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Abstract

Atherosclerosis (AS) is a chronic inflammatory disease initiated by abnormal subendothelial lipid deposition in
blood arteries. Although endothelial dysfunction, lipid homeostasis imbalance, and clonal proliferation of vascular
smooth muscle cells are central to classical theories, recent studies have shown that immune cells such as
neutrophils, T lymphocytes, and macrophages dynamically infiltrate the plaque microenvironment. This evidence
suggests that the immune regulatory network plays a significant role in the pathological process of AS. It should be
noted that female patients exhibit distinct clinical phenotypes and pathological characteristics during AS. This sex
difference is closely related to changes in sex hormone levels, such as estrogen, as well as to differences in
inflammatory responses and metabolic regulation. Studies aiming to control the progression of AS by targeting
immune mechanisms unique to women remain in the exploratory stage, and their potential mechanisms of action
and regulation have not yet been well clarified. This study will systematically elucidate immune activity and provide
a theoretical basis for effective intervention strategies for cardiovascular disease in women, focusing on
immunological remodeling and the relationship between sex and immunity in AS.
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INTRODUCTION

Atherosclerotic cardiovascular disease (ASCVD), the leading cause of death and disability worldwide,
remains critically important to prevent and control. According to World Health Organization data,
cardiovascular diseases claimed approximately 18 million lives globally in 2019, accounting for 32% of all
deaths. Epidemiological evidence indicates that the incidence of ASCVD continues to rise, although modern
clinical interventions have significantly reduced the adverse effects of traditional risk factors such as
smoking, diabetes, hyperlipidemia, and hypertension?.

Men have greater incidence and mortality rates of ASCVD than women in the general population. While
women often have a marked increase in ASCVD incidence 7-10 years after menopause, males typically
develop the syndrome earlier (40-60 years)”. This phenomenon is intimately linked to estrogen-mediated
immune-metabolic homeostasis. After menopause, estrogen’s protective effect on the heart diminishes
dramatically as levels “fall off a cliff”, increasing women’s cardiovascular risk. Nevertheless, this
cardiovascular protective effect of estrogen has not led to the widespread use of hormone replacement
therapy (HRT) in cardiovascular diseases. Furthermore, a large body of data suggests that estrogen has
bidirectional regulatory effects as opposed to a unidirectional anti-atherosclerotic effect, and that its
immune system modulation varies in dose, duration, and gender. The activation of the immune system and
the dynamic infiltration of immune cells are directly related to the development of atherosclerosis (AS). By
controlling the actions of immune cells, sex hormones can further influence the gender disparities in
atherosclerosis.

This review methodically clarifies the pathophysiological features of atherosclerosis from the viewpoints of
immune regulatory systems and gender differences, addressing the shortcomings of existing studies. It
explores the molecular and cellular signaling pathways that underlie the relationship between sex hormones
and the immune system, exposing their possible roles in immune cell activation and polarization as well as
vascular inflammation. Establishing a theoretical framework for precision prevention and treatment
approaches aimed at cardiovascular illnesses unique to women is the goal.

THE ROLE OF THE IMMUNE SYSTEM IN ATHEROSCLEROSIS

Rudolf Virchow identified the presence of immune cells in plaques and provided the first immunological
explanation of atherosclerosis in the middle of the 19th century. After Jonasson et al. separated T cells from
human plaques using immunofluorescence, “atherosclerosis immunology” became a recognized field of
research. This revealed the presence of adaptive immune responses in atherosclerosis for the first time'*.

This idea shows that atherosclerosis involves both the innate and adaptive immune systems and is an active
inflammatory process that is brought on by endothelial injury rather than a passive lipid buildup.

In short, circulating lipoproteins such as low-density lipoprotein (LDL) can get into and stay in the area just
below the damaged endothelium caused by atherosclerosis. These lipoproteins, including their oxidized
versions such as oxidized LDL (oxLDL), encourage vascular smooth muscle cells and endothelial cells to
make substances such as monocyte chemoattractant protein 1 (MCP-1), vascular cell adhesion molecule 1
(VCAM1) and intercellular adhesion molecule 1 (ICAM1), which draw monocytes and other inflammatory
cells to the artery wall [Figure 1].

Innate immunity

Early atherogenesis triggers the activation of innate immunity, the body’s earliest defense against infections.
In reaction to chemokines, the number of circulating monocytes rises under the influence of
hypercholesterolemia, and they are drawn to the arterial wall. Atherosclerosis is primarily caused by
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Figure 1. The role of the immune system in atherosclerosis in women. We demonstrate the sex-specific immune mechanisms of
atherosclerosis in women, highlighting the association of immune regulation with estrogen action. The boxed content compares plaque
differences between men and women, showing the sex-specific features of inflammatory cell (e.g., macrophage, T-cell, and B-cell)
infiltration in women's plaques. IL-1B: Interleukin-1p; IL-6: interleukin-6; TNF-a: tumor necrosis factor-o; LDL: low-density lipoprotein;
NETSs: neutrophil extracellular trapping networks; oxLDL: oxidized LDL; Treg: regulatory T cells; VSMCs: vascular smooth muscle cells.
The figure was created with https://app.biorender.com/illustrations/684df97250730a2a26c9c59c¢.

classical monocytes, which constitute the majority of monocytes recruited to atherosclerotic plaques. These
monocytes cause more inflammation than non-classical monocytes and are regulated by the chemokine
receptor C-C chemokine receptor 2 (CCR2) and its main partner C-C chemokine ligand 2 (CCL2)".

Macrophage

As essential immune cells in atherosclerosis, macrophages are crucial for the development, maintenance,
and reduction of inflammation in Atherosclerosis plaques. Three types of macrophages can be found at
atherosclerotic plaques: (1) circulating monocytes, (2) vascular smooth muscle cells that have undergone
transdifferentiation, and (3) artery-resident macrophages. The principal contributors to atherosclerosis are
inflammatory macrophages, which mostly come from circulating monocytes”. Early plaque lesions are
characterized by lipid-rich foam cells that are progressively formed by the differentiation of monocytes into
macrophages, which phagocytose and eliminate lipoproteins. Too many foam cells eventually lead to cell
death, which causes inflammation and forms a dead tissue area, speeding up the process of atherosclerosis.


https://app.biorender.com/illustrations/684df97250730a2a26c9c59c
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Macrophages can have both pro- and anti-inflammatory effects, demonstrating their significant functional
variability. Based on in vitro experiments, early studies merely divided macrophages into two subtypes: type
M1 macrophages, which are induced by lipopolysaccharide (LPS) and interferon gamma (IFN-y), secrete
pro-inflammatory factors such as interleukin-1p (IL-1B), interleukin (IL)-6 and tumor necrosis factor
(TNF)-a, which have strong pro-inflammatory and bactericidal effects; and type M2 macrophages, which
are induced by IL-4, IL-10 and IL-13, secrete anti-inflammatory factors such as IL-10 and TGF-p, which
support tissue remodeling and repair. The actual macrophage kinds found in the human body are not
reflected in this classification, which is nonetheless considered traditional. There may be a more varied
distribution of macrophage subpopulations within atherosclerotic plaques due to the complexity of the
plaque microenvironment and the high degree of macrophage flexibility. Through the use of cutting-edge
technologies such as single-cell RNA sequencing (scRNA-seq), several macrophage subpopulations have
been identified in atherosclerotic plaque lesions. These subpopulations exhibit notable variations in their
gene expression levels and functions™®. Typically, pro-inflammatory macrophages have distinct gene
expression profiles, such as increased transcript levels of pro-inflammatory cytokines (IL-6, TNF-a and
IL-1B), costimulatory molecules (CD80/CD86), major histocompatibility complex (MHC) class II
molecules, Fcy receptor I (CD64), and inducible nitric oxide synthase (NOS2)"".

Neutrophil

The most prevalent leukocytes in the bloodstream, neutrophils were once assumed to be merely defensive
leukocytes. But now, several “subpopulations” of neutrophils are thought to exist, each with a unique role in
the bloodstream and other tissues"""?. According to epidemiologic studies, the risk of ASCVD is strongly
predicted by an elevated neutrophil lymphocyte ratio (NLR)"™. The peripheral neutrophilia caused by
hypercholesterolemia is regulated by increasing bone marrow mobilization, lowering clearance, and
encouraging granulopoiesis’. It also plays a significant role in the development of early atherosclerotic
lesions. Damage-associated molecular patterns (DAMPs) cause N2-type neutrophils (LyeG' CD206") to
reprogram into pro-inflammatory N1-type neutrophils (LyeG" CD206") during myocardial infarction
through Toll-like receptor 4 (TLR4)"". Neutrophils not only cause atherosclerosis by infiltrating the arterial
wall and releasing inflammatory mediators, but additional research has indicated that they also worsen
thrombosis and inflammation in atherosclerosis by forming neutrophil extracellular trapping networks
(NETs) and microvesicles**,

Dendritic cell

Dendritic cells (DCs), important antigen-presenting cells (APCs), link innate and adaptive immunity.
Mature DCs travel to the lymph nodes from their bone marrow origins, where they show improved
responses to particular chemokines and a greater capacity to stimulate T cell proliferation™’. Tissue-resident
DCs are immature at homeostasis, and triggers such as cytokines or DAMPs can activate immature DCs to
mature cells®. AS progresses as activated DCs present antigens to T cells to start an adaptive immune

response'””.,

Complement system

An essential part of innate immunity, the complement system acts as a vital link between innate and
adaptive immunity. Comprising a number of plasma proteins, it is triggered via the lectin, alternative, and
classical pathways. This ultimately results in the release of inflammatory mediators, the cleavage of
complement components, and the creation of the membrane assault complex. Furthermore, as a fourth
channel for complement activation, the coagulation system may contribute to the development of
atherosclerosis. Atherosclerosis is influenced by a number of complement components, each of which plays
a dual role in either promoting or inhibiting the process. The proteolytic cleavage of the core complement
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component C3, which acts as the site of convergence for additional effector actions across pathways, is
essential to all three complement activation pathways. Complement components at different activation
levels, such as C1q, Csa, and C5b-9 complement complexes, were later discovered after early research
showed markedly higher C3 protein concentrations in atherosclerotic plaque tissue relative to normal artery
intima®’,

Complement C1q, as an initiator of the classical activation pathway, plays a dual role in AS®". By binding
pattern recognition molecules such as modified lipoproteins, cholesterol crystals, or C-reactive protein, as
well as by identifying autoantibodies against oxLDL, C1q triggers the classical complement cascade. It
produces active products such as C3a, Csa, and the C5b-9 complement complex after the complement
system is activated by the classical pathway. These products may accelerate the development of
atherosclerosis. The Nod-like receptor protein 3 (NLRP3) inflammasome is activated by the Csb-9
complement complex, and it then acts on macrophages and endothelial cells to worsen vascular
inflammation'. However, low-density lipoprotein receptor knockout (LDLR”) mice with C1q gene
abnormalities show more apoptotic cells and larger aortic root lesions than LDLR” mice®. C1q exerts anti-
atherosclerotic effects by inhibiting the secretion of pro-inflammatory cytokines IL-6 and IL-18"".
Additionally, C1q inhibits the development of atherosclerosis by reducing the production of foam cells and
increasing cholesterol efflux from macrophages”. Strong anaphylatoxins C3a and C5a cause mast cell
degranulation, which releases cytokines and histamine, increases vascular permeability, and chemotaxes T
cells and macrophages into the plaque™.

In conclusion, by attracting immune cells, triggering inflammatory reactions, improving antigen
presentation, and regulating immune cell responses, the complement system contributes to the onset and
advancement of atherosclerosis. Although some components, such as C1q, have bidirectional regulatory
effects, research suggests that the complement system mostly supports AS. Thus, pinpointing the precise
processes via which the complement system causes atherosclerosis can help determine potential treatment
options for AS.

Adaptive immunization

Autoimmunity, exemplified by the loss of immune tolerance to self-antigens (e.g., the production of
autoantibodies against lipoproteins), is a hallmark of the chronic inflammatory process of atherosclerosis"”.

This phenomenon is closely associated with the activation of adaptive immune cells, specifically T and B

cells.

T cell

T cells, which are primarily classified as cytotoxic T cells (CD8" T cells) and helper T cells (CD4" T cells), are
a crucial part of the adaptive immune system. CD4" T cells play a central role in mediating the
atherosclerotic inflammatory response by assisting in the maturation of B cells and the production of
antibodies, while at the same time rendering CDs" T cells cytotoxic. APCs contain MHC class IT molecules,
which CD4" T lymphocytes recognize to become activated. It is important to further differentiate into
distinct subpopulations, such as pro-inflammatory Th1/Th17 and anti-inflammatory Th2/regulatory T cells
(Treg). CD4' T cells can develop into Treg and a range of functionally diverse helper T cells [Th1, Th2, Tho,
Th17, Th22, follicular helper T cells (Tth), and CD28™" T cells]®". It is believed that a major contributing
factor to the development of atherosclerosis is the imbalance between different CD4" T cell subsets™.

Th1 and Thz2 cells constituted the majority of the CD4" T cell population invaded by atherosclerotic plaques,
with the TH1 cell subset predominating”. Th1 cells express the T-box transcription factor TBX21 (T-bet)
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and chemokine receptors (CXCR3 and CCR5). Thi cells secrete the pro-inflammatory cytokine IFN-y,
which promotes the development of atherosclerosis. IFN-y deficiency significantly attenuates the extent of
atherosclerotic lesions in mice, independently of serum lipoprotein profile®*. Th17 cells release IL-17,
causing more inflammation””, but it also helps produce collagen in blood vessel muscle cells and makes
plaques more stable™. Th2, which is related to IL-4, is generally considered to be atheroprotective, although
its protective role is controversial due to its role in mediating anaphylactic responses.

Treg cells are an important subpopulation of anti-atherosclerotic cells that exert their protective effects by
inhibiting T cell proliferation and secreting anti-inflammatory cytokines (TGF-p and IL-10)"". Treg cells
inhibit overreactive immune responses in atherosclerosis, limiting persistent inflammation and
autoimmunity. Increasing the quantity or functionality of Treg cells can partially prevent and treat
atherosclerosis®”. As a new immunomodulatory approach to cardiovascular disease, tolerant vaccination
works to prevent atherosclerosis by reestablishing the balance of immunological tolerance and selectively
stimulating the growth of Treg cells that target antigens linked to atherosclerosis. However, a related
concern is that Treg cells might shift from initially promoting a protective immune response to instead
supporting a harmful one. This is because forkhead box P3 (Foxp3)-expressing Treg cells are functionally
flexible, and when they do not produce Foxp3 regularly, they become unstable, progressively losing their

[39]

capacity to suppress the immune system and becoming ex-Treg cells

There are several lines of evidence supporting the pro-atherosclerotic effects of Tth, which mainly
encourage the establishment of germinal centers and the switching of B cell antibody classes“>*. More
thorough mechanistic research is required to examine the pro-atherosclerotic or protective roles of T cell
subsets, including Tho, Th22 and y3T, as their precise role in atherosclerosis remains debated.

B cell

Another significant adaptive immune cell type, the B lymphocyte, plays dual roles in atherosclerosis. By
modifying T cell responses and producing cytokines and antibodies, B cells influence atherogenesis*”. The
two primary B-cell lineages are B1 cells, which can be further classified into Bia and B1b subpopulations,
and B2 cells, which can differentiate into follicular (FO) and marginal zone (MZ) cells'*”. These subsets play
distinct roles in B cell-mediated atherosclerosis.

Early research established the existence of specific immunoglobulins that target various oxLDL epitopes in
atherosclerotic plaques. These epitopes, known as oxidation-specific epitopes (OSEs), are created when LDL
undergoes oxidative alteration. The atherosclerotic process produces both natural and adaptive antibodies
that primarily target these epitopes*. While B2 cells contribute to atherosclerosis by producing
Immunoglobulin G (IgG), secreting the pro-inflammatory cytokine TNF-q, and activating CD4" T cells to
promote atherosclerosis'*’, B1 cells create Immunoglobulin M (IgM) that is directed against the OSEs on
LDL, protecting against AS"*. Other autoantibodies that contribute to the development of atherosclerosis
include anti-cyclic citrullinated peptide antibodies, anti-apolipoprotein A-I antibodies, and anti-heat shock
protein 60 (HSP60) antibodies.

So, treatments that remove B cells, including anti-CD20 antibodies and anti-B cell-activating factor (BAFF)
antibodies, which focus on different types of B cells, could help with atherosclerosis in humans. Anti-
immunoglobulin E (anti-IgE) therapy may be a potential anti-ASCVD strategy, as elevated IgE may trigger
pro-atherosclerotic processes. Developing more accurate B cell-targeted intervention techniques will be
made easier with a more profound understanding of the various B cell subsets, antibody types, and their
effector mechanisms in women with atherosclerosis.
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IMMUNOLOGIC SPECIFICITY OF ATHEROSCLEROSIS IN WOMEN

Characteristics of atherosclerosis in women

Trend of incidence

Women typically develop ASCVD at a late age, frequently following menopause, which is evidently linked
to a considerable drop in estrogen levels. During menopause, a woman’s ovarian function steadily
diminishes until it stops entirely. This drop, coupled with decreased estrogen levels, affects the body’s
immune system and metabolism"”*’. Compared to premenopausal women, postmenopausal women have a
roughly fourfold higher prevalence of coronary heart disease™ and a significantly higher risk of metabolic
illnesses, including obesity and diabetes™". In aged LDLR” mice (22 months old), females exhibited a higher
M1/M2 macrophage ratio and a more pronounced pro-inflammatory macrophage phenotype, characterized
by elevated expression of NLRP3, C-X-C motif chemokine ligand 2 (CXCLz2), and matrix metalloproteinase
9 (MMPo) within atherosclerotic plaques, compared to aged males™.

Nonetheless, research indicates that the risk of ASCVD in women of reproductive age is often
underrecognized. This is partly because previous studies have primarily focused on men and
postmenopausal women, who have a higher incidence of ASCVD, and partly because women of
reproductive age may present with atypical angina symptoms, leading to delayed diagnosis. According to a
study that looked at the cardiac autopsy of 87 women between the ages of 15 and 50, women’s markedly
elevated risk of ASCVD can start as early as age 30. The left anterior descending artery is most commonly
impacted, though it usually affects many coronary arteries®”. This implies that although estrogen has heart-
healthy preventive effects on women of reproductive age, younger women’s cardiovascular health is still
influenced by other factors.

Risk factors

While smoking, high blood pressure, dyslipidemia, diabetes, physical inactivity, and obesity are among the
many classic cardiovascular risk factors that men and women have in common, their effects differ by sex.
Although men smoke significantly more than women worldwide, smoking poses a greater risk to women’s
cardiovascular health. The mortality rate from coronary heart disease is 25% higher in female smokers than

54,55]

in male smokers®**,

Although men are more likely than women to have hypertension, women’s blood pressure rises more
quickly after age 30. The prevalence of hypertension increases after menopause and may overtake that of
males in later life™!. This is related to estrogen’s regulation of vasodilation mediated by the
renin-angiotensin system"”.

Women’s blood lipid levels, particularly LDL cholesterol, are noticeably higher during or after menopause,
which raises their risk of atherosclerosis®**. Compared to men of the same age, premenopausal women had
higher levels of high-density lipoprotein cholesterol (HDL-C). Low-density lipoprotein cholesterol (LDL-C)
is higher in postmenopausal women than in premenopausal women and men of the same age. Estrogen
improves the plasma lipid profile and lipid peroxidation, which help maintain lipid homeostasis and shield
the vasculature. According to additional research, estrogen improves the plasma lipid profile and reduces
lipid peroxidation, helping maintain lipid homeostasis and protect the vasculature'*'..

Men are more likely to store fat in visceral locations [visceral adipose tissue (VAT)] than women, who are
more likely to store fat in subcutaneous areas such as the thighs and buttocks [subcutaneous adipose tissue
(SAT)]*“. This discrepancy is directly linked to how estradiol controls adipocyte function and skeletal
muscle lipid oxidation'”. When transgender people received large dosages of estrogen, their legs and
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feminized areas had more subcutaneous adipose tissue'*”. There is a tight relationship between visceral fat
accumulation, insulin resistance, and atherosclerosis. Because women’s estrogen levels decrease after
menopause, visceral fat accumulation increases and the incidence of diabetes rises, which can hasten the
production of atherosclerotic plaques'*”. Additionally, studies show that women with type 2 diabetes have a
far higher adjusted hazard ratio (HR) for fatal coronary artery disease than males do!*.

Furthermore, risk factors unique to women should be considered, including polycystic ovary syndrome
(PCOS), gestational diabetes, autoimmune diseases, and hypertensive disorders of pregnancy (such as
preeclampsia). Younger women are more susceptible to ASCVD because of these risk factors, which mainly
affect women of reproductive age. These gender-specific factors can affect women’s cardiovascular health
earlier and increase the risk of ASCVD after the dramatic drop in estrogen levels during menopause, in
contrast to traditional risk factors that benefit from estrogen protection. For instance, women with
autoimmune illnesses are around 40% more likely than healthy people to experience a cardiovascular
incident'”. According to another study, women with systemic lupus erythematosus (SLE) between the ages
of 35 and 44 had a 50-fold increased risk of myocardial infarction compared to women without SLE of the
same age'™. Women with autoimmune illnesses are far more negatively affected by the postmenopausal
drop in estrogen, and research indicates that women with SLE are three to five times more likely than the
general population to experience cardiovascular problems following menopause'®.

Plaque characteristics

Plaque morphology differs significantly between men and women. Female patients show less macrophage
infiltration and smaller necrotic cores within plaques than male patients™. Intraplaque bleeding and
lipid-rich necrotic cores are common features of atherosclerotic plaques in male patients. On the other
hand, female patients are more likely to present with plaque erosion lesions because sex hormones protect
against atherosclerosis before menopause [Figure 1].

Studies on pathology have shown that plaque erosion - characterized by endothelial cell detachment,
enrichment of smooth muscle cells and proteoglycans, and reduced inflammatory cell infiltration - is the
primary pathological basis in young female patients with acute myocardial infarction, accounting for more
than 80% of cases in women under 50" In contrast to plaque rupture, eroded plaques are characterized by
an intact fibrous cap. Thrombosis in this context originates from endothelial denudation, which leads to the
exposure of underlying collagen. The mechanistic pathway involves Toll-like receptor 2 (TLR2)-mediated
release of neutrophil extracellular traps (NETs), and NET-induced endothelial apoptosis. These processes
collectively promote the formation of a predominantly platelet-rich (white) thrombus. In postmenopausal
women, the fibrous cap thins, the necrotic core of plaques gradually enlarges, and the likelihood of plaque
rupture increases due to variables such as age and decreased estrogen levels.

Composition of immune cells

The ability to resolve sex differences in immune cells at ultra-high resolution has been made possible by
recent high-throughput technologies, especially scRNA-seq. Huang et al. revealed that sex influences the
composition and function of immune cells in the peripheral blood of healthy adults: males exhibit a
significantly higher proportion of natural killer (NK) cells compared to females, while females demonstrate
a higher proportion of plasma cells. Concurrently, females display stronger adaptive immune response
characteristics, manifested by enhanced B-cell activation signaling pathways [activation of BAFF and A
Proliferation-Inducing Ligand (APRIL) signaling pathways]"”*..
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Sukhavasi et al. analyzed human carotid plaques and identified significant sex differences in smooth muscle
cell, endothelial cell, and macrophage subtypes. The study performed deep single-cell sequencing on carotid
plaque cells from 7,690 male and female patients. Although there were no discernible changes between the
main cell types in male and female atherosclerotic plaques, notable variances were found in their cellular
phenotypes. Significant sex bias was seen in three endothelial cell subpopulations, six smooth muscle cell
subpopulations, and six macrophage subpopulations. The role of smooth muscle contraction was regulated
by the primary contractile phenotype of male smooth muscle cells. Angiogenesis and T cell-mediated
cytotoxicity were linked to endothelial cell activity, whereas tissue remodeling was linked to macrophages.
In female patients, macrophages showed a lipid-related inflammatory phenotype with high
TREM2/TREM1" expression, endothelial cells often experienced endo-mesenchymal transition (EndMT),
and smooth muscle cells mostly showed an osteoblastic phenotype. These results provide some insight into
the gender disparities in cellular subtypes found in human atherosclerotic plaques. However, the study
cohort consisted predominantly of older women (mean age: 73 years, range: 66-84), suggesting that the

observed immune cell profile may primarily reflect the characteristics of postmenopausal women'*.

There is currently a dearth of research on identifying macrophage subpopulations in the atherosclerotic
process in women. On the one hand, the majority of studies only identify subpopulations based on gene
expression profiles, and there are no systematic protein marker analyses or functional validation. On the
other hand, there are not many studies on the heterogeneity of macrophage subpopulation distributions and
functions in the pathologic microenvironments unique to women. In order to clarify the molecular reasons
behind the gender differences, future research should concentrate on analyzing the subpopulation
composition and functional traits of macrophages in female atherosclerotic plaques.

In terms of adaptive immune cell composition, a study using single-cell sequencing technologies such as
scRNA-Seq and Cellular Indexing of Transcriptomes and Epitopes by Sequencing (CITE-Seq) found that
male and female patients with diabetes and coronary artery disease had significantly different gene
expression patterns in their CD4' T cells. CCR2" effector memory (Em), MMP9", and programmed
death-ligand 1 (PD-L1)" Em CD4" T cell subsets were more prevalent in male patients"”.

Gender dimorphism is also seen in the cytokine profile of peripheral blood. The levels of these
pro-atherosclerotic cytokines varied significantly by gender in healthy individuals, with males having
greater levels of IL-1B, IL-6 and TNF-a than females. This difference is independently associated with
gender and partially explained by hormone levels”. This implies that men might be more inflammatory at
baseline.

Immunoregulatory effects of sex hormones

Males and females have distinct innate and adaptive immune systems; some differences persist throughout
life, while others emerge after puberty and before reproductive decline, highlighting the critical role of sex
hormones. These immunological sex differences, manifested as variations in vascular inflammation and
immune activation, not only influence the prevalence of autoimmune diseases and cancers but also strongly
regulate the development of atherosclerosis. Estrogens, androgens, and progestogens can bind to
extracellular and intracellular receptors through ligand-dependent, ligand-independent, genomic, or
non-genomic mechanisms. Intracellular signaling pathways, via binding to androgen response elements
(AREs) or estrogen response elements (EREs), control the activation or inhibition of gene transcription
factors.
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Estrogen

Estrone (E1), estradiol (E2), and estriol (E3) are the three main types of estrogens. Granulosa cells in the
ovaries create estradiol, the main form of estrogen in circulation in women of reproductive age. Estradiol
levels drop precipitously in postmenopausal women, and estrone takes over as the main type of estrogen.
Pregnancy causes a sharp increase in estriol levels, which indicate placental activity. E2 levels rise during
pregnancy, fall sharply after menopause, and fluctuate during the female menstrual cycle. The density,
distribution, and kind of estrogen receptors in immune cells all affect how estrogen affects immune function
in addition to its concentration. As of right now, there are three known estrogen receptors: the G
protein-coupled estrogen receptor (GPER), estrogen receptor alpha (ERa), and estrogen receptor beta
(ERB). GPER/G-protein-coupled receptor 30 (GPR30) is a membrane-bound estrogen receptor, whereas ER
o and ERB are nuclear estrogen receptors. The estrogen receptor (ER) mediates the effects of estrogen on
cardiovascular function, and decreased estrogen levels and aberrantly low estrogen receptor expression in

women are key pathogenic causes for atherosclerosis in postmenopausal women'"”.

Numerous lines of evidence indicate estrogen’s preventive function in preserving vascular and endothelial
homeostasis in atherosclerosis. Estradiol activates nitric oxide synthase in endothelial cells, which leads to
the release of nitric oxide and encourages vasodilation"”. After estrogen therapy, vascular smooth muscle
cells release substances that stop epithelial fibroblast movement, which helps in the formation of
neointima™. ERa expression and vascular endothelial autophagy are lower in postmenopausal women than
in premenopausal women. By increasing the expression of ERa and triggering autophagy, estrogen protects
against atherosclerosis by lowering NLRP3 inflammasome-IL1p-mediated inflammation and vascular
endothelial cell death™!. In premenopausal women, estradiol prevents vascular inflammation and
atherosclerosis, lessens oxidative stress, and lowers the generation of ROS™*!. Estradiol-treated
ovariectomized rats exhibited improved vascular remodeling due to a significant decrease in the expression
of the adhesion molecules ICAM1, VCAM1, and P-selectin, as well as a decrease in the levels of the
pro-inflammatory cytokines IL-1p and IL-6 in the damaged carotid arteries'***".

Through various pathways, such as the control of lipid metabolism, inflammatory reactions, oxidative
stress, and cell survival, estrogen affects macrophage activity [Figure 2]. Macrophages play a major role in
the formation of foam cells, which is a crucial early event in atherosclerosis. The lectin-like oxidized
low-density lipoprotein receptor 1 (LOX-1), scavenger receptor A (SR-A), and CD36 are the mechanisms by
which macrophages identify, bind, and internalize lipoproteins. Both adenosine triphosphate (ATP)-
binding cassette transporters A1 (ABCA1) and G1 (ABCG1) mediate cholesterol efflux from macrophages.
Excessive foam cell buildup worsens plaque lipid loading and increases the release of vascular inflammatory
agents. Studies reveal that human monocyte-derived macrophages’ accumulation of cholesterol ester is
considerably inhibited by normal levels of progesterone and estrogen (17B-estradiol, 2 nmol/L)"*. Only
macrophages derived from female sources exhibit this effect, indicating significant sex specificity.
Meanwhile, research has shown that estradiol increases the outflow of cholesterol from macrophages by
binding to ERa and directly controlling the mRNA and protein production of ABCA1"".

One important area of study is how estrogen affects macrophage polarization. Studies have shown that
estradiol can reduce the pro-inflammatory phenotype of M1 macrophages, inhibit the production of
reactive oxygen species (ROS) in the mitochondria, and encourage their transformation into
anti-inflammatory M2 macrophages, although there is currently no concrete evidence connecting estrogen
to macrophage polarization in atherosclerosis. Barcena et al. demonstrated a link between this process and
estrogen-mediated macrophage metabolic reprogramming. E2 therapy decreases mitochondrial protein
acetylation by upregulating the mitochondrial deacetylase Sirt3 in macrophages. In pro-inflammatory M1
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Figure 2. The regulatory mechanism of estrogen on macrophages in atherosclerosis. We have elucidated the mechanisms by which
estrogen regulates macrophage function in atherosclerosis. Estrogen influences macrophage function through its effects on lipid
metabolism, inflammatory responses, and cellular polarization. The specific mechanism of action is as follows: Estrogen promotes
cholesterol efflux from macrophages, thereby reducing foam cell formation and delaying the progression of atherosclerosis; estrogen
inhibits NF-xB activation, reducing production of pro-inflammatory cytokines TNF-a, IL-1, and IL-6; and estrogen induces metabolic
reprogramming in macrophages (enhancing mitochondrial respiration while decreasing reactive oxygen species production), thereby
promoting their conversion to anti-inflammatory M2 macrophages. IL-1B: Interleukin-1p; IL-6: interleukin-6; TNF-a: tumor necrosis
factor-a; oxLDL: oxidized low-density lipoprotein; ABCAT: ATP-binding cassette transporter Al; ABCG1: ATP-binding cassette
transporter G1; SR-A: scavenger receptor A; LOX-1: lectin-like oxidized low-density lipoprotein receptor 1; ROS: reactive oxygen species;
OXPHOS: oxidative phosphorylation; Sirt3: sirtuin 3; NF-kB: nuclear factor kappa B. The figure was created with https://app.biorender.
com/illustrations/68b8e4b10db6ea9d6bb9adb4.

macrophages, this intervention specifically reduces the acetylation of superoxide dismutase 2, which inhibits
the formation of ROS in the mitochondria while concurrently raising basal mitochondrial respiration'*.
Research has also demonstrated that estrogen can increase the polarization of macrophages toward the M2
anti-inflammatory phenotype that is caused by IL-4 through ERa"™. Estrogen activity is tightly linked to the
phenotypic makeup of macrophages in both premenopausal and postmenopausal women. Macrophage ERa
is downregulated by LPS/IFN-y stimulation, whereas it is upregulated by IL-4/IL-13 stimulation.
Postmenopausal women’s macrophages have a markedly higher M1/M2 ratio because they are less sensitive
to M2 stimuli (IL-4/IL-13). Treatment with estrogen stops the downregulation of the M2 markers
CD206/CD163 caused by LPS/IFN-y*.

Estrogen specifically influences the immunological activity of macrophages by inhibiting the production of
pro-inflammatory cytokines. By preventing nuclear factor kappa B (NF-«B) activation in macrophages,


https://app.biorender.com/illustrations/68b8e4b10db6ea9d6bb9adb4
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estradiol can reduce the amount of TNF-a generated by LPS". Estrogen can prevent the production of
pro-inflammatory cytokines, including TNF-o, IL-1B, and IL-6, by blocking the NF-«B signaling pathway"".

Polari et al. showed that selective estrogen receptor modulators (SERMs) can imitate estrogenic activity to
boost the generation of anti-inflammatory cytokines such as IL-10, suppress NF-«B activity, and promote
the shift and differentiation of CD14" cells toward M2 macrophages, all of which have anti-inflammatory
qualities””. Combining estrogen and progesterone therapy reduces vascular inflammation in apolipoprotein
E (ApoE)” mice without ovaries by blocking NF-«B expression via an ERB-dependent mechanism™. In
postmenopausal women, decreased ERa expression makes plaque instability and macrophage infiltration
worse. Research indicates that postmenopausal women’s blood arteries have higher levels of macrophage
activation, as seen by decreased expression of ERa and TIMP1 and increased expression of MCP-1, MMP9,
TLR4, myeloid differentiation primary response 88 (MYDs88), and NF-«xB p65. At this point, ERa activation
can successfully reduce the instability of atherosclerotic plaque by blocking TLR4 signaling and
inflammatory reactions linked to macrophages"*”. Atherosclerosis is directly linked to the release of matrix
metalloproteinase 12 (MMP12) by macrophages. To counteract this impact, estrogen can suppress the
release of macrophage MMP12 in oxLDL-induced aortic lesions in LDLR” mice®”.

As the body’s primary system for generating free radicals, neutrophils are essential for the development of
atherosclerotic plaques and other free radical-mediated disorders. By controlling neutrophil activation and
superoxide generation, estrogen indirectly reduces inflammation and promotes antioxidants. Marczell et al.
showed that 17-p-estradiol inhibits the formation of neutrophil superoxide, a crucial regulator of the
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase complex, by targeting the Rac1 protein™.

The anti-inflammatory mechanism of estradiol has been further clarified by recent research: E2
dephosphorylates the extracellular signal-regulated kinase (ERK) pathway and upregulates the protein levels
of mitogen-activated protein kinase phosphatase 2 (MKP-2) to prevent N-formyl-Met-Leu-Phe (fMLP)-
induced migration and superoxide production in human neutrophils and HL-60 differentiated neutrophil-
like cells (dHL-60)""".

Previous research suggests that estrogen may control the creation of NETs, influencing the process in both
directions and, depending on the particular microenvironment, either promoting or inhibiting it. According
to studies, E2 administration causes NETosis (Neutrophil Extracellular Traps formation) through
GPER-mediated NADPH oxidases (NOX)-independent pathways (caused by an intracellular calcium rise)
as opposed to NOX-dependent pathways [caused by phorbol-12-myristate-13-acetate (PMA)]“". Soy
isoflavones, soy metabolites with estrogen-like activity, have been shown in vitro to lessen the production of
NETs in human neutrophils caused by lipopolysaccharide!.

T cells also express ERs in large quantities, and several studies show that estrogen largely controls T cell
differentiation and proliferation to affect the development of atherosclerosis. In mouse models of
ovariectomized (OVX) mice, CD4" T cells proliferate when estrogen is deficient, whereas CD4" T cells
undergo apoptosis when exposed to estrogen"®.. Estrogen can affect T cells through GPER. CD4" T cells
express more IL-10 when GPER is activated"”. Additionally, research has demonstrated that GPER
activation can increase Treg cells by inducing the expression of the transcription factor FOXP3 following
CD4" T cell polarization into TH17 cells in vitro"”. According to research, estrogen has a dose-dependent
influence on CD4" T cell polarization. While high amounts of estrogen (during pregnancy or
pharmacological settings) inhibit Thi-driven cellular immune responses, low levels of estrogen (at
physiological levels) enhance IFN-y production"”"*. The main mechanism by which E2 exposure promotes
Thi-to-Th2 differentiation is ERa activation [Figure 3].
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Figure 3. Estrogen regulates T cell phenotype conversion. Treg: Regulatory T cells; APCs: antigen-presenting cells; IFN-y: interferon
gamma; IL-17: interleukin-17; IL-10: interleukin-10; GPER: G protein-coupled estrogen receptor; GATA-3: GATA binding protein 3. The
figure was created with https://app.biorender.com/illustrations/68b8e0321be53d1e5f76bfb2.

Female mice were found to have more autoimmune tendencies (higher amounts of germinal center B cells
and autoantibodies) than male mice and to rely more on B1 cells secreting native IgM for
anti-atherosclerotic effects in mouse models. Additionally, there are notable sex-based variations in the

105]

outcomes of using B cell targeting to control atherosclerosis'

Estrogen has complicated effects on vascular inflammatory responses that vary depending on age, cell type,
and hormone levels. Estradiol, for instance, reduces the inflammatory response to C-reactive protein in
young (10 weeks) mice’s vascular smooth muscle cells and bone marrow-derived macrophages, but this
effect is not present in aged (52 weeks) mice"*. This implies that the preventive benefits of estrogen on the
cardiovascular system may be diminished with age. How long may the beneficial effects of estrogen last as


https://app.biorender.com/illustrations/68b8e0321be53d1e5f76bfb2
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people age? Is estrogen replacement treatment a feasible option for postmenopausal women, considering
the sharp increase in their risk of ASCVD? These fundamental questions are still open.

The benefits of estrogen on cardiovascular disease were noted in several studies starting in the 1980s. These
findings led to the usage of estrogen therapy, which peaked in the late 1990s"””. Estrogen treatment did not
improve the primary or secondary prevention of cardiovascular events linked to coronary heart disease,
according to two later randomized trials. In fact, it increased the risk of cardiovascular events* .
Subsequent research investigated the subject further and found that women who began estrogen therapy
less than ten years after menopause experienced fewer cardiac events and lower mortality than those who
began more than ten years later. This discovery led to the “time hypothesis”, which postulates that estrogen
slows the progression of cardiovascular disease but does not reverse pre-existing vascular damage. Although
beginning estrogen medication during menopause decreases the development of ASCVD in women with
healthy arteries, the effects of estrogen wane as vascular impairment arises after a certain age. The lower
effectiveness of estrogen therapy may also be caused by biological variations between endogenous estradiol
and synthetic hormones.

Additionally, recent research has put forth a novel theory: postmenopausal women may not gain as much
from HRT due to age-related iron buildup"'". This study discovered that postmenopausal women’s iron
overload in plaques causes ERa proteolysis, which is exacerbated by the presence of estrogen and reverses
the anti-atherosclerotic benefits of estrogen. This mechanism is intimately linked to the ubiquitination and
degradation of ERa mediated by murine double minute-2 (Mdm2) under the impact of E2 and iron. The
administration of iron chelators reduced the progression of atherosclerotic lesions caused by E2 and
restored ERa expression levels. For postmenopausal women, combining HRT with iron restriction therapy
may be a long-term way to stop the growth of atherosclerosis. Changes in iron metabolism status, separate
from estrogen changes, are another significant factor determining AS risk in postmenopausal women,
according to additional research findings"'?. In premenopausal women, menstruation is the main cause of
iron loss, which may have an impact on cardiovascular metabolic risk factors. If confirmed, this fresh
viewpoint has the potential to change how we think about gender disparities and offer fresh targets for
cardiovascular and metabolic health interventions.

Women with late menopause (2 55 years) have a 10%-20% lower risk of cardiovascular diseases (CVD) than
those with normal menopause (45-54 years), which is attributed to less oxidative stress from mitochondrial
ROS (mitoROS)"". The NLRP3 inflammasome can be further activated by ROS. Large volumes of IL-18
and IL-18 are released by the NLRP3 inflammasome once it is active, intensifying the vascular inflammatory
response. One of the main reasons postmenopausal women may find it difficult to benefit from HRT is the
buildup of oxidative stress and vascular inflammation that comes with aging.

Androgen

For men, testosterone is the most significant sex hormone since it may attach to androgen receptors in cells.
Androgens have a two-way effect on the regulation of inflammation and immunity in atherosclerosis.
Bidirectional regulatory effects of androgens can be attributed to the kind of target cell, the environment of
action, and hormone levels.

Research has shown that androgens have anti-inflammatory effects on the activities of the immune system.
Female mice that receive androgen treatment have T cells that produce more IL-10, indicating improved
Th2 responses"'*. Atherosclerosis becomes more reliant on NLRP3 inflammasomes after castration,
indicating that testosterone may have anti-atherosclerotic effects via reducing inflammation by blocking
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NLRP3 inflammasomes'"”. Testosterone inhibits the production of foam cells. In tiny pigs fed a high-fat,
high-cholesterol diet, testosterone shortage causes an increase in the area of atherosclerotic lesions, the

buildup of foam cells, and raised serum lipid levels"*'.

Androgens may, however, have pro-inflammatory effects, according to some research. A higher risk of
cardiovascular calcification has been linked to elevated testosterone levels"'”. Men have substantially higher
levels of pro-atherosclerotic cytokines (such as IL-1p, IL-6, and TNF-a) than women do, and these cytokines
are correlated with testosterone and the testosterone/estradiol ratio”. This implies that systemic
inflammation may be linked to higher testosterone levels, raising the risk of atherosclerosis. The
relationship between testosterone and inflammatory cytokines is still debatable, though. According to
certain research, testosterone supplementation can increase the synthesis of IL-10 while decreasing TNFa,
IL-1p, and IL-6""*.. The atherosclerosis context was not used to achieve these contentious results. It is
necessary to clarify the general effects of testosterone on immunomodulation as well as its particular
relevance in atherosclerosis.

The most frequent cause of hyperandrogenism in women of reproductive age is PCOS, and women with
PCOS are known to be at a higher risk of developing ASCVD!"".. According to research, hyperandrogenism
can increase the risk of insulin resistance and abnormal glucose and lipid metabolism in women, which can
indirectly contribute to the onset and progression of ASCVD. It can also disrupt vascular endothelial
function and promote atherosclerosis through the androgen receptor pathway.

Animal models

The estrogen-deficient state that follows female menopause is often simulated, and its consequences on
atherosclerosis are studied using animal models, especially ovariectomized female mice or rats. Female mice
and humans, however, differ significantly in that the former have shorter hormone/estrus cycles, lower
levels of total hormones in the blood, and do not experience natural menopause*”.

While human lesions primarily occur in the coronary and carotid arteries, small animals such as mice (e.g.,
ApoE” and LDLR” models) acquire aortic root plaques. There are still variations in coronary plaque
morphology even if the vascular anatomy of large animals (such as pigs and rabbits) more closely resembles
that of humans').

Humans and animal models have different metabolisms as well. It takes a very high cholesterol diet (serum
cholesterol > 1,000 mg/dL) in mice to cause plaques, which is significantly higher than the pathological
levels in humans. Additionally, there are notable differences in the phenotype and composition of immune
cells between mouse and human plaques. Complex immune cell interactions in human plaques result in
certain mechanistic discoveries that are not as well-validated in humans. Nevertheless, the most common
model for researching menopause is still ovariectomized mice.

Immunogenetic regulation of sex chromosomes

Available evidence indicates that genetic sex (XX or XY sex chromosomes) plays a significant role in sex
differences in immune cell function"*”. The X chromosome is typically larger and more complex than the Y
chromosome, and it contains a large number of genes associated with immune function. To maintain gene
expression levels comparable to males (XY), females (XX) undergo random inactivation of one X
chromosome through the mechanism of X chromosome inactivation (XCI) during early embryonic
development. This prevents the simultaneous expression of both X chromosomes, which would cause an
imbalance of genes within the cell. However, during XCI, approximately 15% of genes escape the silencing
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mechanism and maintain continuous expression. These genes are termed XCI escape genes, and many lack
functional counterparts on the Y chromosome. Research indicates that XCI escape genes are enriched with
numerous immune-related genes (such as TLR7, TLR8, CD40L, etc.). The biallelic expression of these genes
may contribute to heightened immune responses in females, offering a potential mechanism for

[123]

understanding the higher prevalence of autoimmune diseases among women

Current research has confirmed the presence of active immune responses within atherosclerotic plaques,
with notable gender differences in their development and progression. The X chromosome harbors
numerous immune-regulatory genes. Therefore, whether X-linked mechanisms (such as XCI escape or
skew) influence the gender disparities in atherosclerosis and the markedly elevated risk in postmenopausal
women by modulating immune responses represents a critical scientific question for elucidating the
gender-specific pathogenesis of atherosclerosis.

Among female immune cell subsets, the expression levels of XCI escape genes are typically significantly
higher than in males. A study conducting quantitative analysis of XCI bias in 154 female atherosclerotic
plaques and 55 blood samples found that XCI bias was prevalent in female carotid plaques (49.4%),
significantly correlated with intraplaque hemorrhage, and capable of predicting the risk of peripheral

[124]

arterial events within 3 years after carotid endarterectomy

Previously, X inactivation-specific transcript (Xist) RNA was thought to primarily mediate XCI for gene
dosage compensation. However, recent research evidence indicates that Xist participates in regulating
broader gene expression networks through complex epigenetic mechanisms. Its role in the cardiovascular
system is increasingly prominent. For instance, in atherosclerosis, Xist binds to various microRNAs
(miRNAs), releasing miRNA suppression on their target genes. This affects the function of endothelial cells,

[125]

smooth muscle cells, and macrophages, directly contributing to plaque formation and progression"**.

In summary, the dose advantage conferred by XCI escape in female X-linked immune genes is a double-
edged sword. On the one hand, it enhances immune responses against infections; on the other hand, it
increases susceptibility to autoimmune diseases and inflammation-driven ASCVD. This partially explains,
from a genetic standpoint, the significant increase in ASCVD risk observed in postmenopausal women.
Therefore, the marked rise in AS risk after menopause is not attributable to a single factor but rather results
from the combined effects of genetic background (X chromosome) and altered hormonal environment
(sharp decline in estrogen).

Other studies have simultaneously confirmed that Y-chromosomal genetic variations (such as the I1
haplotype) are associated with coronary artery disease risk, leading to altered UTY gene expression,
regulating immune responses, and promoting atherosclerosis*". Clinical studies confirm that sex
chromosome aneuploidies, such as Klinefelter syndrome (XXY), XYY syndrome, and Turner syndrome
(XO), are frequently associated with abnormal sex hormone levels and metabolic disorders. These
abnormalities further contribute to the development of a pro-atherogenic lipid profile, ultimately
significantly increasing susceptibility to coronary artery disease"””.

However, the specific molecular mechanisms by which sex chromosome-associated mechanisms influence
gender susceptibility to cardiovascular diseases such as atherosclerosis through differential regulation of
immune responses remain a weak link in current research and warrant further investigation.
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The establishment of the four-core genotype (FCG) mouse model has been instrumental in distinguishing
chromosomal effects, gonadal effects, and their interactions. The Sry gene on the Y chromosome regulates
testis development, while its absence leads to ovarian formation. Thus, XX chromosomes typically coexist
with ovaries, while XY chromosomes correlate with testes, making it challenging to distinguish the specific
roles between genetic sex and gonadal sex. The FCG model achieves this by translocating the testis-
determining gene Sry from the Y chromosome to an autosome. This successfully separates the effects of
gonadal hormones from those of sex chromosomes, yielding four genotype combinations: XX females with
ovaries, XX males with testes, XY females with ovaries, and XY males with testes"**. XX mice (regardless of
sex) exhibited higher body weight, blood lipid levels, and more severe atherosclerotic lesions. Concurrently,
the study revealed that the effect of gonadectomy on lesion area was chromosome-specific: ovariectomy
only exacerbated lesions in XX mice, while orchiectomy only alleviated lesions in XY mice"*.

The XY* mouse model is used to distinguish between X- or Y-chromosome dosage effects. If the target trait
is driven by the number of X chromosomes, mice carrying two X chromosomes (XX and XXY) will differ
from those with only one X chromosome (XY and XO). If the target trait is determined by the presence or
absence of the Y chromosome, mice lacking the Y chromosome (XX and XO) will contrast with those
retaining it (XY and XXY).

LIMITATIONS

Although this study summarizes current knowledge on the regulatory roles of sex hormones and sex
chromosomes in immune cells during female atherosclerosis, many questions remain unanswered. While
the crucial role of the complement system in atherosclerosis is acknowledged and efforts have been made to
understand its sex-specific activation, there is still a lack of direct experimental evidence. Future studies
should clarify how the complement system contributes to sex-related disparities in atherosclerosis.

Studies including human female patients remain rare, although single-cell sequencing offers high-resolution
data on immune cell heterogeneity within the plaque microenvironment. As a result, immune cell
characteristics in atherosclerotic plaques across various age groups of women are not fully characterized.

We discussed the immunomodulatory role of estrogen in atherosclerosis, but further research is needed on
how to optimize the timing, dosage, and administration of hormone therapy, as well as to explore how
immunotherapy can be applied in treating atherosclerosis in women.

CONCLUSION

Women have distinct epidemiological characteristics and a distinct etiology of atherosclerosis, the primary
pathological underpinning of cardiovascular disease. By comparing the notable changes in ASCVD risk in
pre- and postmenopausal women, several studies have validated the crucial function of estrogen in
cardiovascular protection (including enhancement of lipid metabolism and promotion of M2 macrophage
polarization).

In addition to the regulating effect of estrogen, women’s immune systems are distinct due to the danger of
vascular injury linked to a high incidence of autoimmune illnesses and gender differences in immune cell
activity (e.g., macrophages, T cells, and B cells). These characteristics collectively form a distinct
pathophysiological network of atherosclerosis in women, offering fresh opportunities and avenues for the
creation of gender-specific preventative and therapeutic approaches.
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The Canakinumab Anti-inflammatory Thrombosis Outcome Study (CANTOS) and the Colchicine
Cardiovascular Outcomes Trial (COLCOT) have both shown that immunomodulation can successfully
. This supports the effectiveness
of immunomodulation in the management of atherosclerosis and offers crucial information for

reduce major adverse cardiovascular events (MACEs) in recent years"*"'

investigating immunotherapy approaches tailored to women.

The gender-specific immunological processes of atherosclerosis in women have not been fully explored, and
early epidemiological studies and therapeutic trials have long been male-dominated, with a higher
proportion of male samples included. Future research on the immunological mechanism behind
atherosclerosis in women of all ages should be improved, and strategies for utilizing the unique immune
traits of women to optimize atherosclerosis prevention and treatment should be investigated.
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