypes (10.11), Genetic
and epigenetic alterations attributable to X and Y
chromosomes which cause phenotypic differences
between cells, have been thought to be due to intrinsic
“sex” potentials of the somatic cells (1213). X chromosome
inactivation (XCI) (also called Lyonization, after English
geneticist Mary Lyon) is a process by which one of the
copies of the X chromosome is inactivated. The inactive X
chromosome is silenced by being packaged into
heterochromatin (transcriptionally inactive structure).
Escape from XCI results in sex-biased expression of at
least 60 genes, potentially contributing to sex-specific
differences in health and disease (14. The 15% to 25%
of genes that escape X-chromosome inactivation (XCl) in
female individuals is thought to be responsible about the
sex-dependent variability in cellular phenotypes (1415,
On the other hand, increased risk of coronary artery
disease in specific haplogroups of men has been linked
to the Y chromosome (1617), This critical biological
differentiated cell line behavior is heralding new era for
investigating sex dimorphism of VICs as strategic move
toward decoding the secrets of dimorphic behavior of AVS
progression with an eye on potential preventive and
therapeutic measures. In addition to hormones, it seems
that cell sex by itself is a potent contributor to healthy
and diseased cellular phenotypes. Dimorphysm is not
restricted to VICs. Other cell types that exhibit sexually
dimorphic cellular behaviors include human umbilical vein
endothelial cells (18:19.20.21) cardiac myocytes, (22) skeletal
muscle cells, (23) and pluripotent stem cells. (24) Various
transcriptional factors mediate sex-biased regulatory
programs independently of sex hormone receptor
activity. Myofibroblasts can be defined as fibroblasts
that assume some of the properties of smooth muscle cells

and are able to contract the extracellular matrix. Rho-
associated protein kinase signaling was found as a
potential driver of sex-dependent myofibroblast
activation. This was revealed using transcriptomic analysis
of male and female porcine VICs.(25 The elevated female
myofibroblast activation through Rho associated protein
kinase signaling is partially regulated by genes that
escape X-chromosome inactivation such as BMX and STS
(encoding for Bmx nonreceptor tyrosine kinase and
steroid sulfatase, respectively) .25 In the clinical arena
incorporating this new knowledge to treat congenital and
acquired AVS with medication is phenomenal scientific
fantasy reflecting marvelous scientific ambition. As a
matter of fact, sex differences in pharmacokinetics and
pharmacodynamics related to differences in drug
absorption, distribution, and metabolism in vivo have long
been recognized, (2627) but not implemented in
therapeutics. Male centric approach is the rule and the
bias toward males as the default norm prevail in today
medical practice. The identification of sex-based
protective factors, such as the lower odds of AVS in
females, could be used to refine predictive models for
AVS. Knowing a patient’s sex-related risk could help
healthcare providers develop more effective prevention
strategies, including earlier screening and lifestyle
interventions. Another shrewd observation is the astute
insight that cell sex regulates cellular responses to several
small molecules (small enough to enter cells easily). (28 Cell
responses to small molecule inhibition is affected by X-
linked and Y-linked gene expression and epigenetic
modifiers. World Health Organization (WHQO) and other
national as well as international leading authorities with
the common goal to fight against human cardiovascular
diseases needed to expedited the research aiming to
provide the international arena with drugs that target
sex-specific cardiovascular mechanisms (29 This new
research direction underlines the potential for developing
drugs that target sex-specific pathways in AVS. With
increased understanding of how sex hormones and sex
chromosomes influence AVS progression, pharmaceutical
companies could design medications that consider
differences in drug absorption, distribution, metabolism,
and cellular response between men and women. This
could improve efficacy and reduce adverse effects. Since
sex hormones and X-chromosome-linked genes influence
the progression of AVS, therapies that modulate hormone
levels or target specific genes (e.g., genes that escape X-
chromosome inactivation in females) could be developed.
By focusing on the cellular mechanisms linked to each sex,
such therapies might slow the disease's progression or
even prevent AVS in susceptible populations. Based on
the differing cellular responses in male and female
valvular interstitial cells (VICs), personalized biomaterials
could be engineered for valve replacements. These
materials could be optimized to match the patient's sex-
specific cellular environment, improving compatibility,
durability, and reducing complications in AVS patients
undergoing valve replacement surgery. Since male and
female VICs have distinct gene expression profiles and
phenotypic  behaviors, isolating and potentially
modifying these cells, gene and cell-based therapies
could be tailored to address the specific cellular
dysfunctions in AVS that are unique to each sex. This could
include strategies to modulate Rho-associated protein
kinase (ROCK) signaling, which influences myofibroblast
activation differently in males and females. Small

© 2025 European Society of Medicine 6



molecules that influence cellular responses can differ in
efficacy based on the sex of the cells. This new
knowledge could encourage research into small molecule
inhibitors specifically designed for male or female VICs,
providing targeted treatments that leverage sex-based
cellular responses to achieve optimal therapeutic
outcomes. Medical education, research protocols, and
healthcare policies might need adjustment fo incorporate
sex as a significant biological variable in AVS and other
cardiovascular diseases. -39 Emphasizing sex-based
approaches could accelerate the adoption of precision
medicine, leading to more nuanced and effective
treatment plans across patient populations.31) These
advances are part of a broader movement toward
individualized medicine, which tailors healthcare to each
patient’s unique genetic, molecular, and phenotypic
characteristics, including sex.

Conclusion

This paper highlights the critical role of sexual dimorphism
in aortic valve stenosis (AVS), shedding light on the
molecular, genetic, and cellular mechanisms that
contribute to sex-specific differences in disease
prevalence, pathophysiology, and outcomes. Our
findings confirm a significant male predominance in AVS
cases, with epidemiological data supporting a strong
association between biological sex and disease risk. The
differential regulation of valvular interstitial cells (VICs),
extracellular matrix remodeling, and fibrotic progression
suggests that intrinsic cellular sex characteristics, beyond
hormonal influences, play a crucial role in AVS
pathogenesis. Genetic and epigenetic analyses further
reveal that X-chromosome inactivation escape genes may

confer protective effects in females, while Y-chromosome-
linked pathways contribute to increased disease
susceptibility in males. The involvement of Rho-associated
protein kinase (ROCK) signaling and other transcriptional
regulators in  sexually dimorphic VIC activation
underscores the importance of targeting these pathways
for potential therapeutic interventions. From a clinical
perspective, this advocates for the integration of sex-
based precision medicine info AVS management. Current
diagnostic and therapeutic strategies remain largely
male-centric, failing to consider the distinct molecular
mechanisms underlying AVS in each sex. Recognizing
these disparities could lead to significant advancements
in early detection, risk stratification, and personalized
therapeutic approaches. Future research should focus on
developing sex-specific pharmacological treatments,
bioengineered valve replacements tailored to sex-based
cellular responses, and gene-based interventions that
modulate sex-linked pathways involved in AVS
progression. The broader implications of this paper
extend beyond AVS, emphasizing the need for a
paradigm shift in cardiovascular research and clinical
practice. Incorporating sex as a fundamental biological
variable will not only enhance our understanding of
congenital and acquired heart diseases but also
contribute to the development of more effective,
equitable, and personalized treatments. This paper
serves as a call to action for the scientific and medical
communities to prioritize sex-based research in
cardiovascular diseases, fostering a future where
precision medicine addresses the unique biological
differences between men and women.
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