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Obesity is a multifactorial, chronic inflammatory illness that affects individuals of all ages; it is linked to several cardiovascular
and metabolic syndromes. Excessive accumulation of fat that impairs metabolic processes is a key feature of obesity.
Globally, more than 1.9 billion adults are overweight or obese, and the number of people affected by obesity is increasing.
Obesity contributes to cardiovascular disease (CVD) and metabolic disease (MD) through processes such as inflammation,
hyperglycemia, and dyslipidemia, as well as metabolic syndrome and obstructive sleep apnea. Furthermore, alterations in
adipose tissue composition in obesity play a major role in the production of inflammatory cytokines that promote endothelial
dysfunction (ED). Endothelial dysfunction is the first step in the mechanisms underlying obesity-related complications, such as
atherosclerosis, which is a major complication of obesity. A growing body of evidence suggests that obesity-related ED makes
a significant contribution to the development of CVD and MD.

Several mechanisms explain the association between obesity and atherosclerosis. The aim of this review is to summarize
the effects of obesity-related inflammation on ED and its progression to atherosclerosis, focusing on cellular senescence,
vascular aging, epigenetic modifications, reactive oxygen species, vascular calcification, and gut microbiota. In addition, we
are also exploring new therapeutic strategies to reverse ED to prevent CVD and MD. Therefore, understanding the mechanisms
underlying obesity-induced ED and its effects on atherosclerosis is crucial for developing therapeutic interventions.
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Introduction nations have experienced a second wave. More than 25% of
adults in some middle-income countries, such as South Africa,
Libya, Egypt, Mexico, and Argentina, are reportedly afflicted

with obesity. Compared to the rate of obesity prevalence just

Obesity is a major public health issue worldwide. Excessive
body fat storage without energy conversion plays a major role

in obesity. Healthcare expenses, morbidity, and mortality are
all substantially affected by obesity. It has reached epidemic
proportions in many countries, affecting not only adults but
also children and adolescents (1).

Cardiovascular (CV) disease (CVD) is the leading cause of death
worldwide. Obesity is the most important risk factor for the
development of coronary artery disease (CAD) (2). Some high-
income nations have already experienced an initial obesity
pandemic wave, whereas some low- and middle-income

20 years ago, this is a significant increase (3).

Obesity increases the risks of atherosclerosis (AS), stroke,
type 2 diabetes mellitus (T2DM), and cardiovascular events
(Fig. 1) (4, 5). According to the Global Burden of Disease
survey reported in 2020, 4 million deaths, of which 2.7 million
were CV, were attributable to high body mass index (BMI)
(6). Obesity has attracted considerable attention as a global
public health concern.
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Figure 1. Comorbidities associated with obesity
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Although various factors such as oxidative stress, loss of
autophagic flux, macrophage NOD-like receptor protein 3
(NLRP3), inflammasome activation, adipokine imbalance,
altered gut microbiome, and vascular inflammation are
involved in obesity-induced AS, endothelial dysfunction (ED)
plays a major role in CVD progression. In addition to genetic
and environmental factors, obesity has been suggested to
play a major role in the development of ED and AS (9).

Physiologically, vasoconstricting and vasodilating factors
are secreted and released from ECs in a balanced manner
(Fig. 2). Obesity-mediated AS disrupts this balance, thereby
promoting the development of vascular ED and organ
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damage (10). Atherosclerosis commences in childhood when
cholesterol esters from macrophage foam cells are ingested,
and the deposition of these esters on the wall surfaces of
blood vessels leads to arterial wall thickening. Eventually, fatty
streaks are formed owing to further lipid accumulation, which
appears in young adults (11, 12).

Recently, much attention has been paid to the mechanisms
underlying obesity-mediated ED, which have substantial
implications for the prevention and treatment of CVD. The
current review focuses on elucidating the pathophysiological
mechanisms by which obesity-induced ED leads to AS and
identifying therapeutic targets for the treatment of obesity.

OBESE ENDOTHELIUM

Figure 2. Differences in function of endothelial cells in healthy patients and patients with obesity

An overview of the mechanisms and their importance

Signaling mechanisms that contribute to ED in obesity-
induced AS include autocrine, paracrine, and endocrine
signaling. Studies have shown that tumor necrosis factor alpha
(TNF-a) induces reactive oxygen species (ROS) production in
small visceral fat arteries from patients with obesity, reducing
nitric oxide (NO) availability (13).

Using in vivo and ex vivo myographic techniques, a reduction
in endothelial function in the vascular region has been
demonstrated, and the potential mechanisms include ROS-
mediated rather than endothelial nitric oxide synthase
(eNOS)-mediated dysfunction (13).

Classically, proinflammatory cytokines released by adipocytes
are believed to play a major role in ED. Major adipokines
generated by fat cells, such as resistin, leptin, and adiponectin,

play important roles in inflammation. Leptin, one of the
crucial proteins produced by adipocytes, enhances the
secretion of interleukin-6 (IL-6); furthermore, TNF-a directly
or indirectly increases the levels of ROS, resulting in ED (14).
Additionally, obesity damages the endothelial glycocalyx,
which regulates NO production by responding to blood vessel
forces. It was found that by thinning of the glycocalyx in mice
and humans because of obesity, flow-mediated vasodilation
was prevented in mesenteric arteries (15). Hindrance in
endothelial properties causes the vascular endothelium to
adopt a proinflammatory, prothrombotic, and proatherogenic
phenotype, resulting in the pro-oxidation of mitogens,
leukocyte adhesion, and platelet activation, as well as an
increase in the levels of vasoconstriction factors, decreased
synthesis of endothelium-derived hyperpolarizing factors
(EDHFs), and impaired endothelial NO production (16) (Fig. 3).
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Figure 3. Pathological molecular mechanisms of obesity-induced endothelial dysfunction contributing to other

diseases

Endothelial dysfunction causes CVD progression in obesity by
activating adhesion molecules, leukocyte proliferation, and
transmigration (17). Furthermore, dysfunctional adipocytes
secrete angiotensinogen from the renin—angiotensin system
(RAS), which causes its overexpression in RAS, enhanced ROS
production, and atherogenic and thromboembolic potential
of ECs (18). Adipose tissue is typically composed primarily of
adipocytes and pre-adipocytes, with only minimal leukocytes.
However, during obesity, the configuration and function of
adipose tissue are largely altered. Endothelial cells secrete
endocan (also known as endothelial cell-specific molecule-1),
a soluble proteoglycan. The expression of endocan can be
upregulated by inflammatory factors like TNF-a and IL-1(3,
which can then influence the expression of cell-adhesion
molecules like vascular cell adhesion molecule-1 (VCAM-
1) and intercellular adhesion molecule-1 (ICAM-1). These
molecules are crucial for promoting leukocyte migration and
the inflammatory response. Elevated plasma endocan levels
are considered a possible inflammatory marker associated
with CVD, which reflect endothelial activation and dysfunction
(19).

Furthermore, endoglin, also known as CD105 or transforming
growthfactorbetareceptor-3 (TGF-f receptorlil),ahomodimer
transmembrane glycoprotein, is one of the ED inducers.
Under several circumstances involving endothelial damage,
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activation, inflammation, and endothelial senescence, soluble
endoglins enter the systemic circulation. Furthermore, their
levels increase during the early stages of AS and decreased
in the later stages (20). Consequently, endoglin and endocan
have been studied as potential biomarkers of ED and AS.

Adipose tissue alteration during obesity

White and brown adipose tissue are typical of mammals. Most
of the mammalian adipose tissue, which is labeled as the area
of energy storage, is white (21). White adipose tissue acts as
a layer of thermal insulation, energy reservoir, mechanical
protection tissue, and endocrine organs. Brown adipose tissue
serves as an energy combustion site that maintains a stable
body temperature. White adipose tissue accounts for 30-40%
of the total body weight in lean women and 15-25% in lean
men, whereas brown adipose tissue accounts for only 1-2% of
fat in adult humans (22). In newborns, brown adipose tissue
is typically elevated and works well in controlling energy
expenditure and body temperature during non-shivering
thermogenesis induced by uncoupling protein-1 (UCP1)
(23). Visceral adipose tissue secretes more adipokines than
subcutaneous adipose tissue, and these adipokines modulate
adipocyte differentiation, lipid and glucose metabolism,
neuroendocrine and cardiovascular functions, inflammatory
processes and immunity (24).
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Adipokines, chemokines, and cytokines, which are primarily
elevated in obesity, are among the inflammatory factors
produced by the adipose tissue, and an imbalance between
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pro- and anti-inflammatory factors plays a major role in
obesity-mediated AS (25) (Fig. 4).
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Figure 4. Physiological and pathological role of adipose tissue contributing to atherosclerosis

In addition, a different subset of UCP1-positive cells, called
beige adipocytes, is prevalent in white adipocytes. Under
the activation of sympathetic adrenergic receptors or cold
stimulation, white adipocytes differentiate into brown-
like adipocytes through a phenomenon called browning.
Experimental reports have demonstrated the antiobesity and
antidiabetic properties of beige adipocytes; consequently,
they have garnered much attention for their therapeutic
potential (26).

Adipose tissue inflammation is typically characterized by the
infiltration of immune cells, including B and T lymphocytes,
neutrophils, and macrophages. The primary cause of
inflammation linked to ED is macrophage infiltration of
adipose tissues.

Macrophage-specific ~ genes,  such monocyte
chemoattractant protein-1 (MCP-1), macrophage
inflammatory protein-1 (MIP-1), F4/80,CD11b, and CD68, have
been found to be enhanced in the obese mice adipose tissues.

Adipocyte size, F4/80 expression, and body mass
were significantly correlated in adipose tissues after
immunohistopathological analysis (27).

as

The composition, size, and structure of adipose tissue play
a major role in the pathogenesis of obesity-induced CVD,
such as AS. Adiposopathy or sick fat, a recently coined term
for qualitative fat abnormalities, varies depending on an
individual’s lifestyle and physical activity (28). Clinical studies
using cross-sectional abdominal imaging have shown that
visceraladiposity hasastrongerrelationship with theincidence
of systemic cardiometabolic rather than with subcutaneous fat
quality (29). Although visceral fat contributes to only 5-20%
of the total body fat mass compared with subcutaneous fat (=
80%), it contains an abundant source of IL-6, TNF-q, c-reactive
protein in patients with abdominal obesity than in those
with peripheral obesity (30). In addition, MRI or CT studies
of the fat compartment demonstrated that systemic ED is
significantly associated with visceral fat volume compared
to subcutaneous fat volume, and gene-expression studies of
visceral fat showed enhanced expression of antiangiogenic,
proinflammatory, and oxidative stress-related genes (31-33).
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Endothelial structure and function

The EC monolayer that lines the lumen of all blood vessels is
known as endothelium. These cells serve as biocompatible
barriers between all tissues and the flowing blood, which
are both protective and insulating. The layers are arranged
as follows: tunica intima, made up of ECs; the tunica media,
which forms vascular smooth muscle cells (VSMCs); and
tunica adventitia, which is an elastic lamina comprising

terminal nerve fibers around connective tissues (Fig. 5). The
endothelial glycocalyx is the apical surface of the endothelium
and is composed of glycoproteins, proteoglycans, and
glycosaminoglycan chains (34, 35). Together, endothelial
glycocalyx, secreted proteoglycans, and adsorbed plasma
proteins form the endothelial surface layer. The ECs play
a crucial role in homeostasis and arterial smooth muscle
relaxation, and, consequently, vascular tone maintenance
(36).

=

———Tunica externa
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Tunica media
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Basement membrane

Endothelium

Figure 5. Structure of endothelium

The strategic location of endothelium helps to‘sense’ changes
in hemodynamic forces and blood-borne signals and ‘respond’
by releasing various autocrine and paracrine substances.
Under normal physiological conditions, the balanced release
of these bioactive compounds helps in maintaining vascular
homeostasis (Fig. 6). Endothelium plays a major role in the
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modaulation of thrombogenicity, angiogenesis, vascular tone,
inflammation, and dynamic permeability through receptor-
mediated mechanisms and the balance between the release of
autacoids, such as prostacyclin, endothelin-1, and angiotensin
11 (37-39).

Figure 6. Important function of endothelial cells in regulating vascular homeostasis
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The vascular endothelium produces prostacyclin (PGI2) and
NO upon exposure to ecto-adenosine diphosphate (ADP)-
ase, CD73, and CD39, and prostaglandin E2 is promoted by
glycosaminoglycans on the surface of ECs, thereby preventing
platelet adhesion and aggregation. The endothelium also
interacts with antithrombin [ll (ATH IlI), tissue factor pathway
inhibitors (TFPIs), thrombomodulin (TM), and tissue factor
(TF) to control adhesion and coagulation factor activity. In
addition, the endothelium regulates urokinase plasminogen
activator-1 (uPA-1), tissue-type plasminogen activator-1 (tPA-
1), and inhibitors of uPA-1 and PAI-1. These mechanisms are
influenced by the secretion of regulatory mediators, such as
NO, endothelin-1 (ET-1), t-PA, PAI-1, prostanoids, adhesion
molecules, angiotensin Il (Ang II), von Willebrand factor (vWF),
and cytokines. Endothelial cells secrete bioactive substances
that control and maintain the structures and functions of
intact blood vessels by balancing oxidative and antioxidative
agents, VSMC proliferative and antiproliferative agents,
inflammatory and anti-inflammatory factors, the blood
coagulation cascade, vascular dilations and contractions, and
the fibrinolytic system (40).

The endothelium exhibits anticoagulant activity via the
synthesis of heparin sulfate proteoglycan, TM, and secretion
of TFPIs. Further binding of TM to thrombin stimulates protein
C, which inhibits factor VIl and factor V blood clotting. In
addition, heparin-like molecules act as cofactors for ATH llI,
an anticoagulant molecule, whereas the complex activities of
Factor Xa and TF-Factor Vlla are hindered by TFPIs.

Endothelial tissue plasminogen activator initiates fibrinolytic
mechanisms, whereas NO and prostacyclin (PG12) are
produced to control endothelial antiplatelet activities
(41). The calcium-calmodulin complex activates eNOS to
produce NO, L-arginine, nicotinamide adenine dinucleotide
phosphate (NADPH), and tetrahydrobiopterin (BH4) as
substrates. Furthermore, suppression of vasoconstriction and
initiation of vasodilation are achieved by the absorption of
NO by VSMCs, which then form a complex with the hetero-
iron group of guanylate cyclase. This complex, in turn, forms
cyclic guanosine monophosphate (cGMP), activates cGMP-
dependent protein kinase, and elevates Ca2+ levels in the
cytosol within VSMCs.

Nitric oxide is a potent endothelium-derived vasodilator that
possesses antiproliferative, antiplatelet, anti-inflammatory,
and permeability-reducing properties. In addition, NO reacts
with Kruppel-like factor 2 and EDHFs to enhance arterial
vasodilation. Conversely, NO also inhibits MCP-1 and VCAM-
1, thereby downregulating nuclear factor kappa B (NF-kB)
expression (21).

Influence of endothelial dysfunction on cellular

senescence and vascular aging

Atherosclerosis is an important cause of death in the Western
world, which is associated with smoking, dyslipidemia,
and hypertension as risk factors (48, 49). In addition to

disease-related ED, age-related ED plays an important role
in CVD owing to its proinflammatory, vasoconstrictive, and
prothrombotic environment(42), thereby disrupting vascular
homeostasis.

Senescent cells are distinct in that they eventually cease to
proliferate but do not eventually die, as they occur in a normal
physiological process. Instead, the cells release substances
that cause inflammation. Endothelial senescence is triggered
by different senescence stressors, such as DNA damage (43),
oxidative stress (44), oncogenic activation, and mitochondrial
dysfunction (45).

Aged ECs show increased endothelin-1 (ET-1) expression,
inflammation, and apoptosis, with attenuated endothelial NO
production.

This results in the impairment of vessel tone, vascular integrity,
and angiogenesis, resulting in the progression of CVD (46).

Adenosine monophosphate-activated kinase (AMPK), a
mammalian target of rapamycin (mTOR), is a critical sensor of
cellular homeostasis that influences endothelial senescence
(47). A few clinical studies have shown that age-mediated
arterial stiffness increases systolic pressure and decreases
diastolic pressure, resulting in pulse pressure elevation and
aortic pulse wave velocity (48).

Altered Ca2+ signaling in EC plays a major role in ED.
Enhanced Ca2+ signaling promotes endothelium-dependent
vasodilation via prostacyclin, NO, and EDHF. Physiologically,
ECs play a major role in increasing Ca2+ levels and
hyperpolarization by activating small-and intermediate-
conductance Ca2+-activated potassium channels that initiate
electrical conductance between vascular smooth muscle cells
and ECs (46). However, all these pathways are impaired during
aging, resulting in vascular dysfunction (Fig. 7).

Peroxynitrite, hydrogen peroxide, and hydroxyl radicals are the
sources of ROS that contribute to age-related ED. In addition
to ROS production through peroxisomal B-oxidation of fatty
acid, mitochondrial respiration, lipoxygenase and xanthine
oxidase, ROS levels are also increased via the uncoupling of
eNOS, which results in the formation of peroxynitrite (49).
Isoforms of nicotinamide adenine dinucleotide phosphate
oxidase (NOX), such as NOX1, NOX2, NOX4, and NOX5,
contribute to ED, apoptosis, and inflammation in AS (50). In
addition, oxidative stress generates oxidized phospholipids
(OxPLs) from polyunsaturated diacyl and alkaline (en) ylacyl
glycerophospholipids.
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Figure 7. Pathophysiological mechanism of endothelial senescence resulting in atherosclerosis

Therefore, oxidative stress-induced cellular stress plays a
major role in AS development. Various in vitro and in vivo
studies have shown that OxPLs contribute to the development
of AS. Briley et al. (51) demonstrated the presence of OxPLs
in the atherosclerotic vessels of human lesions and in a
hypercholesterolemia animal model. OxPLs contribute to
the expression of proinflammatory cytokines in vascular
ECs, thereby directly acting on leukocytes and influencing
monocyte adhesion (52). Given their pertinent role in the
development of numerous pathological conditions, OxPLs
may function as biomarkers for the early detection of several
CVDs, including AS.

Aging results in the enhanced expression of inflammatory
cytokines, chemokines, and adhesion molecules in ECs.
Interleukin-6, MCP-1, cellular adhesion molecules, IL-13 and
TNF-a are key cytokines that are overexpressed because
of initiation of NF-kB signaling resulting in endothelial
dysfunction (50). In addition, activation of NLRP3 initiates
oligomerization resulting in attracting procaspase-1, leading
to production of ROS, chemokines and activation of NF-
kB (53). Inhibition of NF-kB activation during prolonged
TNF-a exposure prevents the premature senescence of ECs,
thereby demonstrating a pathological association between
inflammation and EC senescence (53, 54).

Oxidative stress and inflammation play major roles in the
activation of the vascular renin-angiotensin-aldosterone
system (RAAS). Atherogenesis is a critical process in
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atherosclerotic plaque formation and is influenced by the
activation of angiotensin Il, which further decreases NO
generation. Inflammation, altered lipid metabolism, and
endothelial injury can lead to atherogenesis. Of these,
endothelial injury is the initial trigger leading to the
infiltration and accumulation of multiple modified low-
density lipoprotein (LDL) particles in the endothelium (55).
The accumulation of modified LDL initiates the production
of VCAM-1 and P&E-selectins, resulting in the recruitment
of leukocytes to the endothelial space, thereby attracting
inflammatory cells, which are influenced by MCP-1.

Furthermore, macrophages express scavenger receptor class
A (SRA), cluster of differentiation 36 (CD36), which act through
modified LDL internalization, resulting in inflammation and
ROS (56).

The senescence of ECs leads to CVD, and uric acid levels
are higher in aged women than in men (57). Aortic stiffness
is closely associated with the inflammatory response and
maladaptive immunity. Inhibition of aortic xanthine oxidase
activity (increased because of the western diet) by allopurinol
decreases aortic stiffness and impairs endothelial-dependent
arterial relaxation (58). A large multicenter study by Neogi et al.
demonstrated an association between serum uric acid levels
and carotid plaques (59). They also found this association
in men, even in the absence of other CVD risk factors and
coronary calcifications.
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Epigenetic modifications

Histone acetylation and DNA methylation are examples of
epigenetic modifications that are post-replication chromatin
alterations that do not affect basal nucleotide code (60).
These processes are linked to several age-related diseases,
such as AS, and are crucial for regulating gene activation and
silencing (61). Therefore, epigenetic changes have been used
as biomarkers of cellular senescence in vascular ECs. Prior
research has identified specific changes in methyltransferase
expression, suggesting that these changes are associated
with hypomethylation of hypermethylated genomic regions.
These genes are involved in lipid metabolism, proliferation,
and apoptosis. Atherogenic lipoproteins promote DNA
methylation and histone deacetylation (60). These results
suggest a possible association between AS and epigenetic
alterations. Histone acetylation and deacetylation play major
roles in the development of AS with age, and these changes
can affect VSMC proliferation, extracellular matrix (ECM)
composition, and inflammation. Moreover, additional research
has demonstrated that the mitochondrial gene p66Shc, which
is recognized as a gene associated with longevity, stimulates
histone acetylation and hypermethylation, causing an age-
related increase in p66Shc synthesis and its consequent
activation (62).

The Genetics of Healthy Aging Study demonstrated that
genes encoding apolipoprotein E, forkhead box protein O1,
IL-6, and Sirt6 are functionally associated with EC senescence
(63). Among these, transcriptional expression and senescence
were significantly correlated with argininosuccinate synthase
1, NOX4, aquaporin 1, p15, and p16. Telomere changes are a
key mechanism in the senescence of vascular cells. Leukocyte
telomere length is substantially correlated with vascular cell
senescence, hypertension, and atherothrombotic events in
a clinical study involving a cohort of 193 patients (=70 years
of age) (64). Therefore, telomerase activity controls both CVD
and EC functions. Single-stranded RNAs of approximately
25 nucleotides, known as microRNAs (miRNAs), regulate the
pathobiology of CVD and EC senescence. Overexpression of
ASncmtRNA-2 induces replicative senescence in ECs and cell-
cycle arrest in the G2/M phase, indicating a potential role for
these non-coding RNAs in the regulation of EC senescence,
vascular function, and CVD (65).

Impact of oxidative stress

Oxidative stress markers are highly correlated with fat
accumulation in humans with obesity (66). A higher risk
of AS is associated with increased oxidant production on
account of NO quenching. An imbalance between free radical
generation and the antioxidant system can lead to oxidative
stress. Increased production of ROS results from the reduced
expression of antioxidative enzymes in adipose tissue,
including glutathione peroxidase, catalase, and superoxide
dismutase.

Oxidative stress linked to atherosclerotic risk factors such as
obesity, can also trigger ED (67). According to the oxidative

theory of AS, oxidative alteration of lipoproteins causes lipid
peroxidation, which, in turn, causes foam cell development
and EC destruction in the arterial wall, both of which
have a substantial impact on atherogenesis. Furthermore,
isoprostanes (IsoPs) contribute to the etiology of vascular
dysfunction through their activity. Strong vasoconstrictors
in most arterial beds, such as IsoPs, also promote platelet
aggregation and increase the adherence of neutrophils
and monocytes to ECs, all of which may be involved in AS.
Isoprostanes are prostaglandin-like compounds produced
by free radical-induced peroxidation independent of cyclo-
oxygenase. Furthermore, in individuals with obesity, oxidative
stress is involved in various interactions with metabolism
and atherogenic lipid activities. These interactions include
a postprandial increase in the levels of triglycerides and
oxidative modification of LDLs, resulting in the production
of oxidized LDL (oxLDL), which has crucial atherogenic
properties and a reduction in high-density lipoproteins.
These interactions may result in increased ROS production
in the endothelium, initiation of proinflammatory vascular
processes, and increased endothelial damage, resulting in
ED, all of which can lead to the initiation of atherosclerotic
processes (68).

In addition to an increase in the levels of oxidative stress
markers, such as thiobarbituric acid-reactive substances
(TBARS) and protein carbonyls, non-high-density lipoprotein
cholesterol (non-HDL-C) levels and the ratios of triglyceride/
high-density  lipoprotein  cholesterol  (HDL-C), total
cholesterol/HDL-C, and LDL cholesterol (LDL-C)/HDL-C were
also increased. In addition, the levels of antioxidant defense
markers, such as glutathione (GSH), CAT, and GPx, were
reduced (69). Furthermore, increased oxidized LDL levels have
been linked to procoagulant and cytotoxic activities, foam
cell production, growth, destabilization of atherosclerotic
plaques, and increased expression of EC-adhesion molecules.
Increased synthesis of vasoconstrictor proteins, oxidative
stress, and impaired endothelial function reliant on NO are
linked to an increased amount of total adipose tissue and
degree of abdominal obesity. Patients who were overweight
or affected by obesity had higher levels of phosphorylation of
eNOS, catalase, nitrotyrosine, and NADPH oxidase-p47(phox)
protein in vascular ECs than patients with normal weight.

A recent review highlighted the association between
apolipoprotein M (ApoM), sphingosine-1-phosphate (S1P),
HDL, and endothelial dysfunction. The HDL-bound apoM/
S1P complex acts as a link between HDL and ECs under
normal physiological conditions, preserving the integrity
of the endothelial barrier. However, during pathological
CV events, this apoM/S1P-signaling leads to inflammation-
mediated endothelial dysfunction (70). This could offer a new
perspective on the molecular processes that connect obesity
to oxidative stress and a higher risk of atherosclerotic CVD
(71). Similarly, Lépez-Domenech et al. (72) demonstrated that
weight loss results in a decrease in blood pressure, with a
significant reduction in the levels of subclinical markers of AS,
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such as myeloperoxidase (MPO), sP-selectin, small and dense
LDL particles, and leukocyte adhesion.

Endothelial dysfunction and vascular calcification

Vascular calcification is involved in vascular remodeling
owing to ED, dedifferentiation of VSMCs, and changes in
elastin and collagen levels. Medial arterial, intimal, and
infantile calcifications are the three primary forms of vascular
calcification. Patients with T2DM, chronic renal failure, and
advanced age frequently exhibit medial arterial calcification.
Nonetheless, intimal calcification is thought to be a passive
and degenerative process more commonly associated with
AS. Itis acknowledged as a self-regulating active process (73).
The mechanism of vascular calcification is a tightly regulated,
multifactorial process that resembles osteochondrogenesis.
It has also been associated with dysregulated metabolism,
inflaimmation, osteogenesis, and progressive AS. The
aggressive inflammatory stage of AS is characterized by
plaque calcification. Tumor necrosis factor-a and other
inflammatory cytokines promote osteogenic differentiation
and ECM mineralization. Matrix vesicles are produced by
smooth muscle cells and macrophages and may act as sites
of initiation for the development of mineral crystals, leading
to microcalcifications. Microcalcifications grow into massive
masses, spread into the surrounding collagenous matrix from
the deeper part of the necrotic core, and ultimately coalesce
into calcified sheets or plates (74).

In males, the visceral adiposity index is closely associated
with the total coronary calcification score (75). Given that the
coronary artery calcium score and total plaque burden are
known to be highly correlated, this score can be used to assess
the severity of coronary AS.

Impact of human gut microbiota

The gut microbiota (1014 bacteria) plays a vital role in
maintaining immune system homeostasis and normal
development, regulating the proliferation of epithelial cells,
protecting against pathogenic bacteria, and influencing villus
architecture and angiogenesis in the intestine (76). Research
in both humans and mice have demonstrated that changes in
the gut microbiota are linked to several illnesses, such as AS,
diabetes mellitus, obesity, and inflammation. The first study
in leptin-deficient (ob/ob) mice demonstrated the presence
of more phylum Firmicutes and less phylum Bacteroidetes in
obese ob/ob mice than in lean controls, and the microbiota
have important roles in arterial blood pressure, which is
again modulated by the endothelium. Further transfer of the
microbiome from obese/lean mice to germ-free mice resulted
in the corresponding phenotypes, thereby demonstrating
the role of the microbiome in pathology (77, 78). Two main
pathways exist by which intestinal bacteria can affect the
endothelium of the circulatory system: first, the microbiota
and its metabolites can activate the enteric nervous system,
which in turn can affect the activity of brain centers that
control the cardiovascular system; second, the bacteria can
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enter the bloodstream through the blood-intestinal barrier
and alter the function of the tissues and organs that regulate
the circulatory system’s homeostasis. The genus Collinsella
is more prevalent in symptomatic atherosclerotic patients,
whereas Roseburia and Eubacterium are more prevalent
in healthy controls (79). Further metagenomic analysis
showed that patient gut metagenomes were deprived of
phytoene dehydrogenase and enhanced in genes encoding
peptidoglycan synthesis; additionally, patients’ B-carotene
serum levels were also decreased. Through fermentation and
decomposition, microbiota metabolize resistant starches
and dietary fibers, and supply the host with short-chain
fatty acids (SCFAs; (acetate, propionate, butyrate). Intestinal
epithelial cells, immune cells, and adipocytes have various
receptors, including G-protein coupled receptor 41/free fatty
acid receptor 3 (GPR41/FFAR3), GPR43/FFAR2, GPR109A,
and olfactory receptor 78, to which SFAs bind, despite their
varying expression levels between tissues and cell types.
Trimethylamine (TMA) and trimethylamine N-oxide (TMAO),
metabolites derived from gut microbes, have been shown by
Tang et al. to be proatherogenic in both humans and mice (80-
82). Aguilar et al. (83, 84) demonstrated using ApoE knockout
mice that a butyrate-supplemented chow diet decreased
atherosclerotic lesions and further reduced the production
of vascular cell adhesion molecule-1, chemotaxis protein-1
(CCL2/MCP-1), and matrix metalloproteinase-2 at the lesion
site.

This resulted in increased collagen deposition, reduced
macrophage migration, and increased plaque stability. In
addition, macrophages from butyrate-treated mice exhibited
low ROS and NO release.

The gut microbiota produces TMA, which enters the
bloodstream and is oxidized to form TMAO, a cardiac risk
biomarker in the liver. Trimethylamine N-oxide has been
demonstrated to possess proatherogenic properties owing
to ED and the prothrombotic effect caused by platelet
aggregation. Activation of the transcription factor NF-kB,
which mediates the upregulation of inflammatory signals and
adhesion of leukocytes to ECs, results in TMAO-induced ED.
Additionally, Seldin et al. demonstrated that CVD and high
plasma levels of TMAO are linked to concurrent reduction in
endothelial progenitor cells and increased inflammation (85).
These studies provide strong evidence that the composition
of the gut microbiota and their metabolites play a major role
in ED and the resulting AS. Murphy et al. (86) demonstrated
that acute infections and other transient stimuli are more
likely to cause cumulative arterial damage leading to AS.
Disease severity increases with the frequency of acute stimuli
and can be made more severe by metabolic, environmental,
and genetic risk factors. Animal studies have shown that
transient vessel damage heals only partially when the
infection is managed. However, repeated inoculation of
mice with pathogens significantly enhanced atherosclerotic
damage (87) (Fig. 8).
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Reversal of endothelial dysfunction

The reversal of endothelial dysfunction is a promising strategy
for preventing ED-mediated diseases. Antioxidants, vitamins,
and pharmacological agents have been studied to understand
the mechanisms of ED reversal properties (88). It may be
possible to reduce the risk of acute CVD events by slowing
the progression of AS, altering ED, or both. Free radicals
play a major role in age-related endothelial impairment and
showed that consumption of an antioxidant cocktail (Vitamin
C, 1000 mg; Vitamin E, 600 .U.; Alpha lipoic acid, 600 mg)
restores endothelial function in the elderly, while impairing
normal endothelium-dependent vasodilation in the young
(89). In addition, various pharmacological agents, such as
angiotensin-converting enzyme inhibitors, endothelium NO
synthase enhancers, sphingosine-1-phosphate, statins, beta-
blockers, phosphodiesterase 5 inhibitors, calcium-channel
blockers, and angiotensin AT1 receptor blockers, have
endothelial-protective effects (90).

Furthermore, despite their ability to improve glycemic
control in humans and animal models of T2DM using
dipeptidyl peptidase-4 (DPP4) inhibitors, they also protect
against vascular aging through various intricate cellular
mechanisms. These include enhancing ED, inhibiting the
proliferation and migration of VSMCs, increasing the levels of
circulating endothelial progenitor cells (EPCs), and hindering

the infiltration of mononuclear macrophages. In addition,
DPP4 enhances EC proliferation and migration, mitigates
senescence,andblocksapoptosis(91).Recently, the prevention
of eNOS uncoupling has attracted considerable interest as a
therapeutic option for preventing ED-mediated diseases. One
of the most important chemicals secreted by EC is NO, the
antiatherogenic properties of which promote cardiovascular
homeostasis. Endothelial NO synthase generates vascular NO
from the substrate I-arginine (I-Arg), with tetrahydrobiopterin
(BH4) serving as the essential cofactor. Under pathological
conditions, such as CVD, vascular oxidative stress hinders
eNOS activity and favors it's uncoupling, leading to ED.
Uncoupled eNOS generates superoxide anion (02-) rather
than NO, thereby serving as a source of dangerous free
radicals that worsen oxidative stress. The key mechanisms
underlying eNOS uncoupling include deficiency of the eNOS
substrate L-arginine, oxidative depletion of the critical eNOS
cofactor BH4, eNOS S-glutathionylation, and accumulation
of its analog, asymmetrical dimethylarginine (ADMA).
Hence, various pharmacological agents, such as sepiapterin
(member of the pteridine class of organic chemicals),
5-methyltetrahydrofolate, fluvastatin, cerivastatin, L-arginine
supplementation, and thioredoxin, are being studied to
prevent eNOS uncoupling (92). Takase et al. (93) found that
ezetimibe in combination with statins improved the functional
prognosis and reduced ED in stented coronary arteries. It was
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also linked to greater reductions in oxysterol levels compared
to statin monotherapy (93). Another studies demonstrated
that the administration of statins along with eicosatetraenoic
acid (EPA), an omega-3 polyunsaturated fatty acid, not only
lowers plasma triglyceride levels but also has significant
benefits against atherosclerotic plaques (94, 95). The potential
benefits of EPA include lowering atherogenic parameters,
such as non-HDL-C, oxidized LDL particles, triglycerides, and
remnant-like particle cholesterol (RLP-C). It also increases
the levels of antiatherogenic factors, thereby improving
endothelial function, enhancing antioxidant properties, and
secreting pro-resolving lipid mediators called resolvins (94,
96). Furthermore, they decrease macrophage accumulation,
monocyte adhesion, and foam cell accumulation. These
studies provide strong evidence that ED reversal holds
promising therapeutic potential to prevent or at least delay
AS.

Conclusion and future directions

Although it is difficult to isolate the specific mechanism
underlying obesity-mediated AS, alterations in endothelial
structure and function, cellular senescence, epigenetic factors,
oxidative stress, vascular calcification, and gut microbiome
play crucial roles in disease incidence and progression.
Exploring the potential link between these factors not only
helps to understand the mechanisms of the disease but also
to find a multi-targeted therapeutic agent to prevent or slow
down the AS process. Targeting these mechanisms through
both prevention and treatment at an early stage can delay the
progression of AS. Further lifestyle and diet changes are keys
to prevent obesity in the first place.
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