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Abstract

Atherosclerosis, a chronic immune-inflammatory and age-related disorder characterized by lipid-rich plaques
in arterial walls, remains the leading cause of global mortality. While advances in cardiology have improved our
understanding of atherosclerosis, the underlying mechanisms continue to be complex. Recently, emerging evidence has
shed light on the critical role of cellular senescence in this pathological process. Cellular senescence is characterized
by irreversible cell cycle arrest and distinct phenotypic alterations, along with the production of senescence-associated
secretory phenotype (SASP) factors, contributing to pro-inflammatory and pro-atherosclerotic responses. This review
aims to provide an extensive examination of the current evidence regarding cellular senescence in atherosclerosis,
focusing on its role in endothelial cells (ECs), vascular smooth muscle cells (VSMCs). We discuss the various
causative stimuli for cellular senescence in atherosclerosis, including hyperlipidemia, hypertension, diabetes, obesity,
DNA damage, oncogene signals, and mitochondrial dysfunction. Moreover, we explore the interplay between cellular
senescence and atherosclerosis, emphasizing the involvement of senescent cells in the pathophysiological process.
This comprehensive review aims to enhance our understanding of the molecular mechanisms underlying atherosclerosis
and shed light on potential therapeutic strategies targeting cellular senescence for the prevention and treatment of this

life-threatening disease.
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Introduction

Atherosclerosis is a complex and progressive inflammatory
disease characterized by the accumulation of lipid-rich plaques in the
arterial walls. It is a leading cause of global mortality, accounting for a
significant burden on public health systems worldwide. Understanding
the underlying mechanisms of atherosclerosis is crucial for developing
effective prevention and treatment strategies [1-5]. In recent years,
the concept of cellular senescence has garnered increasing attention
in the field of atherosclerosis research. Cellular senescence refers
to a state of irreversible growth arrest that cells enter in response to
various stressors, including DNA damage and telomere shortening.
Senescent cells display distinct phenotypic alterations, such as changes
in morphology and the upregulation of specific proteins, as well as the
secretion of a unique set of pro-inflammatory molecules collectively
known as the senescence-associated secretory phenotype (SASP) [3,6].
The relevance of cellular senescence in atherosclerosis has become a
focal point of investigation, as it plays a pivotal role in plaque formation
and progression.

Senescence-associated P-galactosidase (SA-p-gal) activity and
morphology changes: One of the defining features of senescent cells
is the increased activity of SA-B-gal, an enzyme that cleaves a specific
substrate and can be detected using a colorimetric assay. This marker
has become widely used to identify senescent cells in atherosclerotic
plaques and serves as a reliable indicator of cellular senescence.
Additionally, senescent cells often exhibit changes in morphology,
becoming flattened and enlarged, which can contribute to altered
functions within the arterial wall [7].

Upregulation of senescence-related proteins: The tumor
suppressor protein p53, cell cycle regulator p21, and cyclin-dependent
kinase inhibitor p16 are crucial players in the regulation of cellular
senescence. These proteins act in concert to enforce cell cycle arrest
and inhibit cell proliferation, preventing the replication of damaged
or dysfunctional cells. In atherosclerotic lesions, increased expression

of these senescence-related proteins has been observed, signifying the
presence of senescent cells [8].

Senescence-associated secretory phenotype (SASP) factors and
their role in inflammation: The SASP is a characteristic feature of
senescent cells and comprises a diverse array of pro-inflammatory
cytokines, chemokines, growth factors, and MMPs. These SASP
factors contribute to the chronic inflammation seen in atherosclerotic
lesions and can promote the recruitment of immune cells, including
macrophages and T cells, exacerbating plaque formation and instability.

Causes of cellular senescence in atherosclerosis

Telomere shortening-dependent replicative  senescence:
Telomeres, the protective caps at the end of chromosomes, undergo
gradual shortening with each cell division. As telomeres reach a
critically short length, cells enter a state of replicative senescence,
which is thought to play a role in atherosclerosis due to the high cell
turnover in the arterial wall.

Stress-induced premature senescence (SIPS) in response to
endogenous and exogenous stimuli: Cells can also undergo premature
senescence in response to various stressors, such as oxidative stress,
DNA damage, and exposure to inflammatory cytokines. These stimuli
trigger the activation of specific signaling pathways that induce
senescence as a protective response [9].
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Endothelial cells (ECs) and their role in atherosclerosis:
Endothelial dysfunction is a critical early event in atherosclerosis
development. Senescence of ECs can impair their barrier function,
promote leukocyte adhesion, and contribute to the formation of fatty
streaks and atherosclerotic lesions.

Vascular smooth muscle cells (VSMCs) and their contribution
to plaque stability and rupture: Senescence of VSMCs can influence
plaque stability and rupture by promoting matrix degradation and
weakening the fibrous cap, making it more susceptible to rupture and
thrombosis.

Macrophages and their dual role in plaque formation and
inflammation: Senescent macrophages in the plaque contribute to
both plaque formation and inflammation. While they can promote
lipid accumulation and foam cell formation, they also secrete pro-
inflammatory cytokines that exacerbate inflammation and plaque
progression [10].

Endothelial progenitor cells (EPCs) and their impact on vascular
repair and atherosclerosis: EPCs play a crucial role in vascular repair
and regeneration. However, their senescence can compromise their
regenerative potential, impairing endothelial repair and contributing
to atherosclerosis.

Adipose-derived mesenchymal stem cells (AMSCs) and
their involvement in atherosclerosis: AMSCs have the potential
to differentiate into various cell types, including ECs and VSMCs.
Senescence of AMSCs may hinder their regenerative capacity, leading
to impaired vascular repair and promoting atherosclerosis.

Hyperlipidemia: A key driver of cellular senescence and
atherosclerosis: Dyslipidemia, particularly elevated levels of
atherogenic lipids and lipoproteins, is a major contributor to the
development of atherosclerosis and has been shown to induce cellular
senescence in various cell types within the arterial wall.

Hypertension, diabetes, and obesity are well-established risk factors
for atherosclerosis. These conditions can trigger cellular senescence in
ECs, VSMCs, and other cell types, further promoting plaque formation
and inflammation. In conclusion, cellular senescence plays a significant
role in the pathophysiology of atherosclerosis, affecting multiple cell
types within the arterial wall [11]. Understanding the mechanisms and
implications of cellular senescence in atherosclerosis is essential for
developing novel therapeutic strategies aimed at targeting senescent
cells and preventing plaque formation and progression. Further
research in this area is warranted to identify potential senescence-
related therapeutic targets and interventions to combat atherosclerosis
effectively. In atherosclerotic lesions, senescent endothelial cells (ECs)
exhibit impaired barrier function and increased adhesion molecule
expression, promoting leukocyte recruitment and inflammation.
Senescent vascular smooth muscle cells (VSMCs) are found within
the fibrous cap of plaques, contributing to plaque stability and rupture
through matrix degradation. Senescent macrophages in the plaque
secrete pro-inflammatory cytokines, perpetuating inflammation and
plaque progression [12]. Senescence of endothelial progenitor cells
(EPCs) impairs their regenerative capacity, hindering endothelial
repair and contributing to atherosclerosis. Additionally, senescent
adipose-derived mesenchymal stem cells (AMSCs) may compromise
their differentiation potential into vascular cell types, leading to
impaired vascular repair and further promoting atherosclerosis.

Geroprotectors are compounds that target cellular aging processes
and have shown promising effects in combating age-related diseases,

including atherosclerosis [13]. These compounds, such as rapamycin
and metformin, have been investigated for their potential to mitigate
cellular senescence and reduce atherosclerotic plaque burden. Certain
lipid-lowering drugs, such as statins and PCSK9 inhibitors, have been
found to exert anti-senescence effects beyond their lipid-lowering
capabilities [14,15]. These drugs can attenuate cellular senescence in
various cell types within the arterial wall, offering potential additional
benefits in treating atherosclerosis.

Discussion

The discussion of this comprehensive review highlights the
crucial role of cellular senescence in atherosclerosis and its potential
implications for therapeutic interventions. Senescent cells, particularly
in endothelial cells (ECs), vascular smooth muscle cells (VSMCs),
macrophages, endothelial progenitor cells (EPCs), and adipose-
derived mesenchymal stem cells (AMSCs), have been identified
within atherosclerotic plaques and play significant roles in plaque
formation, progression, and stability. The presence of senescent ECs
promotes inflammation and leukocyte recruitment, while senescent
VSMCs contribute to plaque stability and rupture. Additionally,
senescent macrophages perpetuate inflammation, further driving
plaque progression. Dysfunction in EPCs and AMSCs due to cellular
senescence compromises vascular repair mechanisms, exacerbating
atherosclerosis. The review also shedslight on shared risk factors, such as
hyperlipidemia, hypertension, diabetes, and obesity, which contribute
to both cellular senescence and atherosclerosis. It discusses the
potential therapeutic strategies that target cellular senescence, such as
geroprotectors and anti-senescence properties of lipid-lowering drugs.
The integration of these interventions into atherosclerosis management
holds promise for improved patient outcomes. As research in this field
progresses, the identification of novel therapeutic targets may offer
new avenues to combat cellular senescence and its detrimental effects
on atherosclerosis, ultimately leading to innovative approaches for
preventing and treating this life-threatening cardiovascular disease.

Conclusion

In this comprehensive review, we have explored the intricate
relationship between cellular senescence and atherosclerosis. Senescent
cells in various cell types, including ECs, VSMCs, macrophages, EPCs,
and AMSCs, play crucial roles in plaque formation, progression,
and stability. Understanding the pathophysiological implications of
cellular senescence in atherosclerosis provides valuable insights into
potential therapeutic interventions. Future perspectives for therapeutic
interventions in atherosclerosis should focus on developing strategies
to target senescent cells. Geroprotectors show promise in reducing
cellular senescence and mitigating atherosclerosis. Additionally,
lipid-lowering drugs, which are commonly used in clinical practice,
have demonstrated anti-senescence properties, suggesting their
potential as adjunct therapies in atherosclerosis management. As
research in this area continues to advance, the identification of novel
therapeutic targets and interventions to combat cellular senescence in
atherosclerosis holds great potential. By developing targeted therapies
to mitigate the detrimental effects of senescent cells, we may be able to
revolutionize the treatment and prevention of atherosclerosis, offering
hope for improved cardiovascular health and reduced global morbidity
and mortality.
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