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Abstract 

Cardiovascular disease (CVD) remains the leading cause of morbidity and mortality in the elderly, 

driven not only by traditional risk factors but also by biological aging processes such as cellular 

senescence. Senescent cells accumulate in cardiovascular tissues with age and secrete a complex mix 

of pro-inflammatory cytokines, chemokines, proteases, and growth factors known as the senescence-

associated secretory phenotype (SASP). While SASP may play beneficial roles in tissue repair, its 

chronic activity drives systemic inflammation, vascular remodeling, endothelial dysfunction, and 

myocardial fibrosis—all key features of age-related CVD. This review synthesizes the current 

understanding of SASP’s mechanistic contributions to vascular aging, atherosclerosis, heart failure, 

and arrhythmias in older adults. It highlights how SASP promotes arterial stiffness, plaque 

instability, cardiac remodeling, and electrical conduction abnormalities. Furthermore, the review 

explores emerging therapeutic strategies targeting SASP, including senolytics and senomorphics, and 

discusses their potential to mitigate age-related CVD. We also examine biomarker development and 

outline key knowledge gaps, emphasizing the need for longitudinal human studies to guide precision 

senescence-targeted therapies in elderly cardiovascular populations. 
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Introduction 

Aging is a strong independent risk factor for cardiovascular disease (CVD), which remains the 

leading cause of death globally, especially among older adults [1,2]. As populations continue to age 

worldwide, the healthcare burden of age-related CVDs—including heart failure (HF), atherosclerosis, 

cardiac arrhythmias, and vascular dysfunction—is expected to rise substantially. This trend 

highlights the urgent need to understand the biological underpinnings of aging that contribute to CV 

pathology [3–5]. One of the key cellular processes implicated in aging and age-related diseases is 

cellular senescence (i.e., a state of stable cell cycle arrest triggered by various stressors such as 

telomere shortening, DNA damage, and oxidative stress). Senescent cells, although initially 

protective, persist in tissues over time and secrete a broad array of bioactive molecules including pro-

inflammatory cytokines, chemokines, growth factors, and proteases. Collectively, this pro-
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inflammatory phenotype is termed the senescence-associated secretory phenotype (SASP) [6,7]. 

While SASP can support tissue repair in acute contexts, its chronic expression drives tissue 

degeneration, systemic inflammation, and organ dysfunction—key features of aging [8,9]. Recent 

evidence has drawn direct connections between SASP and CV aging. Senescent cells accumulate in 

CV tissues such as the endothelium, myocardium, and vascular smooth muscle, where they disrupt 

tissue homeostasis through SASP-driven inflammation and extracellular matrix remodeling. These 

processes contribute to key pathological changes including arterial stiffness, endothelial dysfunction, 

and myocardial fibrosis, all of which are hallmarks of CVD in the elderly [10,11]. Given the expanding 

knowledge base, it is critical to synthesize our understanding of how SASP contributes to CV aging 

and to explore its potential as a therapeutic target. This review aims to explore the emerging role of 

SASP in age-related CVD, outline the molecular and cellular pathways involved, and evaluate 

therapeutic strategies targeting SASP to improve CV health in the elderly. 

Cellular Senescence and SASP: Definitions and Mechanisms 

Hallmarks of Cellular Senescence 

Cellular senescence is a complex, highly conserved cellular state characterized by a permanent 

arrest in cell proliferation, typically triggered by stressors such as telomere attrition, DNA damage, 

oncogene activation, oxidative stress, and mitochondrial dysfunction [11]. Although senescence 

initially serves as a protective mechanism to prevent the replication of damaged or potentially 

oncogenic cells, the persistence of senescent cells in tissues over time can become detrimental, 

especially through their secretory activity [9]. Senescent cells remain metabolically active and 

undergo substantial alterations in gene expression and phenotype, most notably the development of 

SASP, a potent pro-inflammatory and tissue-modifying secretome that plays a significant role in 

aging and the pathogenesis of age-related diseases, including CVD [6,12,13]. One of the primary 

hallmarks of cellular senescence is a stable arrest of the cell cycle, often in the G1 phase. This arrest is 

regulated by key tumor suppressor pathways, particularly the p53/p21CIP1 and p16INK4a/Rb axes. These 

pathways act by inhibiting cyclin-dependent kinases (CDKs), ultimately preventing the 

phosphorylation of the retinoblastoma (Rb) protein, which is necessary for cell cycle progression [12]. 

This growth arrest is irreversible under normal physiological conditions and serves as the foundation 

of the senescent state. Chromatin remodeling is another prominent feature of senescence. Senescent 

cells often display the formation of senescence-associated heterochromatin foci (SAHF), which 

represent regions of condensed chromatin that contribute to the silencing of proliferation-promoting 

genes [14]. These epigenetic changes, including altered DNA methylation and histone modifications, 

help reinforce the permanent cell cycle arrest [15]. In parallel, senescent cells often exhibit a persistent 

DNA damage response (DDR), particularly marked by the presence of γ-H2AX foci, indicative of 

DNA double-strand breaks. This chronic DDR is especially prevalent at telomeres and acts as a 

continual signal maintaining the senescent phenotype [16,17]. Mitochondrial dysfunction is 

frequently observed in senescent cells, often accompanied by an increase in reactive oxygen species 

(ROS) production. Elevated ROS levels can promote oxidative damage and further reinforce 

senescence through positive feedback mechanisms involving DNA damage and inflammatory 

signaling. These dysfunctional mitochondria not only contribute to cellular stress but also play a role 

in triggering the development of SASP [18,19]. Among all the hallmarks, SASP is perhaps the most 

consequential in terms of impact on tissue and systemic physiology. These molecules can act in an 

autocrine manner to reinforce senescence, and in a paracrine manner to influence the behavior of 

neighboring cells, often promoting inflammation, matrix remodeling, and tissue degradation. In the 

context of aging tissues, especially the CV system, the chronic activity of SASP is implicated in driving 

many of the structural and functional changes that predispose older individuals to disease [20–22]. 

Composition and Regulation of SASP 
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SASP includes pro-inflammatory cytokines, chemokines, proteases, matrix-degrading enzymes, 

growth factors, bioactive lipids, and extracellular vesicles (Table 1). These components are not only 

instrumental in mediating the autocrine and paracrine effects of senescent cells but are also central to 

many age-related pathologies, including CVD [22,23]. The composition of SASP is context-

dependent, varying by cell type, senescence-inducing stimulus, and the surrounding 

microenvironment. However, several factors consistently emerge across different models and tissues. 

Cytokines form the core of SASP, particularly interleukin (IL)-6, IL-1α, and tumor necrosis factor-

alpha (TNF-α), all of which promote local and systemic inflammation [24]. IL-6, in particular, is a 

master regulator of chronic inflammation in aging and has been implicated in vascular dysfunction 

and the pathogenesis of atherosclerosis [25]. IL-1α acts upstream in the inflammatory cascade, often 

triggering further SASP component production via autocrine signaling loops [24]. These cytokines 

are critical not only in reinforcing the senescence growth arrest but also in creating a pro-

inflammatory environment that disrupts tissue homeostasis [6,26]. Chemokines such as monocyte 

chemoattractant protein-1 (MCP-1)/C-C motif chemokine ligand 2 (CCL2), CXCL8 (IL-8), and CCL5 

are also prevalent in SASP and play a crucial role in immune cell recruitment. These chemotactic 

signals attract various immune cells, including macrophages, neutrophils, and T cells, to sites of 

senescence [27,28]. While this immune surveillance can facilitate the clearance of senescent cells 

under optimal conditions, chronic secretion of these chemokines contributes to persistent 

inflammation, immune cell infiltration, and tissue damage. In the CV system, this mechanism is 

believed to underlie the infiltration of immune cells into atherosclerotic plaques and fibrotic cardiac 

tissue [10,11,21].  

Table 1. Key senescence-associated secretory phenotype (SASP) molecules and their functional roles in cellular 

senescence. 

SASP 

Molecule 
Molecular Class Primary Role in Senescence and Tissue Pathophysiology 

IL-6 Cytokine 

Central mediator of chronic inflammation; promotes paracrine 

senescence via JAK/STAT pathway; impairs endothelial function and 

insulin signaling. 

IL-1α / IL-1β Cytokine 
Early SASP inducers; amplify NF-κB signaling; enhance MMP 

expression and leukocyte recruitment; activate inflammasome. 

TNF-α Cytokine 
Pro-inflammatory cytokine; disrupts cell-cell junctions; enhances ROS 

production and apoptosis in neighboring cells. 

CXCL8 (IL-8) Chemokine 
Chemoattractant for neutrophils; promotes angiogenesis and 

inflammatory cell infiltration; contributes to plaque instability. 

CCL2 (MCP-

1) 
Chemokine 

Recruits monocytes/macrophages to sites of tissue injury or 

senescence; drives chronic inflammation and foam cell formation in 

atherosclerosis. 

CCL5 

(RANTES) 
Chemokine 

Attracts T cells and monocytes; involved in autoimmune and chronic 

inflammatory responses in vascular aging. 

MMP-1, 

MMP-3, 

MMP-9 

Matrix 

Metalloproteinases 

Degrade extracellular matrix; facilitate tissue remodeling, fibrosis, 

and plaque rupture; destabilize fibrous caps in atherosclerosis. 
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GM-CSF 
Growth Factor / 

Cytokine 

Promotes myeloid lineage differentiation; enhances pro-

inflammatory macrophage polarization and activation. 

TGF-β Growth Factor 
Dual role in senescence and fibrosis; induces ECM deposition; 

contributes to cardiac and vascular fibrosis and stiffening. 

VEGF Growth Factor 
Promotes angiogenesis; contributes to neovascularization of plaques; 

involved in tissue repair and endothelial permeability. 

IGFBP-3 / 

IGFBP-7 

Insulin-like Growth 

Factor Binding 

Proteins 

Modulate IGF signaling; induce growth arrest; IGFBP-7 implicated in 

paracrine senescence and cardiac hypertrophy. 

PAI-1 

(SERPINE1) 

Serine Protease 

Inhibitor 

Mediator of TGF-β-induced senescence; inhibits fibrinolysis; 

associated with thrombosis and vascular remodeling in aged tissues. 

Galectin-3 Lectin 
Promotes inflammation, fibrosis, and immune cell recruitment; 

elevated in heart failure and linked to SASP signaling. 

HMGB1 Alarmin / DAMP 
Released during cellular stress or necrosis; triggers TLR4 signaling 

and promotes inflammatory SASP amplification. 

SAA1 / SAA2 
Acute-Phase 

Proteins 

Amplify inflammatory responses; stimulate chemokine production 

and monocyte recruitment. 

IL-10 
Anti-inflammatory 

Cytokine 

Context-dependent; may limit excessive inflammation but also 

contribute to immune evasion by senescent cells. 

ROS / NO Reactive Species 
Promote DNA damage, mitochondrial dysfunction, and SASP 

induction; disrupt redox-sensitive ion channels and gap junctions. 

Extracellular 

vesicles (EVs) 

Nanoparticle-

derived SASP 

Transfer of microRNAs, damaged DNA, and inflammatory proteins 

to nearby cells; propagate senescence and SASP signaling 

systemically. 

Note: ROS = reactive oxygen species;NO = nitric oxide; IL-6 = interleukin-6; IL-1α = interleukin-1 alpha; IL-1β = 

interleukin-1 beta; IL-8 = interleukin-8 (also known as CXCL8); TNF-α = tumor necrosis factor-alpha; CXCL8 = 

C-X-C motif chemokine ligand 8; CCL2 = C-C motif chemokine ligand 2 (also known as MCP-1); MCP-1 = 

monocyte chemoattractant protein-1; CCL5 = C-C motif chemokine ligand 5 (also known as RANTES); RANTES 

= regulated on activation, normal T cell expressed and secreted; MMP-1 = matrix metalloproteinase-1; MMP-3 = 

matrix metalloproteinase-3; MMP-9 = matrix metalloproteinase-9; GM-CSF = granulocyte-macrophage colony-

stimulating factor; TGF-β = transforming growth factor-beta; VEGF = vascular endothelial growth factor; IGFBP-

3 = insulin-like growth factor binding protein 3; IGFBP-7 = insulin-like growth factor binding protein 7; PAI-1 = 

plasminogen activator inhibitor-1 (also known as SERPINE1); SERPINE1 = serpin family E member 1; HMGB1 

= high mobility group box 1; SAA1 = serum amyloid A1; SAA2 = serum amyloid A2; IL-10 = interleukin-10; EVs 

= extracellular vesicles). 

Proteases, particularly matrix metalloproteinases (MMPs) such as MMP-1, MMP-3, and MMP-

9, are another key SASP component. These enzymes degrade the extracellular matrix (ECM), 

contributing to tissue remodeling but also to pathological processes such as fibrosis and plaque 

destabilization. In the vasculature, overexpression of MMPs leads to the breakdown of elastin and 

collagen, weakening vessel walls and promoting aneurysm formation or plaque rupture in 

atherosclerosis. The imbalance between proteases and their inhibitors is therefore a central feature of 

SASP-driven tissue degeneration in aging [29,30]. Growth factors such as vascular endothelial growth 
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factor (VEGF), transforming growth factor-beta (TGF-β), and hepatocyte growth factor (HGF) are 

variably expressed in SASP and contribute to angiogenesis, fibrosis, and tissue remodeling. While 

these factors may aid in tissue repair and regeneration during acute injury, their chronic expression 

in the context of senescence promotes pathological angiogenesis and fibrotic remodeling. For 

instance, persistent TGF-β signaling is associated with cardiac and vascular fibrosis, which impairs 

tissue compliance and function in elderly individuals [31–33]. The regulation of SASP is tightly 

controlled at multiple levels, including transcriptional, epigenetic, and post-transcriptional 

mechanisms. Key transcription factors involved include nuclear factor kappa-light-chain-enhancer of 

activated B cells (NF-κB) and C/EBPβ, which coordinate the expression of many SASP genes. DDR 

signaling, particularly via ATM and p38 MAPK, plays a pivotal role in initiating and sustaining SASP 

production. Additionally, mechanistic target of rapamycin (mTOR) and GATA4 pathways have been 

implicated in modulating the intensity and composition of SASP (Figure 1) [15,34,35]. Notably, SASP 

is not static; its composition can evolve over time and in response to feedback from the 

microenvironment. This dynamic regulation means that SASP can shift from being initially beneficial, 

for instance in tissue repair, to chronically deleterious, promoting inflammation and disease 

progression [36]. 

 

Figure 1. DNA damage-induced senescence and SASP via ATM/ATR-mediated molecular cascades. DNA 

double-strand breaks activate the DNA damage response (DDR), primarily through ATM/ATR kinases, 

initiating downstream signaling cascades that lead to cellular senescence and SASP. DDR signaling results in 

activation of CHK2, p53, GATA4, and NEMO. p53 upregulates p21CIP1, which inhibits CDK2/Cyclin E, enforcing 

G1/S cell cycle arrest. Independently, increased expression of p16INK4a inhibits CDK4/6, maintaining Rb in a 

hypophosphorylated state and contributing to senescence. DNA damage also leads to cytoplasmic chromatin 

fragment (CCF) formation, activating the cGAS–STING–TBK1 pathway, which induces IRF3 and NF-κB 

activation. NF-κB, in cooperation with C/EBPβ and GATA4, drives the transcription of pro-inflammatory SASP 
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factors. Together, these pathways establish irreversible growth arrest and promote SASP expression in senescent 

cells. 

Triggers and Amplifiers of SASP 

The activation of SASP is intricately tied to a variety of cellular stressors and damage signals that 

induce and sustain cellular senescence. These triggers are not only responsible for initiating the 

senescent state but also play key roles in modulating the intensity and composition of SASP. Among 

the most well-characterized initiators are persistent DNA damage, telomere attrition, and 

mitochondrial dysfunction—each of which contributes to a chronic intracellular stress response that 

culminates in SASP expression [18,37]. DNA damage is a central trigger of SASP and is primarily 

sensed through the DDR pathway (Figure 1). Persistent double-strand DNA breaks, especially those 

at telomeres or induced by genotoxic stress, activate DDR kinases such as ATM and ATR. These 

kinases, in turn, stabilize and activate the p53 tumor suppressor protein, initiating a cascade that 

leads to cell cycle arrest via p21 and promotes the senescent phenotype. Crucially, even after cell cycle 

arrest is established, ongoing DDR signaling maintains the expression of SASP components, 

particularly through activation of the NF-κB and C/EBPβ transcription factors. The sustained DDR 

not only reinforces the senescence program but also amplifies the pro-inflammatory nature of SASP, 

contributing to tissue-wide inflammation and degeneration observed in aging organisms [16,38,39]. 

Telomere attrition (Figure 2) represents a more specific but equally potent driver of senescence and 

SASP activation. In somatic cells, telomeres progressively shorten with each round of replication due 

to the end-replication problem. Critically shortened telomeres are perceived by the cell as DNA 

double-strand breaks, triggering a DDR that leads to replicative senescence. This telomere-driven 

senescence is particularly relevant in aging tissues with high cellular turnover, such as the vascular 

endothelium and immune system. The resulting SASP not only halts further cellular proliferation but 

also induces inflammatory signaling that alters the tissue microenvironment, disrupts homeostasis, 

and can contribute to diseases such as atherosclerosis and myocardial fibrosis in the elderly [40,41].  

 

Figure 2. Telomere shortening and its role in cellular senescence and SASP. Telomeres are repetitive 

nucleotide sequences (e.g., TTAGGG) located at the ends of chromosomes that protect genomic DNA. With each 

round of cell division, telomeres progressively shorten due to the end-replication problem, ultimately leading 
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to critically short telomeres. When telomeres become too short, cells enter a state of irreversible growth arrest 

known as cellular senescence. 

Mitochondrial dysfunction is another crucial trigger of SASP and is often both a cause and 

consequence of senescence. Senescent cells typically exhibit dysfunctional mitochondria 

characterized by impaired oxidative phosphorylation, altered mitochondrial dynamics, and 

increased production of ROS. Elevated ROS levels induce oxidative damage to DNA, proteins, and 

lipids, further activating the DDR and reinforcing senescence. Importantly, ROS also serve as 

signaling molecules that enhance the expression of pro-inflammatory cytokines, such as IL-6 and IL-

8, through redox-sensitive transcription factors like NF-κB. In this way, mitochondrial dysfunction 

acts as a feedback loop that maintains and amplifies SASP activity. This phenomenon has been 

particularly well-documented in the context of CV aging, where oxidative stress from senescent 

endothelial or myocardial cells accelerates vascular inflammation, arterial stiffening, and fibrosis 

[18,42]. In addition to these primary triggers, several intracellular signaling pathways function as 

amplifiers of SASP once it has been initiated. Notably, the mTOR pathway has been shown to regulate 

the translation of SASP components, while the cGAS-STING pathway senses cytosolic DNA 

fragments and activates type I interferon signaling that further enhances inflammatory SASP 

expression [43,44]. These amplifying mechanisms demonstrate that SASP is not merely a passive 

consequence of senescence but a tightly regulated and dynamically sustained program with systemic 

physiological impact [36].  

Distinction Between Transient vs Chronic SASP 

A critical conceptual distinction has emerged between transient and chronic SASP, which 

reflects differences in both the physiological roles and pathological consequences of senescent cells 

(Table 2). Transient SASP is typically observed during acute cellular senescence, such as that which 

occurs in response to tissue injury, wound healing, or during embryonic development [45]. In these 

settings, senescence is activated as a tightly regulated and time-limited process. The transient 

expression of SASP factors facilitates tissue repair by modulating inflammation, remodeling the 

ECM, and promoting the clearance of damaged or dysfunctional cells through immune-mediated 

mechanisms. This controlled release of SASP molecules such as ILs, MMPs, and growth factors plays 

a beneficial role in restoring tissue homeostasis. Importantly, the transient nature of SASP in this 

context is often terminated by the efficient removal of senescent cells by the immune system or 

through programmed cell death. Thus, transient SASP contributes to a regenerative and adaptive 

response that is essential for maintaining organismal health [9,23,45]. In contrast, chronic SASP 

emerges when senescent cells persist in tissues due to a failure in immune surveillance or an inability 

to undergo apoptosis. This is particularly common in aging tissues, where the accumulation of 

senescent cells leads to sustained and dysregulated SASP expression. Chronic SASP maintains a 

persistent pro-inflammatory milieu, characterized by continued secretion of cytokines such as IL-6 

and IL-1β, chemokines, growth factors, and matrix-degrading enzymes [23,46]. Unlike the transient 

SASP, which is temporally limited and spatially confined, chronic SASP spreads its influence over 

time and affects surrounding tissues by promoting fibrosis, altering stem cell niches, and encouraging 

the senescence of neighboring cells through paracrine signaling [47]. This reinforces tissue 

dysfunction and is a key contributor to the progression of age-related diseases, including CV disease, 

where chronic inflammation and remodeling play central roles in disease pathogenesis [20]. 

Molecularly, chronic SASP is maintained by ongoing activation of key signaling pathways such as 

the DDR, NF-κB, p38 MAPK, and mTOR, which drive transcriptional and translational regulation of 

SASP components. Additionally, cytoplasmic chromatin fragments and activation of the cGAS-

STING pathway have been implicated in reinforcing SASP expression in persistent senescent cells 

[38,44]. These pathways are often upregulated in senescent cells residing in aged or diseased tissues, 

further perpetuating the chronic nature of SASP. In the CV system, this persistent SASP expression 
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can drive endothelial dysfunction, vascular remodeling, and myocardial fibrosis, contributing to the 

pathophysiology of conditions including atherosclerosis, HF, and hypertension (Table 3) [30,48].  

Table 2. Key distinctions between transient and chronic SASP. 

Feature Transient SASP Chronic SASP 

Triggering 

Context 

Acute stress (e.g., wound healing, 

development, tumor 

suppression) 

Persistent stress or damage (e.g., telomere 

attrition, DNA damage, oxidative stress) 

Duration of 

SASP 

Expression 

Short-lived; resolves within days 

to weeks 

Long-lasting; persists over weeks to months 

or indefinitely 

Senescent 

Cell Fate 

Often cleared by immune 

surveillance or undergoes 

apoptosis 

Resistant to apoptosis; persists and 

accumulates with age 

Key SASP 

Components 

Controlled expression of IL-6, IL-

8, TGF-β, limited MMPs 

Broad, high-level expression of pro-

inflammatory cytokines (IL-6, IL-1β, TNF-α), 

MMPs, chemokines 

Immune 

Modulation 

Immunostimulatory; facilitates 

immune cell recruitment and 

clearance of senescent cells 

Immunosuppressive or immunoevasive; 

leads to immune cell exhaustion and chronic 

inflammation 

Paracrine 

Effects 

Promotes transient proliferation, 

differentiation, or repair in 

neighboring cells 

Induces paracrine senescence, inflammation, 

and tissue degradation in surrounding cells 

Tissue 

Remodeling 

Supports tissue regeneration and 

fibrosis resolution 

Promotes fibrosis, ECM degradation, 

calcification, and loss of tissue integrity 

NF-κB / 

p38MAPK 

Activation 

Mild, transient activation 
Sustained, amplified activation driving 

long-term SASP transcription 

DNA Damage 

Response 

(DDR) 

Temporary DDR activation 
Persistent DDR signaling (e.g., γ-H2AX, 

ATM/ATR activation) 

Epigenetic 

Landscape 

Reversible chromatin changes 

(transient enhancer activation) 

Stable heterochromatin formation (SAHF), 

long-term enhancer remodeling of SASP 

genes 

Metabolic 

Signature 
Mild metabolic reprogramming 

Elevated glycolysis, mitochondrial 

dysfunction, increased ROS production 

Relevance to 

CVD 

Protective in early repair post-

injury (e.g., myocardial 

infarction) 

Pathogenic in aging-associated diseases: 

atherosclerosis, HFpEF, vascular 

calcification 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 21 August 2025 doi:10.20944/preprints202508.1533.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202508.1533.v1
http://creativecommons.org/licenses/by/4.0/


 9 of 44 

 

Resolution 

Mechanism 

Clearance by immune cells (NK, 

macrophages) 

Immune evasion or exhaustion prevents 

clearance, leading to accumulation 

Therapeutic 

Implications 

May be beneficial and should be 

preserved 

Targeted for removal or suppression using 

senolytics or senomorphics 

Table 3. Role of SASP in cardiovascular and peripheral vascular diseases. 

Disease/Condition 
Key SASP-Mediated 

Mechanisms 

Prominent 

SASP 

Components 

Pathophysiological 

Consequences 

Hypertension 

SASP-induced endothelial 

dysfunction reduces nitric 

oxide (NO); vascular 

senescence increases stiffness 

and tone 

IL-6, TNF-α, 

TGF-β, ROS, 

MCP-1, 

MMPs, PAI-

1 

Arterial stiffness, 

impaired vasodilation, 

increased systemic 

vascular resistance, 

pressure overload 

Peripheral 

Vascular Disease 

(PVD) 

Chronic inflammation in 

peripheral arteries; endothelial 

senescence impairs 

angiogenesis and perfusion 

IL-6, IL-1β, 

TNF-α, 

MMP-9, 

CCL2 

Capillary rarefaction, 

impaired collateral vessel 

formation, limb ischemia, 

tissue necrosis 

Atherosclerosis 

Senescent endothelial and 

smooth muscle cells promote 

lipid accumulation, 

inflammation, and matrix 

degradation 

IL-1β, IL-6, 

IL-8, MCP-1, 

TNF-α, 

MMP-1/3/9, 

TGF-β 

Plaque growth, immune 

cell recruitment, necrotic 

core expansion, and 

fibrous cap weakening 

Coronary Artery 

Disease (CAD) 

SASP enhances leukocyte 

adhesion and endothelial 

dysfunction in coronary vessels; 

promotes thrombosis 

IL-6, TNF-α, 

VCAM-1, 

ICAM-1, 

PAI-1, ROS 

Reduced coronary 

perfusion, enhanced 

vasoconstriction, 

increased risk of plaque 

rupture and thrombus 

Myocardial 

Infarction (MI) 

Post-MI, SASP from senescent 

fibroblasts and immune cells 

sustains inflammation and 

impairs reparative remodeling 

IL-1β, IL-6, 

TGF-β, 

MMPs, 

HMGB1 

Excessive fibrosis, 

impaired scar formation, 

ventricular dysfunction, 

higher risk of rupture 

Heart Failure (HF) 

Persistent SASP drives 

myocardial fibrosis, 

hypertrophy, and impaired 

cardiomyocyte contractility 

TGF-β, IL-6, 

TNF-α, 

MCP-1, 

MMPs, 

IGFBP-3 

Left ventricular stiffening, 

diastolic dysfunction, 

progression of HFpEF 

and HFrEF 
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Cardiac 

Arrhythmias 

SASP-induced fibrosis and 

inflammation disrupt electrical 

conduction and calcium 

homeostasis 

IL-1β, TNF-

α, IL-6, ROS, 

MMP-9, 

TGF-β 

Gap junction uncoupling, 

Ca²⁺ handling defects, 

increased risk of atrial 

fibrillation and VT/VF 

Note: SASP factors drive chronic low-grade inflammation (inflammaging), ECM remodeling, oxidative stress, 

and paracrine senescence—all of which are central to vascular and myocardial aging. In atherosclerosis and 

CAD, SASP amplifies immune cell recruitment and matrix degradation, while in heart failure and MI, it 

contributes to maladaptive remodeling and fibrosis. In arrhythmias, especially atrial fibrillation, SASP disrupts 

ion channel expression, gap junctions, and calcium cycling, creating a pro-arrhythmic substrate. 

SASP-Induced Chronic Low-Grade Inflammation ("Inflammaging") 

Chronic low-grade inflammation, commonly referred to as “inflammaging,” represents a 

defining feature of biological aging and a fundamental contributor to CV pathology in elderly 

individuals. Inflammaging is characterized by a persistent, systemic inflammatory state that exists in 

the absence of acute infection and is marked by modest elevations in circulating pro-inflammatory 

cytokines such as IL-6, TNF-α, IL-1β, and C-reactive protein (CRP). A principal driver of this 

phenomenon is SASP. As senescent cells persist in the absence of efficient immune clearance, they 

function as chronic sources of these inflammatory signals, establishing a systemic environment that 

promotes immune dysregulation, tissue degeneration, and heightened susceptibility to age-

associated CVDs [49]. Within the CV system, the systemic propagation of SASP-induced 

inflammatory mediators contributes to endothelial dysfunction, vascular stiffening, and the 

promotion of atherosclerosis. Elevated levels of IL-6 and TNF-α in circulation activate endothelial 

cells, reduce nitric oxide (NO) bioavailability, and upregulate adhesion molecules such as 

intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1), 

facilitating leukocyte adhesion and transmigration into the vascular intima. These processes promote 

a pro-atherogenic milieu even in the absence of overt plaque formation and are particularly 

detrimental in aged vessels where endothelial resilience is diminished [50]. Moreover, SASP-induced 

inflammation promotes the polarization of monocytes and macrophages toward pro-inflammatory 

M1 phenotypes, which secrete additional cytokines and proteases that perpetuate vascular 

inflammation and matrix degradation. This cascade significantly contributes to the development of 

vulnerable plaques and impairs vascular elasticity, increasing pulse wave velocity and systolic blood 

pressure—hallmarks of vascular aging [51,52].  

In addition to its effects on the vasculature, SASP-driven inflammaging has profound 

consequences for cardiac tissue integrity and function. Inflammatory cytokines produced 

systemically by senescent cells in peripheral tissues—including adipose tissue, bone marrow, and 

skeletal muscle—can reach the myocardium and contribute to cardiac remodeling. This systemic 

inflammatory burden is associated with increased myocardial infiltration of immune cells, activation 

of fibroblasts, and deposition of ECM components, which collectively promote interstitial fibrosis. 

Chronic exposure to inflammatory mediators also affects cardiomyocyte function directly by 

impairing calcium handling, altering β-adrenergic signaling, and promoting mitochondrial 

dysfunction, all of which contribute to contractile impairment and the development of HF 

phenotypes such as HFpEF [53,54]. Furthermore, systemic SASP-mediated inflammation is 

implicated in the dysfunction of vascular progenitor and stem cells, reducing their regenerative 

capacity and impairing vascular repair mechanisms. Inflammaging-induced disruption of 

endothelial progenitor cell function is particularly relevant in elderly individuals with impaired 

angiogenic responses, contributing to delayed wound healing and impaired collateral vessel 

formation in ischemic conditions [55]. These defects are compounded by the pro-coagulant effects of 

SASP, which include increased expression of tissue factor and plasminogen activator inhibitor-1 

(PAI-1), thereby increasing the risk of thrombotic events in aging populations [56,57]. 
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SASP, Endothelial Dysfunction, and Vascular Aging 

Effects of SASP on Vascular Endothelial Cells 

The aging of the vascular system is characterized by structural and functional changes that 

impair blood vessel integrity and regulation. A major contributor to this process is the accumulation 

of senescent cells within the vascular endothelium, which promotes chronic inflammation and 

disrupts endothelial function [58]. Endothelial cells, which line the interior of blood vessels, are vital 

for maintaining vascular homeostasis. They regulate vascular tone, inhibit thrombosis, and control 

immune cell trafficking. A key protective function of endothelial cells is the synthesis of NO by 

endothelial nitric oxide synthase (eNOS). NO promotes vasodilation, prevents platelet aggregation, 

and reduces leukocyte adhesion. However, exposure to SASP factors—including IL-6, TNF-α, and 

ROS—impairs eNOS expression and activity, significantly reducing NO bioavailability. This leads to 

impaired vasodilation and fosters a pro-inflammatory and pro-thrombotic endothelial phenotype 

[48,50,58]. SASP-induced dysfunction initiates a self-perpetuating cycle of oxidative stress and 

inflammation. SASP components activate NADPH oxidase and mitochondrial ROS production, 

which further decrease NO levels through direct scavenging and by oxidizing tetrahydrobiopterin 

(BH4), a critical eNOS cofactor. This results in eNOS uncoupling, where the enzyme generates 

superoxide instead of NO, exacerbating oxidative stress [50,59].  

Additionally, SASP-related pro-inflammatory cytokines activate NF-κB and p38 MAPK 

signaling pathways in endothelial cells, promoting the expression of adhesion molecules such as 

VCAM-1 and ICAM-1. These molecules enhance leukocyte adhesion and infiltration, aggravating 

endothelial injury and driving vascular remodeling and stiffness [60,61]. Simultaneously, ROS can 

induce further cellular senescence in both an autocrine and paracrine manner and oxidize key 

biomolecules like lipids, proteins, and DNA [50,59]. This oxidative stress also activates redox-

sensitive transcription factors such as activator protein-1 (AP-1), which boost the transcription of 

inflammatory SASP components, perpetuating the inflammatory loop [62,63]. SASP further 

contributes to vascular aging by stimulating the proliferation and phenotypic switching of vascular 

smooth muscle cells (VSMCs) into pro-inflammatory and osteogenic states, promoting vascular 

calcification and rigidity. The altered immune microenvironment also impairs the clearance of 

senescent cells, allowing them to persist and amplify inflammatory signaling [20,64,65]. As aging 

progresses, the balance between endothelial repair and damage becomes increasingly skewed due to 

declining progenitor cell function and rising senescent cell burden. SASP-induced endothelial 

dysfunction not only mirrors but accelerates vascular aging, contributing to arterial stiffness, plaque 

formation, and reduced vascular reactivity [30]. Importantly, experimental studies have shown that 

clearing senescent cells or inhibiting SASP factors can restore endothelial function and enhance NO 

bioavailability, underscoring the causal role of SASP in vascular aging [66,67].  

Role of SASP in Arterial Stiffness 

Cellular senescence contributes to arterial stiffness not merely through the cessation of cellular 

proliferation but more critically through the chronic paracrine signaling mediated by SASP. In aged 

vessels, the accumulation of senescent endothelial cells, VSMCs, and adventitial fibroblasts leads to 

a continuous release of SASP factors, which remodel the vascular ECM, compromise vascular tone, 

and initiate atherogenic signaling cascades [68,69]. Arterial stiffness arises from structural and 

functional alterations in the vascular wall, notably the breakdown of elastin fibers, increased collagen 

deposition, and cross-linking of ECM proteins. These changes reduce arterial compliance and impair 

the ability of vessels to buffer pulsatile blood flow. SASP factors play a central role in these alterations 

by increasing the expression and activation of MMPs such as MMP-2 and MMP-9, which degrade 

elastin and other ECM components [70,71]. Simultaneously, SASP components such as TGF-β and 

connective tissue growth factor (CTGF) drive fibroblast activation and collagen synthesis. In 

senescent VSMCs, SASP-induced phenotypic switching to a secretory and osteogenic state further 

promotes arterial calcification, exacerbating vessel rigidity. Moreover, chronic inflammation 
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maintained by SASP cytokines such as IL-6 and TNF-α activates NF-κB and STAT3 pathways in 

vascular cells, which enhance the fibrotic response and suppress elastin repair mechanisms, 

compounding arterial stiffening over time [33,72]. Experimental clearance of senescent cells using 

senolytics has been shown to reduce arterial stiffness and improve endothelial function in aged 

animal models, providing compelling evidence of a causal role for SASP in vascular pathology 

[69,73,74]. These findings suggest that targeting SASP components or the senescent cells producing 

them could offer therapeutic benefit in attenuating arterial stiffness, thereby mitigating CV risk in the 

elderly. 

SASP and Atherosclerotic Heart Disease 

Contribution of Senescent Cells and SASP in Atherogenesis 

Atherosclerosis is a complex, multifactorial disease characterized by the accumulation of lipids, 

inflammatory cells, and fibrous elements in the arterial wall, leading to plaque formation, vascular 

stiffening, and luminal obstruction. An emerging body of evidence implicates cellular senescence and 

the accompanying SASP as significant contributors to the initiation, progression, and destabilization 

of atherosclerotic plaques. A central and pathogenic feature of SASP in the context of atherosclerotic 

plaque development is its capacity to recruit immune cells into the vascular wall. In early 

atherogenesis, SASP factors derived from senescent endothelial cells and VSMCs initiate an 

inflammatory cascade by secreting high levels of chemokines, such as CCL2 (MCP-1), CXCL8 (IL-8), 

and CCL5 (RANTES). These chemokines bind to cognate receptors on circulating monocytes, 

neutrophils, and T lymphocytes, facilitating their adhesion to the endothelium and subsequent 

transmigration into the intima. This process is further enhanced by SASP-induced upregulation of 

adhesion molecules including ICAM-1, VCAM-1, and E-selectin on endothelial cells, which establish 

the necessary interface for leukocyte tethering and diapedesis. Once in the subendothelial space, 

recruited immune cells encounter a microenvironment rich in inflammatory cytokines—such as IL-

1β, IL-6, and TNF-α—sustained by SASP. This milieu not only maintains immune cell activation but 

also amplifies local cytokine production, forming a self-sustaining inflammatory loop that drives 

lesion expansion [30,51,75]. Senescent macrophages, VSMCs, and endothelial cells actively secrete 

SASP factors that exacerbate the inflammatory milieu, promote ECM remodeling, and propagate 

further cellular dysfunction in a paracrine fashion, thereby facilitating atherogenesis and plaque 

evolution [30,76,77].  

Senescent macrophages represent a central immune component of atherosclerotic lesions and 

contribute directly to plaque inflammation. These cells, initially recruited to clear oxidized low-

density lipoprotein (oxLDL), undergo phenotypic changes under chronic stress and lipid overload. 

They transform into foam cells upon ingesting oxLDL, forming the lipid-rich necrotic core of the 

plaque. In the presence of persistent SASP signaling, these macrophages fail to undergo effective 

efferocytosis, leading to secondary necrosis and enlargement of the necrotic core [78,79]. In addition 

to impaired phagocytic capacity, senescent macrophages is also a sustained source of pro-

inflammatory SASP components, including IL-1β, IL-6, TNF-α, and MMPs. These factors not only 

maintain a pro-atherogenic environment but also inhibit the resolution of inflammation and clearance 

of necrotic debris, further contributing to the growth of the lipid-rich necrotic core. Furthermore, 

SASP factors from senescent macrophages drive the recruitment and activation of additional immune 

cells, creating a self-reinforcing loop of inflammation within the plaque [80,81]. SASP also modulates 

the polarization of infiltrating macrophages and T cells. The pro-inflammatory cytokines produced 

by SASP-secreting cells favor a skewing toward M1 macrophages and Th1/Th17 T cell subsets, both 

of which contribute to enhanced inflammation and cytotoxicity. At the same time, SASP can suppress 

regulatory T cells and anti-inflammatory M2 macrophages, impairing the resolution of inflammation. 

This immunological imbalance favors continued immune cell infiltration, local tissue destruction, 

and increased oxidative stress, all of which converge to accelerate plaque progression and 

destabilization [51,82,83]. 
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Senescent VSMCs also undergo functional reprogramming in atherosclerosis. Under conditions 

of oxidative stress and exposure to SASP cytokines, VSMCs switch from a contractile to a synthetic 

phenotype, and many enter a state of senescence [84]. These senescent VSMCs lose their ability to 

maintain ECM integrity and instead secrete MMPs that degrade collagen and elastin within the 

fibrous cap of the plaque. In addition to proteolytic activity, senescent VSMCs contribute to 

calcification processes by adopting osteochondrogenic features, which further stiffen the arterial wall 

and increase the risk of plaque rupture [85]. Critically, SASP derived from these VSMCs perpetuates 

local inflammation and promotes further VSMC and macrophage senescence, amplifying the 

pathogenic cascade within the lesion [86,87]. Senescent endothelial cells also play an equally vital role 

in the early stages of atherogenesis. These cells form the inner lining of arteries and are responsible 

for maintaining vascular homeostasis by regulating permeability, leukocyte adhesion, and 

vasodilation. Senescence in endothelial cells, driven by telomere shortening, disturbed flow, and ROS 

exposure, results in the loss of barrier integrity and decreased NO production. This dysfunction 

facilitates the transendothelial migration of monocytes and the retention of lipids in the 

subendothelial space [77,88,89]. Moreover, SASP factors released by senescent endothelial cells, 

including chemokines such as CCL2 and CXCL8, enhance leukocyte recruitment and amplify local 

inflammation [77,90,91].  

SASP and Plaque Instability 

The sustained immune cell infiltration driven by SASP factors has significant implications for 

plaque stability. Senescent macrophages themselves develop a SASP-like profile, secreting pro-

inflammatory mediators and proteolytic enzymes that destabilize the plaque structure. MMPs, 

especially MMP-1, MMP-3, and MMP-9, are upregulated in response to chronic SASP exposure and 

degrade key ECM components such as collagen and elastin within the fibrous cap. The degradation 

of the ECM weakens the cap and increases the risk of rupture, an event that precipitates thrombosis 

and acute coronary syndromes [51,77,92]. Another important aspect of SASP-mediated plaque 

destabilization is its effect on VSMCs. While VSMCs in early plaque formation are involved in fibrous 

cap synthesis, those exposed to sustained SASP signaling undergo senescence and phenotypic 

switching, losing their contractile properties and matrix-producing functions. Instead, these 

senescent VSMCs secrete pro-inflammatory cytokines and MMPs, further contributing to ECM 

degradation. Moreover, SASP exposure induces VSMC apoptosis, depleting the cellular population 

necessary for cap maintenance. The combined effect of reduced matrix synthesis, increased matrix 

degradation, and VSMC loss leads to a thin, rupture-prone fibrous cap—hallmarks of vulnerable 

plaques that are prone to hemorrhage and thrombosis [93,94]. The pro-thrombotic state induced by 

SASP further contributes to plaque instability by increasing endothelial expression of tissue factor 

and reducing anti-coagulant molecules like thrombomodulin [77,90,91]. 

Evidence from Animal Models and Human Studies 

The pathogenic role of SASP in the development, progression, instability, and rupture of 

atherosclerotic plaques has been substantiated through a growing body of evidence from both animal 

models and human studies. In vivo studies utilizing genetically engineered mouse models have been 

particularly instrumental in demonstrating the causal role of senescent cells and their SASP in 

vascular pathology [95,96]. In one of the seminal experiments using the INK-ATTAC transgenic 

mouse model, in which p16INK4a+ senescent cells can be selectively ablated, the clearance of senescent 

cells led to a significant reduction in atherosclerotic burden, preservation of vascular function, and 

increased fibrous cap stability [97,98]. These effects were accompanied by a notable decrease in SASP 

cytokines, reduced infiltration of pro-inflammatory macrophages, and diminished MMP activity in 

the aortic wall. These findings underscore the mechanistic link between senescent cell accumulation, 

SASP-driven inflammation, and structural degradation of the atherosclerotic plaque [99]. Further 

experimental validation comes from studies employing pharmacological senolytics such as dasatinib 

and quercetin (D+Q). In apolipoprotein E-deficient (ApoE-/-) mice, a widely used model of 
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atherosclerosis, treatment with these agents resulted in the elimination of senescent cells within 

plaques, attenuation of SASP factor expression, and a corresponding reduction in plaque size and 

necrotic core area. This senolytic intervention also improved markers of plaque stability, including 

increased collagen deposition and decreased MMP activity. The restoration of a more stable plaque 

phenotype in these models supports the hypothesis that SASP not only exacerbates inflammation but 

also directly contributes to fibrous cap weakening and the risk of rupture [100–102]. However, an 

animal study evaluated the impact of the senolytic agent ABT-263 (Navitoclax) on advanced 

atherosclerotic lesions, focusing on its effects on smooth muscle cells (SMCs) and endothelial cells, 

which together constitute the majority of α-SMA+ cells in the stabilizing fibrous cap. Using lineage-

traced ApoE−/− mice fed a Western diet for 18 weeks, followed by ABT-263 treatment at two dosing 

regimens, they found that ABT-263 did not reduce lesion size or alter the lumen area of the 

brachiocephalic artery. However, it significantly depleted SMCs by 90% and increased endothelial 

cell contributions to lesions via endothelial-to-mesenchymal transition (EndoMT) by 60%. These 

cellular changes were associated with a 60% reduction in fibrous cap thickness and an increase in 

mortality by over 50%. As such, ABT-263 treatment led to multiple detrimental outcomes, including 

features indicative of plaque destabilization and increased mortality, highlighting potential risks of 

senolytic therapy in the context of advanced atherosclerosis [103]. 

Human studies also have provided some insights, confirming the presence and pathogenic role 

of senescent cells and SASP components in advanced atherosclerotic lesions. Analyses of human 

carotid and coronary artery plaques have consistently demonstrated increased expression of 

senescence markers such as p16INK4a, p21CIP1, and senescence-associated β-galactosidase (SA-β-gal), 

particularly in areas of plaque vulnerability such as the fibrous cap and necrotic core [104]. These 

regions also show high levels of SASP factors, including IL-6, TNF-α, and MMPs. Importantly, SASP 

expression in human plaques correlates with clinical indices of plaque instability, such as reduced 

fibrous cap thickness, large lipid cores, and increased intraplaque hemorrhage, which are all 

predictors of rupture and acute thrombotic events. In addition, endothelial and smooth muscle cells 

within unstable plaques display transcriptional profiles consistent with a senescent phenotype, 

including the upregulation of SASP-related inflammatory and proteolytic genes [30]. Furthermore, 

studies in aged human populations have shown that individuals with higher circulating levels of 

SASP-associated cytokines—such as IL-1β and IL-6—are at increased risk for CV events, independent 

of traditional risk factors. These systemic markers reflect not only local vascular inflammation but 

also a systemic pro-inflammatory state driven by the widespread accumulation of senescent cells in 

aging tissues [26,105]. Histological examinations of post-mortem coronary arteries in patients who 

died of acute myocardial infarction have revealed dense infiltrates of senescent macrophages and T 

cells in ruptured plaques, suggesting a final common pathway of SASP-mediated inflammation and 

tissue degradation culminating in rupture [106]. Taken together, both experimental and clinical 

studies provide compelling evidence that SASP is not merely a bystander but an active driver of 

atherosclerotic plaque progression and destabilization. By orchestrating chronic inflammation, ECM 

degradation, immune cell recruitment, and VSMC dysfunction, SASP-producing senescent cells 

establish a microenvironment conducive to plaque rupture and acute vascular events. 

SASP, Myocardial Remodeling, and Heart Failure 

Senescence in Cardiomyocytes and Fibroblasts 

Senescence in cardiomyocytes and cardiac fibroblasts plays a central role in the maladaptive 

remodeling processes that contribute to the development and progression of HF in aged individuals 

[107]. Although cardiomyocytes are traditionally considered terminally differentiated and largely 

post-mitotic, accumulating evidence demonstrates that these cells are nonetheless susceptible to 

senescence-inducing stimuli, including oxidative stress, mitochondrial dysfunction, telomere 

attrition, and genotoxic insults [108]. Senescent cardiomyocytes exhibit classical senescence markers 

such as increased expression of p16INK4a and p21CIP1, DNA damage foci marked by γ-H2AX, and 
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senescence-associated β-gal activity. Critically, while these cells no longer proliferate, they remain 

metabolically active and contribute to pathological cardiac remodeling through the secretion of SASP, 

which includes pro-inflammatory cytokines, chemokines, MMPs, and extracellular vesicles [109–

111]. SASP derived from senescent cardiomyocytes has significant downstream effects on the cardiac 

microenvironment. It acts in a paracrine manner to induce senescence in neighboring cells, propagate 

inflammation, and disrupt myocardial structural integrity. Chronic exposure to SASP components 

promotes leukocyte infiltration, endothelial dysfunction, and interstitial fibrosis, all of which impair 

cardiac compliance and diastolic function. Moreover, SASP factors such as IL-6, TNF-α, and TGF-β 

alter calcium handling and excitation-contraction coupling in adjacent non-senescent 

cardiomyocytes, contributing to contractile dysfunction. These mechanisms are particularly relevant 

in the pathophysiology of HF with preserved ejection fraction (HFpEF), a condition prevalent in the 

elderly, in which cardiac hypertrophy and fibrosis are prominent, despite preserved systolic function 

[112,113].  

In parallel, cardiac fibroblasts—critical mediators of ECM homeostasis—undergo profound 

changes upon senescence. Senescent fibroblasts accumulate in the aging myocardium and express 

SASP factors that contribute to ECM remodeling and fibrosis. Unlike transiently activated fibroblasts 

that participate in reparative fibrosis following myocardial injury, senescent fibroblasts secrete 

sustained levels of MMPs, fibronectin, and TGF-β, leading to an imbalance between matrix synthesis 

and degradation. This results in diffuse interstitial fibrosis, increased ventricular stiffness, and 

impaired relaxation, further driving HFpEF pathophysiology. Additionally, SASP from senescent 

fibroblasts inhibits cardiac regeneration by impairing the function of cardiac progenitor cells and 

promoting their senescence, thereby reducing the regenerative capacity of the myocardium [20,114]. 

Evidence from aged murine models supports these findings. Mice with cardiac-specific accumulation 

of senescent cells demonstrate left ventricular hypertrophy, impaired relaxation, and elevated levels 

of inflammatory and fibrotic markers in cardiac tissue [115]. Conversely, genetic or pharmacological 

clearance of senescent cardiomyocytes and fibroblasts leads to reduced myocardial fibrosis, 

improved diastolic function, and enhanced cardiac output in aged animals. These interventions also 

attenuate the myocardial expression of SASP components, supporting the concept that the secretory 

profile of senescent cells drives adverse cardiac remodeling [116,117]. In human studies, myocardial 

biopsies from elderly patients with HF reveal elevated expression of senescence markers and SASP-

related cytokines in both cardiomyocytes and fibroblasts, reinforcing the translational relevance of 

preclinical findings [118–120]. 

SASP-Driven Fibrosis, Hypertrophy, and Impaired Contractility 

Myocardial remodeling in the context of aging and HF is characterized by pathological 

alterations including interstitial fibrosis, cardiomyocyte hypertrophy, and contractile dysfunction. 

SASP has emerged as a central mediator of these remodeling processes, primarily through its chronic 

paracrine signaling effects on cardiac cells and the ECM. In both experimental models and human 

tissues, persistent SASP activity from senescent cardiomyocytes, fibroblasts, and infiltrating immune 

cells has been shown to drive fibrotic and hypertrophic responses that culminate in impaired cardiac 

mechanics and progression to HF [114,121]. Fibrosis is a cardinal feature of aging myocardium and 

is exacerbated by SASP through both stimulation of myofibroblast activation and dysregulation of 

ECM turnover. SASP factors such as TGF-β1, IL-6, and MMPs secreted by senescent fibroblasts and 

cardiomyocytes create a profibrotic environment by inducing fibroblast-to-myofibroblast transition 

and increasing collagen I and III synthesis. Simultaneously, MMPs contribute to maladaptive ECM 

remodeling by degrading structural matrix components, thereby disturbing the mechanical 

architecture of the myocardium. This disruption leads to increased ventricular stiffness, reduced 

compliance, and diastolic dysfunction—pathological hallmarks of HFpEF, which disproportionately 

affects elderly patients [114,121,122].  

Cardiomyocyte hypertrophy, another critical aspect of myocardial remodeling, is similarly 

influenced by chronic SASP exposure [20,123]. Pro-inflammatory cytokines such as IL-1β and TNF-α 
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released by senescent cells activate hypertrophic signaling pathways in adjacent cardiomyocytes, 

notably the NF-κB and MAPK cascades. These pathways upregulate genes involved in sarcomeric 

reorganization and cellular growth, including atrial natriuretic peptide (ANP) and β-myosin heavy 

chain, resulting in increased cardiomyocyte size and altered contractile protein expression [124,125]. 

The hypertrophic response, while initially compensatory, ultimately becomes maladaptive by 

increasing myocardial oxygen demand, impairing energy efficiency, and reducing diastolic filling 

capacity. This hypertrophy is not accompanied by proportional vascular growth, leading to relative 

ischemia and further cardiomyocyte stress, which may perpetuate cellular senescence and SASP 

signaling in a self-reinforcing feedback loop [126]. SASP signaling also contributes to impaired 

myocardial contractility through several interrelated mechanisms. Chronic inflammatory mediators 

such as TNF-α and IL-6 disrupt calcium homeostasis by altering the expression and activity of 

calcium-handling proteins including sarco/endoplasmic reticulum calcium ATPase 2a (SERCA2a) 

and the ryanodine receptor (RyR). These disruptions lead to impaired excitation-contraction 

coupling, reduced calcium reuptake into the sarcoplasmic reticulum, and diastolic calcium overload. 

The resulting cytosolic calcium dysregulation contributes to contractile inefficiency and increased 

myocardial stiffness [127]. Furthermore, oxidative stress associated with SASP exacerbates 

mitochondrial dysfunction, reducing ATP availability for contractile processes and enhancing ROS 

production, which damages cellular components and exacerbates senescence. These effects 

collectively impair systolic and diastolic function and accelerate the transition from compensated 

hypertrophy to overt HF [128–130]. Human studies support these mechanistic insights. In myocardial 

biopsies from patients with HFpEF and HF with reduced ejection fraction (HFrEF), elevated 

expression of senescence markers and SASP-related cytokines have been observed, particularly in 

fibrotic and hypertrophic regions. Additionally, circulating levels of IL-6, TNF-α, and TGF-β—key 

SASP components—correlate with worse clinical outcomes and echocardiographic indices of 

impaired function [120,131]. These findings, combined with data from animal models demonstrating 

improved myocardial structure and function following senescent cell clearance.  

Relevance in HFpEF in Elderly 

HFpEF has emerged as the most prevalent form of HF among elderly populations, accounting 

for over half of all HF cases in individuals over 65 years old. Unlike HFrEF, HFpEF is characterized 

by diastolic dysfunction, myocardial stiffness, and impaired ventricular relaxation despite normal 

systolic contractility. This distinct phenotype is increasingly recognized not as a single disease but as 

a complex syndrome driven by systemic and myocardial inflammation, endothelial dysfunction, 

fibrosis, and altered cardiomyocyte mechanics [132,133]. Recent advances in aging biology have 

implicated cellular senescence and SASP as pivotal contributors to the pathophysiological 

mechanisms underlying HFpEF, particularly in the aging myocardium and vasculature [134,135]. 

The myocardial phenotype in HFpEF is marked by interstitial fibrosis, hypertrophy, and increased 

ventricular stiffness, all of which are influenced by senescent cardiomyocytes and fibroblasts through 

their SASP output. Senescent fibroblasts, which accumulate in the aging heart, secrete pro-fibrotic 

and pro-inflammatory mediators such as TGF-β, IL-6, and MMPs, which stimulate excessive collagen 

deposition and maladaptive ECM remodeling. This fibrotic burden impairs myocardial compliance 

and contributes to the increased filling pressures and pulmonary congestion seen in HFpEF patients. 

Concurrently, senescent cardiomyocytes release SASP components that further promote fibroblast 

activation and enhance the inflammatory burden of the cardiac interstitium. These interactions create 

a feedback loop that reinforces cellular senescence and SASP expression, amplifying structural 

remodeling and functional impairment [136,137].  

Endothelial cell senescence and the associated SASP also contribute critically to the 

pathophysiology of HFpEF. Aging-associated endothelial dysfunction impairs NO bioavailability, 

which is essential for maintaining vascular tone, modulating cardiomyocyte stiffness, and promoting 

myocardial perfusion [134]. SASP factors such as IL-1β and TNF-α from senescent endothelial cells 

activate oxidative and inflammatory signaling pathways that suppress eNOS activity and promote 
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vascular rarefaction and stiffness [138]. These vascular abnormalities exacerbate left ventricular 

stiffening and contribute to impaired myocardial relaxation. Furthermore, systemic inflammation 

driven by SASP-producing senescent cells in peripheral tissues such as adipose tissue and bone 

marrow is thought to contribute to the "inflammatory HFpEF phenotype," where comorbidities 

including obesity, diabetes, and hypertension converge with cardiac aging to precipitate HF [53]. 

Emerging evidence from both preclinical and clinical studies reinforces the relevance of SASP in 

HFpEF. Animal models of diastolic dysfunction in aged mice have demonstrated that senolytic 

therapies targeting p16INK4a+ senescent cells improve cardiac compliance, reduce fibrosis, and restore 

ventricular relaxation. These effects are mediated by attenuation of SASP-associated inflammatory 

and fibrotic signaling [139]. In human studies, myocardial biopsies from elderly HFpEF patients 

show enrichment of senescence markers in cardiomyocytes and fibroblasts, as well as elevated levels 

of SASP cytokines within myocardial and circulating compartments. Furthermore, serum levels of 

IL-6, growth differentiation factor 15 (GDF-15), and other SASP-linked biomarkers correlate with left 

ventricular stiffness and reduced exercise capacity in HFpEF patients, suggesting systemic SASP 

burden may reflect and drive disease severity [140–142]. Together, these findings position SASP not 

only as a biomarker of HFpEF in the elderly but also as a mechanistic driver of myocardial 

dysfunction. By promoting inflammation, fibrosis, endothelial dysfunction, and cardiomyocyte 

remodeling, SASP plays a pivotal role in the initiation and maintenance of HFpEF pathophysiology. 

SASP and Cardiac Arrhythmias 

SASP plays a pivotal role in linking inflammaging to the development and progression of 

cardiac arrhythmias in elderly individuals [143,144]. Cellular senescence, particularly within CV 

tissues and immunometabolically active organs such as visceral adipose tissue and the bone marrow, 

contributes to the sustained release of SASP factors including IL-6, TNF-α, IL-1β, and ROS. These 

pro-inflammatory mediators do not remain confined to the local tissue environment but circulate 

systemically, exerting paracrine and endocrine-like effects on the electrophysiological properties of 

the myocardium and the conduction system. The cumulative exposure of cardiac tissue to SASP-

induced inflammation disrupts ion channel expression, gap junction integrity, and calcium 

handling—all of which are key pathophysiological mechanisms in age-related arrhythmogenesis 

[145–147]. One of the principal mechanisms by which SASP promotes arrhythmias is through its 

deleterious effects on cardiac conduction and electrical coupling. Chronic elevation of SASP cytokines 

alters the expression and function of connexins, particularly connexin-43 (Cx43), the predominant 

gap junction protein in ventricular myocardium. TNF-α and IL-1β have been shown to reduce Cx43 

expression and promote its internalization from intercalated discs, resulting in impaired electrical 

conduction and increased dispersion of repolarization [148]. These changes create a substrate for 

reentry arrhythmias, which are especially dangerous in the setting of myocardial fibrosis—a common 

feature in aging hearts. Furthermore, SASP-induced MMP activation contributes to ECM remodeling 

and fibrotic deposition, exacerbating the structural heterogeneity of cardiac tissue and facilitating 

arrhythmic conduction blocks [149,150]. SASP also affects intracellular calcium homeostasis, a key 

determinant of both contractile function and arrhythmia susceptibility. IL-6 and TNF-α have been 

shown to modulate the expression and function of RyR2 and SERCA2a, leading to calcium leak and 

impaired reuptake, respectively. These abnormalities increase the likelihood of delayed 

afterdepolarizations (DADs) and triggered activity, especially under conditions of sympathetic 

stimulation or oxidative stress [151,152]. Additionally, elevated ROS levels induced by the SASP can 

oxidize calcium-handling proteins and mitochondrial membranes, further destabilizing 

cardiomyocyte electrophysiology [153]. This is particularly relevant in atrial tissue, where calcium 

dysregulation and inflammation synergize to promote the development of atrial fibrillation (AF), the 

most prevalent arrhythmia in the elderly and a major contributor to stroke and HF [154,155]. 

Another contributing factor is the pro-arrhythmic effect of SASP-mediated autonomic 

remodeling. Chronic systemic inflammation leads to sympathovagal imbalance by promoting 

sympathetic nerve sprouting and suppressing vagal tone. Pro-inflammatory cytokines increase 
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norepinephrine release from sympathetic nerve terminals and upregulate β-adrenergic signaling 

pathways in cardiomyocytes, enhancing the propensity for arrhythmic triggers. Furthermore, 

senescent cardiac autonomic neurons themselves may contribute to dysregulated neurotransmission 

and impaired heart rate variability, which are well-established risk factors for ventricular 

tachyarrhythmias and sudden cardiac death in aging populations. These alterations in autonomic 

regulation, compounded by SASP-induced electrical and structural remodeling, result in a 

multifaceted arrhythmogenic substrate [156,157]. Clinical observations lend support to these 

mechanistic insights. Elevated serum levels of IL-6 and TNF-α in elderly patients have been 

independently associated with increased risk of AF, ventricular ectopy, and sudden cardiac arrest 

[158,159]. Moreover, atrial biopsies from patients with chronic AF exhibit increased expression of 

senescence markers such as p16INK4a and elevated SASP components, suggesting a direct link between 

local senescence burden and arrhythmogenic remodeling [154]. Interventional studies have shown 

that therapies targeting inflammation, such as IL-1 antagonists or statins, can reduce AF burden, 

although their effects may be limited by the persistence of senescent cells [160,161]. These findings 

underscore the potential of senescence- and SASP-targeted therapies, such as senolytics and 

senomorphics, as novel anti-arrhythmic strategies, particularly in elderly individuals with elevated 

inflammatory burden and structural heart disease [145,162]. In sum, SASP acts as a central mediator 

connecting inflammaging to age-related cardiac arrhythmias by disrupting electrical conduction, 

promoting fibrosis, impairing calcium handling, and altering autonomic tone. These multifactorial 

effects underscore the importance of targeting senescence and its secretory phenotype to mitigate 

arrhythmic risk in the elderly. 

Biomarkers and Diagnostic Potential 

Potential Biomarkers for SASP and Senescent Cell Burden 

The identification of reliable and specific biomarkers for SASP and senescent cell burden (Table 

4) is critical for advancing the clinical utility of senescence-targeting therapies. Currently, the lack of 

standardized, non-invasive biomarkers remains a significant barrier in the translational pathway, 

particularly for patient stratification, real-time monitoring of therapeutic efficacy, and risk prediction 

in CVD [163]. Senescence is a heterogeneous and context-dependent process, and SASP exhibits 

considerable variability depending on the cell type, senescence trigger, and tissue microenvironment 

[164,165]. Therefore, a biomarker strategy must encompass both cell-intrinsic markers of senescence 

and extracellular signatures reflective of SASP activity and systemic inflammatory burden. Canonical 

intracellular markers of senescence include increased expression of CDK inhibitors p16INK4a and 

p21CIP1, persistent DNA damage foci such as γ-H2AX, and SA-β-gal activity. These markers are 

commonly used in ex vivo tissue analyses, but their diagnostic applicability in clinical settings is 

limited due to their requirement for invasive biopsy and lack of specificity in complex tissues 

[166,167]. To circumvent these limitations, recent studies have focused on circulating biomarkers that 

reflect the secretory profile of senescent cells. Among the most consistently elevated SASP factors in 

aging and CVD are IL-6, IL-1β, TNF-α, MMPs (i.e., MMP-1, MMP-3, MMP-9), and chemokines such 

as CCL2 and CXCL8. These molecules contribute to systemic inflammation, endothelial dysfunction, 

and myocardial remodeling, and their levels correlate with age-related CV risk factors and disease 

severity [168]. In CV cohorts, elevated IL-6 and TNF-α have been associated with arterial stiffness, 

endothelial dysfunction, and increased incidence of myocardial infarction and HF [25,169]. 

Moreover, the composite inflammatory index known as the “SASP score,” derived from multiplex 

assays of circulating cytokines and proteases, has shown promise as a surrogate for systemic 

senescence burden [170]. These findings suggest that panels of SASP components, rather than single 

markers, may offer more robust diagnostic utility. The use of high-sensitivity multiplex 

immunoassays or mass spectrometry-based proteomics may further enhance the detection of low-

abundance SASP proteins in plasma, improving both sensitivity and specificity.  
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Table 4. Potential biomarkers for SASP and senescent cell burden. 

Biomarker 
Biomarker 

Class 
Source 

Biological 

Relevance 

Advantages / 

Limitations 
Utility in CVD 

IL-6 
SASP 

cytokine 

Plasma / 

serum 

Key pro-

inflammatory 

SASP cytokine; 

drives systemic 

inflammaging via 

JAK/STAT 

pathway 

Readily 

measurable; 

non-specific; 

elevated in 

many chronic 

conditions 

Correlates with 

endothelial 

dysfunction, 

heart failure 

progression, 

and increased 

CVD mortality 

IL-1β 
SASP 

cytokine 

Plasma / 

serum 

Early SASP 

mediator; 

activates NF-κB 

and 

inflammasome 

Reflects acute 

and chronic 

inflammation; 

overlap with 

infection 

signals 

Linked to 

myocardial 

remodeling, 

atherosclerosis, 

and atrial 

fibrillation 

TNF-α 
SASP 

cytokine 

Plasma / 

serum 

Pro-inflammatory 

cytokine that 

promotes 

apoptosis, insulin 

resistance 

Robust 

inflammatory 

marker; limited 

specificity 

Predicts heart 

failure risk, 

myocardial 

fibrosis, and 

vascular 

dysfunction 

MMP-1 / MMP-

3 / MMP-9 

SASP 

protease 

Plasma / 

tissue 

biopsies 

Mediate ECM 

degradation, 

fibrosis, plaque 

rupture 

Specific to 

tissue 

remodeling; 

can reflect 

active SASP 

Associated with 

atherosclerosis 

progression, 

plaque 

instability, and 

myocardial 

fibrosis 

PAI-1 

(SERPINE1) 

SASP 

effector / 

ECM 

regulator 

Plasma / 

endothelial 

cells 

Mediator of TGF-

β-induced 

senescence; pro-

thrombotic and 

fibrotic 

Strongly 

associated with 

senescence; 

modulated by 

metabolic 

status 

Marker of 

vascular 

senescence, 

pro-coagulant 

state, and 

hypertensive 

remodeling 

CXCL8 (IL-8) 
SASP 

chemokine 

Plasma / 

PBMCs 

Neutrophil 

chemoattractant; 

promotes 

leukocyte 

adhesion and 

Reflects 

SASP-driven 

immune cell 

recruitment; 

overlaps with 

acute 

Elevated in 

unstable 

atherosclerosis 

and heart 

failure 
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chronic 

inflammation 

inflammation 

markers 

HMGB1 
DAMP / 

Alarmin 

Plasma / 

extracellular 

vesicles 

Released from 

stressed or 

senescent cells; 

promotes sterile 

inflammation 

Non-specific 

damage signal; 

also elevated 

in necrosis 

Linked to post-

MI 

inflammation, 

cardiac injury, 

and chronic 

heart failure 

p16INK4a 

mRNA 

Senescence 

marker 

PBMCs / 

tissue 

biopsy 

CDK inhibitor 

upregulated in 

senescent cells; 

cell-cycle arrest 

marker 

Correlates with 

biological age; 

requires RNA 

quantification 

Elevated in 

vascular and 

myocardial 

senescence; 

correlates with 

frailty and 

arterial aging 

p21CIP1 
Senescence 

marker 

PBMCs / 

tissue 

DNA damage-

induced CDK 

inhibitor; involved 

in early 

senescence 

Reflects 

stress-induced 

senescence; 

overlap with 

quiescence 

Associated with 

endothelial and 

fibroblast 

senescence in 

CVD 

γ-H2AX foci 

DNA 

damage 

marker 

PBMCs / 

tissue 

nuclei 

Histone mark of 

DNA double-

strand breaks; 

persistent in 

senescent cells 

Requires 

microscopy or 

imaging; gold-

standard for 

DNA damage 

Identifies cells 

with persistent 

DDR driving 

SASP in 

vascular and 

cardiac tissues 

SA-β-Gal 

activity 

Senescence 

enzymatic 

marker 

Tissue 

biopsy / ex 

vivo 

cultures 

Classic marker of 

lysosomal β-

galactosidase 

upregulation in 

senescence 

Requires fresh 

tissue or cells; 

limited in vivo 

applicability 

Used in 

histological 

assessment of 

vascular and 

myocardial 

senescence 

SASP 

Proteomic 

Panels 

Multi-

analyte 

Plasma / 

serum 

Combines IL-6, IL-

8, MMPs, 

IGFBPs, TGF-β, 

PAI-1, etc. 

Captures 

SASP 

complexity; 

multiplexed 

detection; 

requires 

standardization 

Correlates with 

disease 

burden, 

biological age, 

and therapeutic 

response to 

senolytics 

Circulating 

microRNAs 

Non-coding 

RNA 

biomarkers 

Plasma / 

extracellular 

vesicles 

miRNAs involved 

in senescence 

regulation and 

Non-invasive; 

still under 

investigation; 

Linked to 

cardiac 

remodeling, 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 21 August 2025 doi:10.20944/preprints202508.1533.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202508.1533.v1
http://creativecommons.org/licenses/by/4.0/


 21 of 44 

 

secreted via EVs 

(e.g., miR-34a, 

miR-146a) 

may reflect 

specific SASP 

profiles 

fibrosis, and 

endothelial 

senescence 

Cell-free 

mitochondrial 

DNA (cf-

mtDNA) 

Cell stress 

marker 
Plasma 

Released from 

damaged or 

senescent cells; 

activates cGAS-

STING pathway 

Reflects 

systemic 

mitochondrial 

dysfunction 

and cellular 

stress 

Elevated in 

patients with 

HFpEF, MI, and 

vascular 

inflammation 

Epigenetic 

Clocks (e.g., 

DNAm Age) 

DNA 

methylation 

signature 

Blood / 

saliva / 

tissues 

Measures 

biological age 

acceleration via 

methylation at 

age-related CpG 

sites 

Requires 

sequencing; 

validated in 

aging studies 

Associated with 

vascular aging, 

arterial 

stiffness, and 

CVD risk 

beyond 

chronological 

age 

 

Beyond protein biomarkers, cell-free nucleic acid-based markers have also emerged as potential 

tools for assessing senescence. Senescent cells can release DNA fragments into the circulation, often 

as part of the cytoplasmic chromatin fragments that activate the cGAS-STING pathway and sustain 

SASP expression. Quantification of cell-free nuclear and mitochondrial DNA with senescence-

specific methylation signatures could provide a minimally invasive measure of senescent cell burden 

[171]. In addition, recent transcriptomic analyses of peripheral blood mononuclear cells (PBMCs) 

from elderly individuals have identified upregulation of senescence-related gene signatures, 

including increased expression of p16INK4a and SASP cytokines, which correlate with frailty, reduced 

physical performance, and CV comorbidities [172,173]. Advanced imaging modalities are also being 

developed to visualize senescent cell populations in vivo. Positron emission tomography (PET) tracers 

targeting β-gal or other senescence-associated enzymes have shown potential in preclinical models 

for non-invasively tracking senescent cell distribution and therapeutic clearance following senolytic 

administration [174]. Integration of imaging biomarkers with circulating SASP profiles may offer a 

comprehensive approach to assessing spatial and systemic senescence dynamics, particularly in the 

CV system, where focal accumulation of senescent cells contributes to localized pathology such as 

atherosclerotic plaques and fibrotic myocardial segments. In conclusion, multiplexed panels of SASP 

proteins, cell-free nucleic acids, and senescence-associated transcriptomic signatures, potentially 

coupled with advanced imaging, represent a promising multi-modal strategy to quantify senescence 

burden and guide therapeutic decision-making in age-related CVD. 

Use in Risk Stratification and Monitoring Therapy in Elderly CVD Patients 

The integration of senescence-associated biomarkers into clinical practice holds substantial 

promise for advancing risk stratification and therapeutic monitoring in elderly patients with CVD. 

As the aging population grows, traditional risk models—largely based on chronological age and 

conventional factors such as hypertension, dyslipidemia, and diabetes—are increasingly insufficient 

for capturing the biological heterogeneity and the complexity of CV aging. Senescence biomarkers, 

particularly those reflecting the burden and activity of SASP, offer a mechanistically grounded 

approach to identify patients at higher risk for adverse CV outcomes due to underlying molecular 

and cellular senescence processes [168]. Elevated levels of circulating SASP components such as IL-
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6, IL-1β, TNF-α, and MMPs (e.g., MMP-9) have been consistently associated with worse CV outcomes 

in elderly cohorts [175]. These biomarkers are not only indicative of systemic inflammation but also 

correlate with subclinical vascular dysfunction, arterial stiffness, and endothelial senescence. 

Longitudinal studies have demonstrated that higher baseline levels of IL-6 and TNF-α predict 

increased incidence of myocardial infarction, HF, and CV mortality in older adults, independent of 

traditional risk factors. This suggests that inclusion of SASP biomarkers could enhance existing risk 

prediction models by providing insight into the molecular drivers of CV aging and vulnerability. 

Moreover, the dynamic measurement of senescence biomarkers offers a valuable tool for monitoring 

therapeutic responses to senescence-targeting interventions [176]. In early studies, changes in 

circulating SASP factors have been used to assess the biological activity of senolytic treatments such 

as dasatinib and quercetin (D+Q), as well as senomorphic agents like metformin and rapamycin. For 

example, reductions in IL-6, MCP-1, and MMPs following senolytic therapy have correlated with 

improvements in endothelial function, physical performance, and systemic inflammation, suggesting 

that these markers can serve as pharmacodynamic indicators of target engagement and therapeutic 

efficacy [177,178]. This is particularly relevant in elderly patients with HFpEF, where senescence and 

inflammation play central pathogenic roles, and traditional biomarkers such as natriuretic peptides 

offer limited mechanistic information. 

Risk stratification using senescence biomarkers could also facilitate personalized medicine 

approaches in CV care. For instance, older individuals exhibiting high levels of p16INK4a expression in 

peripheral blood T cells or elevated SASP profiles might be identified as candidates for early initiation 

of senomorphic or senolytic therapy [179]. This approach could be particularly beneficial in patients 

with multimorbidity or borderline CV risk, where traditional models may not justify aggressive 

intervention but where biologically driven senescence may predispose to rapid functional decline. 

Conversely, patients with low senescence burden might be spared from unnecessary exposure to 

potentially toxic agents, improving therapeutic risk-benefit ratios. The implementation of senescence 

biomarkers for monitoring therapy also opens the door to adaptive therapeutic regimens. For 

example, intermittent senolytic dosing schedules could be guided by real-time changes in SASP 

marker levels, allowing for personalized treatment cycles aimed at maintaining low inflammatory 

and senescence burden without continuous drug exposure [179,180]. Additionally, early biomarker 

shifts may signal impending therapeutic resistance or incomplete response, prompting escalation or 

combination therapy with anti-inflammatory or antioxidant agents. 

Therapeutic Strategies Targeting SASP 

Senolytics and Their CV Impact 

Senolytic therapies, which selectively eliminate senescent cells, have emerged as a promising 

strategy to counteract the deleterious effects of SASP on the CV system (Table 5). Senolytics directly 

target the survival pathways that senescent cells rely on to resist apoptosis, thereby reducing their 

abundance and systemic SASP burden. Given the causal role of senescent cells in driving 

inflammation, fibrosis, endothelial dysfunction, and myocardial remodeling, the therapeutic 

application of senolytics offers the potential to reverse age-related CV decline and prevent the 

progression of diseases such as atherosclerosis, HF, and hypertension [181,182]. Preclinical studies in 

murine models have provided compelling evidence of the CV benefits of senolytic interventions. In 

aged mice treated with senolytic combinations such as D+Q, there is a marked reduction in senescent 

cell burden within the vasculature and myocardium, accompanied by attenuation of SASP 

components including IL-6, TNF-α, and MMPs [183,184]. In models of atherosclerosis, D+Q treatment 

reduces plaque size and inflammation, preserves fibrous cap integrity, and decreases necrotic core 

area, thereby improving plaque stability and reducing the risk of rupture. These effects are partly 

mediated by improved immune clearance and remodeling of the ECM following senescent cell 

ablation [185–187]. Senolytic therapies have also demonstrated efficacy in improving cardiac function 

in the context of age-related myocardial remodeling. In aged murine models and models of HFpEF, 
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senescent cell clearance leads to significant improvements in diastolic relaxation, myocardial 

compliance, and ventricular stiffness. These benefits are associated with reduced myocardial fibrosis, 

diminished hypertrophic signaling, and improved calcium handling in cardiomyocytes [117,188]. 

Furthermore, senolytic treatment in aged mice restores endothelial NO bioavailability and reduces 

vascular stiffness, indicating systemic benefits beyond the myocardium. Notably, these 

improvements occur without adverse effects on ejection fraction, suggesting that senolytics preserve 

contractile function while alleviating age-associated structural remodeling [69].  

Emerging clinical studies are beginning to translate these preclinical findings into human 

applications. A pilot clinical trial involving patients with diabetic kidney disease (DKD) treated with 

intermittent dosing of D+Q demonstrated a reduction in senescent cell biomarkers and circulating 

SASP cytokines [177]. The first-in-human open-label Phase 1 study enrolled nine older adults with 

DKD and administered oral dasatinib (100 mg) and quercetin (1000 mg) daily for three consecutive 

days. They collected blood, adipose tissue, and skin biopsies before treatment and 11 days after the 

final dose. Using SA-β-gal staining and immunohistochemistry, they measured the expression of 

senescence markers such as p16INK4A and p21CIP1, while also quantifying circulating SASP factors 

including IL-1α, IL-6, MMP-9, and MMP-12. As the results, there was a significant reduction in 

senescent cells in both adipose and skin tissues, evidenced by decreased expression of key senescence 

markers and reduced β-gal activity. Adipose tissue also showed fewer macrophage-rich crown-like 

structures, indicating a reduction in local inflammation. In addition, there was a marked decrease in 

systemic inflammatory SASP factors, which are known contributors to endothelial activation, 

vascular stiffening, and plaque instability in CVD [177]. Although CV endpoints were not the 

primary focus of this study, the reduction in systemic inflammation suggests a plausible mechanism 

for CV benefit. 

Table 5. Available and emerging senolytics, and their potential roles in CVD. 

Senolytic 

Agent 
Mechanism of Action 

Senescent 

Cell Targets 

Evidence in CVD 

Models 

Current 

Status 

Dasatinib (D) 

Inhibits multiple tyrosine 

kinases (e.g., Src, 

EphA) required for 

senescent cell survival 

Senescent 

preadipocytes, 

endothelial 

cells, VSMCs, 

macrophages 

Reduces atherosclerosis 

and improves cardiac 

function in aged and 

hyperlipidemic mice  

Clinical trials 

(e.g., diabetic 

kidney 

disease) 

Quercetin (Q) 

Inhibits PI3K, serpins, 

and BCL-2 family 

proteins; antioxidant 

properties 

Endothelial 

cells, VSMCs 

Improves endothelial 

function and reduces 

arterial stiffness  

Used in 

combination 

with D (D+Q); 

ongoing trials 

Navitoclax 

(ABT-263) 

BCL-2/BCL-xL inhibitor; 

induces apoptosis in 

cells relying on anti-

apoptotic signaling 

Senescent 

endothelial 

cells, VSMCs, 

cardiomyocyte

s 

Reduces myocardial 

fibrosis and improves 

cardiac function in aged 

mice 

Preclinical; 

dose-limiting 

thrombocytop

enia 

Fisetin 

Flavonoid with senolytic 

and antioxidant activity; 

modulates 

PI3K/AKT/mTOR 

signaling 

Multiple 

senescent cell 

types 

Reduces SASP 

expression, vascular 

inflammation, and 

improves survival in aged 

mice 

Clinical trials in 

aging and 

frailty 
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UBX1325 / 

UBX0101 

Small molecules 

targeting pro-survival 

pathways (e.g., FOXO4-

p53 interaction) 

Chondrocytes, 

fibroblasts, 

possibly 

cardiac 

fibroblasts 

UBX0101 shown to clear 

senescent fibroblasts in 

OA models; 

cardiovascular 

applications under 

investigation 

Phase 1/2 

trials for other 

diseases 

FOXO4-DRI 

peptide 

Disrupts FOXO4–p53 

interaction, restoring 

p53-mediated apoptosis 

in senescent cells 

Fibroblasts, 

endothelial 

cells 

Restores cardiac function 

and decreases 

senescent cell burden in 

progeroid mouse models 

Preclinical; 

limited by 

delivery 

challenges 

Piperlongumin

e 

Increases ROS 

selectively in senescent 

cells, triggering 

apoptosis 

Broad 

senescent cell 

activity 

Potential anti-fibrotic 

effects in cardiac 

remodeling; requires 

further CVD-specific 

validation 

Preclinical 

BPTES 

(Glutaminase 

inhibitor) 

Inhibits glutamine 

metabolism, selectively 

killing glutamine-

addicted senescent 

cells 

Cancer-

associated 

fibroblasts, 

senescent 

endothelial 

cells 

May reduce metabolic-

driven vascular 

senescence; under 

investigation 

Experimental 

stage 

HSP90 

inhibitors (e.g., 

17-AAG) 

Destabilize survival 

proteins (e.g., AKT, 

HIF1α) in senescent 

cells 

Multiple 

senescent 

types 

Shown to deplete 

senescent cells in vitro 

and attenuate stress-

induced vascular 

damage 

Preclinical; 

toxicity 

concerns 

Emerging 

PROTAC-based 

senolytics 

Use proteolysis-

targeting chimeras to 

degrade senescence-

specific survival 

proteins 

Customizable 

based on target 

(e.g., p16INK4a+, 

p21CIP1+ cells) 

Potential for tissue- and 

cell-specific clearance of 

senescent cardiovascular 

cells 

Early-stage 

development 

Senomorphics and Their CV Impact 

Senomorphics, or senescence-modulating agents, represent a therapeutic class aimed at 

attenuating the deleterious effects of SASP without eliminating senescent cells themselves (Table 6). 

Unlike senolytics, which induce apoptosis of senescent cells, senomorphics target the regulatory 

pathways that control SASP expression, thereby reducing the inflammatory, profibrotic, and tissue-

degenerative signaling that contributes to CV aging. These agents are particularly advantageous in 

contexts where complete removal of senescent cells may be undesirable due to their physiological 

roles in tissue repair and tumor suppression. By modulating SASP, senomorphics aim to restore 

tissue homeostasis and reduce chronic inflammation, oxidative stress, and immune dysfunction 

associated with age-related CVD [189,190]. A key mechanistic target for senomorphic therapy is the 

NF-κB signaling pathway, a central transcriptional regulator of many SASP components including 

IL-6, IL-1β, and TNF-α. Pharmacological inhibition of NF-κB using compounds such as metformin or 
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sodium salicylate has been shown to suppress SASP expression and reduce vascular inflammation in 

preclinical models of aging [191]. Metformin, in particular, has demonstrated pleiotropic CV benefits 

in both diabetic and non-diabetic populations, including improved endothelial function, reduced 

arterial stiffness, and attenuation of left ventricular hypertrophy. These effects are partly attributed 

to suppression of SASP-related inflammation and mitochondrial ROS generation via AMP-activated 

protein kinase (AMPK) activation and inhibition of mTOR signaling, both of which are upstream 

regulators of SASP expression [192,193].  

Table 6. Available and emerging senomorphics. 

Senomorphi

c Agent 

Mechanism of 

Action 

Target 

Pathways 

Effects on 

SASP / 

Senescence 

Potential 

Role in CVD 

Clinical 

Status 

Rapamycin 

(Sirolimus) 

Inhibits 

mTORC1 

signaling 

mTOR/PI3

K/AKT 

pathway 

Reduces 

translation of 

SASP mRNAs, 

suppresses IL-6, 

IL-1β, MMPs 

Attenuates 

vascular 

aging, cardiac 

hypertrophy, 

fibrosis; 

improves 

diastolic 

function 

Clinical 

trials in 

aging and 

HFpEF 

Metformin 

Activates 

AMPK; inhibits 

mitochondrial 

complex I and 

mTOR 

AMPK, 

NF-κB, 

mTOR 

Suppresses 

SASP cytokines, 

enhances 

autophagy, 

reduces 

oxidative stress 

Reduces 

endothelial 

senescence, 

improves 

vascular 

reactivity, 

lowers 

inflammatory 

markers in 

elderly 

Widely 

used; 

repurposi

ng trials 

ongoing 

Resveratrol 

Activates 

SIRT1; 

modulates NF-

κB and NLRP3 

inflammasome 

SIRT1, 

AMPK, 

NF-κB 

Reduces IL-6, 

TNF-α, and 

ROS; enhances 

mitochondrial 

function 

Protects 

against 

endothelial 

dysfunction, 

reduces 

arterial 

stiffness and 

inflammation 

Nutraceuti

cal; 

variable 

bioavailab

ility 

Curcumin 

Inhibits NF-κB 

and p38 

MAPK; 

antioxidant 

NF-κB, 

p38 MAPK 

Reduces SASP 

cytokine output, 

MMPs, and ROS 

Improves 

vascular 

reactivity; anti-

fibrotic effects 

in myocardium 

Preclinical 

and 

nutraceuti

cal use 
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Apigenin 

Flavonoid; 

inhibits NF-κB 

and cyclin-

dependent 

kinases 

CDK1/2, 

NF-κB 

Suppresses pro-

inflammatory 

SASP 

components and 

DNA damage 

signaling 

Reduces 

oxidative 

stress and 

inflammation 

in vascular 

tissues 

Preclinical 

Nicotinamide 

Riboside 

(NR) 

NAD⁺ 

precursor; 

enhances 

mitochondrial 

function 

SIRT1, 

PARP, 

mitochond

rial 

pathways 

Reduces 

mitochondrial-

derived SASP 

signaling; 

promotes DNA 

repair 

Reverses age-

associated 

endothelial 

dysfunction; 

improves 

arterial 

compliance 

In trials for 

metabolic 

and 

cardiac 

aging 

JAK 

inhibitors 

(e.g., 

Ruxolitinib) 

Inhibit 

JAK/STAT 

signaling 

downstream of 

SASP 

cytokines 

JAK/STAT 

pathway 

Reduces IL-6–

driven 

inflammatory 

SASP output 

Mitigates 

cardiac 

inflammation 

and 

hypertrophy in 

aged hearts; 

potential use 

in HFpEF 

Approved 

for 

myelofibr

osis; trials 

in aging 

Glycyrrhizin 

Inhibits 

HMGB1–TLR4 

signaling 

DAMP 

sensing 

(TLRs) 

Suppresses 

SASP-induced 

sterile 

inflammation 

Reduces 

inflammatory 

cardiomyopat

hy; protects 

against 

ischemia–

reperfusion 

injury 

Experime

ntal 

Bay 11-7082 

Irreversible 

inhibitor of IκB 

kinase (IKK) 

NF-κB 

signaling 

Suppresses NF-

κB-dependent 

SASP gene 

expression 

Reduces 

vascular 

inflammation 

and 

remodeling 

Preclinical 

Melatonin 

Antioxidant and 

chronobiotic; 

modulates NF-

κB, NLRP3, 

SIRT1 

NLRP3, 

SIRT1, 

ROS 

Reduces pro-

inflammatory 

SASP 

expression; 

promotes anti-

inflammatory 

cytokines 

Protects 

cardiac tissue 

from oxidative 

damage and 

fibrotic 

remodeling 

Clinical 

use for 

sleep; 

trials 

ongoing in 

aging 
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Spermidine 

Enhances 

autophagy and 

mitochondrial 

proteostasis 

Autophagy

, mTOR, 

AMPK 

Suppresses pro-

inflammatory 

and metabolic 

SASP profiles 

Improves 

cardiac 

diastolic 

function and 

mitochondrial 

function in 

aging 

myocardium 

Trials in 

cardiovas

cular 

aging 

 

Another major class of senomorphics includes mTOR inhibitors such as rapamycin and its 

analogs (rapalogs), which suppress translation of SASP components by modulating mTORC1 activity 

[194]. In aged rodent models, rapamycin has been shown to reduce arterial stiffness, improve 

endothelial NO bioavailability, and attenuate cardiac hypertrophy, effects closely tied to reduced 

expression of pro-inflammatory and pro-fibrotic SASP factors [195,196]. In the context of 

atherosclerosis, mTOR inhibition stabilizes plaques by decreasing macrophage infiltration and MMP 

activity, both of which are exacerbated by SASP signaling. Furthermore, intermittent rapamycin 

dosing has been proposed to mitigate the potential immunosuppressive effects of chronic treatment 

while retaining its CV and anti-SASP benefits [197,198]. Flavonoids, a class of naturally occurring 

polyphenols, have also demonstrated senomorphic properties by modulating key SASP pathways, 

including NF-κB, p38 MAPK, and the NLRP3 inflammasome [199]. Compounds such as apigenin, 

quercetin (when used in sub-senescent doses), and fisetin reduce SASP secretion and exhibit anti-

inflammatory, antioxidant, and vasodilatory properties. These compounds have shown promise in 

improving endothelial function, reducing vascular stiffness, and mitigating myocardial remodeling 

in animal models of aging and metabolic syndrome [200,201]. Their intricate effects on both senescent 

and non-senescent cells make them attractive candidates for long-term CV prevention, particularly 

in populations with heightened inflammatory tone and comorbid metabolic dysfunction. In clinical 

contexts, senomorphics offer a feasible and safer approach for elderly individuals who may not 

tolerate the cytotoxic or off-target effects of senolytics. For example, in observational studies and 

randomized controlled trials, metformin use in elderly diabetic patients has been associated with 

reduced CV mortality and incidence of HF, effects that extend beyond glycemic control and likely 

involve attenuation of systemic SASP-mediated inflammation [202–204]. Ongoing trials are now 

investigating the use of mTOR inhibitors and flavonoids as geroprotective agents in non-diabetic 

populations to assess their capacity to modulate biological aging and CV risk.  

 

Limitations of Currently Available Senolytics and Senomorphics 

Despite the promising therapeutic potential of senolytics and senomorphics in targeting the 

deleterious effects of SASP, several critical limitations constrain their translational application in 

CVD. These limitations arise from biological, pharmacological, and clinical complexities that 

underscore the need for refined strategies, improved specificity, and a deeper understanding of 

senescence biology across tissues and disease contexts. One of the principal limitations of current 

senolytics is their lack of cell-type and context specificity. Most senolytic agents, such as the D+Q 

combination, target broadly expressed survival pathways including BCL-2 family proteins, 

PI3K/AKT, or FOXO signaling, which are not exclusive to senescent cells. As a result, these agents 

may induce off-target cytotoxicity in non-senescent but metabolically stressed or proliferatively 

active cells, especially in tissues with high turnover or in patients with underlying comorbidities 

[183,205]. For example, dasatinib is a tyrosine kinase inhibitor (TKI) with known hematologic and 

hepatic toxicities, which raises concerns about chronic or repeated use in elderly patients with pre-

existing frailty or polypharmacy [206]. Additionally, the heterogeneity of senescent cells within and 
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across tissues means that a single senolytic agent may not be universally effective, necessitating 

personalized approaches or combination therapies to achieve comprehensive clearance [164,207,208]. 

Another critical concern is the physiological role of senescent cells in tissue repair, tumor 

suppression, and wound healing. Acute senescence, particularly in transient settings such as after 

injury or during embryonic development, plays essential roles in promoting regeneration and 

modulating immune responses. Indiscriminate clearance of senescent cells through senolytics could 

disrupt these beneficial processes, especially if therapeutic timing is not precisely calibrated. This is 

particularly relevant in the CV system, where cardiomyocyte and endothelial senescence may 

initially limit damage by arresting the proliferation of damaged cells or modulating the reparative 

response. The risk of impairing these adaptive functions necessitates the development of biomarkers 

that distinguish deleterious chronic senescence from beneficial transient states, a distinction that 

remains technically challenging and poorly defined in clinical settings [209]. 

Senomorphics, while generally safer and more targeted in their mechanism of action, also face 

important limitations. One of the primary challenges is their reliance on continuous administration 

to suppress SASP signaling. Because senomorphics do not remove senescent cells, their effects are 

reversible and dependent on ongoing drug exposure. This necessitates long-term treatment, which 

increases the risk of cumulative side effects, drug resistance, and pharmacokinetic variability in aging 

populations [210]. Furthermore, the specificity of senomorphic agents for SASP suppression is often 

limited. For instance, metformin and rapamycin modulate multiple cellular pathways, including 

those involved in metabolism, autophagy, and protein synthesis, making it difficult to disentangle 

their SASP-targeting effects from broader systemic actions. These pleiotropic effects may be 

advantageous in some contexts but also raise concerns about unintended consequences, particularly 

when used chronically in elderly patients with multimorbidity [211]. Another limitation is the 

variability in SASP composition depending on the senescence inducer, cell type, and tissue 

microenvironment. This heterogeneity implies that senomorphic therapies may only partially 

suppress SASP or may inadvertently promote compensatory inflammatory pathways. For example, 

inhibition of mTOR may reduce IL-6 secretion but have minimal impact on MMPs or TGF-β. Such 

partial suppression may be insufficient to reverse disease phenotypes, especially in advanced CV 

pathology where multiple SASP components act synergistically to promote fibrosis, hypertrophy, 

and inflammation. Consequently, there is a pressing need for combinatorial approaches that can 

simultaneously modulate multiple SASP pathways while minimizing systemic toxicity [165,212]. 

Finally, a significant translational hurdle for both senolytics and senomorphics is the lack of robust 

biomarkers to monitor senescence burden and treatment efficacy in vivo. Current methods rely 

heavily on tissue biopsies or ex vivo assays, which are impractical for routine clinical use. The 

development of non-invasive imaging techniques or circulating biomarkers that accurately reflect 

senescent cell load and SASP activity is essential for patient stratification, therapeutic monitoring, 

and outcome prediction. Without such tools, clinical trials may face difficulties in demonstrating 

efficacy and optimizing dosing strategies [163]. 

Knowledge Gaps and Future Research Directions 

Heterogeneity of Senescent Cells Across Tissues 

A critical and unresolved challenge in the field of senescence biology is the pronounced 

heterogeneity of senescent cells across different tissues, which complicates both mechanistic 

understanding and therapeutic targeting. Senescent cells are not a uniform population; rather, they 

exhibit substantial variation in their molecular signatures, phenotypic characteristics, SASP 

composition, and functional outcomes depending on their cellular origin, tissue context, and the 

nature of the senescence-inducing stimulus. This heterogeneity presents a major barrier to 

developing universal biomarkers and pan-senescent therapeutic strategies, particularly in complex 

organ systems such as the CV system where multiple cell types—endothelial cells, VSMCs, 

fibroblasts, cardiomyocytes, and immune cells—undergo senescence and contribute differentially to 
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disease progression [165]. The transcriptional and proteomic profiles of senescent cells induced by 

replicative exhaustion, oxidative stress, DNA damage, oncogene activation, or mitochondrial 

dysfunction can differ markedly, even within the same tissue type [164]. For example, endothelial 

cells rendered senescent by shear stress-induced DNA damage produce a SASP rich in chemokines 

and adhesion molecules that promote leukocyte recruitment and vascular inflammation, whereas 

senescent VSMCs adopt a matrix-degrading, calcifying phenotype with upregulation of MMPs, 

osteogenic factors, and pro-calcific SASP components [87,213]. These context-specific differences 

have been demonstrated in both human vascular tissues and murine models, where senescent 

VSMCs contribute more to plaque instability while senescent endothelial cells primarily mediate 

early inflammatory signaling and endothelial dysfunction.  

This diversity is further complicated by cell-intrinsic epigenetic modifications and 

microenvironmental cues that modulate SASP and the cellular response to senescence. Epigenetic 

landscapes shaped by chromatin accessibility, histone modifications, and non-coding RNAs can 

influence whether a senescent cell adopts a highly inflammatory SASP or a more reparative, 

immunomodulatory secretome. For instance, senescent cardiac fibroblasts in a fibrotic heart may 

exhibit a profibrotic SASP rich in TGF-β and fibronectin, while senescent cardiomyocytes may 

produce cytokines that impair excitation-contraction coupling and promote paracrine senescence in 

neighboring cells. These distinctions are not merely academic; they have significant therapeutic 

implications, as senolytics or senomorphics that effectively target one senescent cell type or SASP 

profile may fail to affect—or may even exacerbate—senescence-driven pathology in another context 

[15,214]. Moreover, the temporal dynamics of senescence add another layer of complexity. The 

molecular markers that differentiate these senescent states are not fully elucidated, and the inability 

to distinguish between functionally distinct senescent populations impedes the development of 

precision senotherapeutics [215,216]. To address these challenges, future research must focus on high-

resolution single-cell transcriptomic and proteomic analyses to delineate senescent cell populations 

across tissues and disease states. Integrative approaches that combine spatial transcriptomics, lineage 

tracing, and functional assays will be essential to map the origins, trajectories, and paracrine effects 

of senescent cells in situ. Additionally, improved animal models that more accurately reflect human 

senescence heterogeneity are needed, including tissue-specific and inducible senescence reporters 

that can capture the dynamics of senescent cell emergence and clearance under physiological and 

pathological conditions. These tools will be vital not only for understanding the context-specific roles 

of senescence in CVD but also for informing the design of targeted interventions that can modulate 

senescence with greater precision. 

Need for Longitudinal Human Studies 

Another significant barrier to the full clinical translation of senescence-targeted therapies and 

the integration of senescence biology into CVD management is the paucity of longitudinal human 

studies. While experimental models and cross-sectional human investigations have provided 

compelling evidence for the role of cellular senescence and SASP in CV aging [11,21], these designs 

are inherently limited in their ability to infer causality, track temporal changes in senescent cell 

burden, or evaluate the long-term effects of therapeutic intervention. Longitudinal studies are 

urgently needed to characterize the natural history of cellular senescence in humans, delineate its 

temporal relationship with CV pathogenesis, and establish senescence and SASP biomarkers as 

predictive or prognostic tools in clinical practice. Current knowledge regarding the accumulation of 

senescent cells in CV tissues largely derives from autopsy studies or surgical specimens obtained 

from patients with advanced disease [217,218]. These analyses are informative but static, capturing 

senescence at a single time point and typically under end-stage pathological conditions. This makes 

it difficult to determine whether senescence is a driver or merely a byproduct of disease progression. 

Moreover, individual variability in the onset and burden of senescent cells, influenced by genetic 

background, environmental exposures, and comorbidities, further necessitates longitudinal tracking 

in diverse human populations. Only through repeated measures across time can we understand the 
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dynamics of senescence induction, SASP evolution, and their modulation by therapeutic or lifestyle 

interventions.  

In the context of CV aging, longitudinal cohort studies incorporating senescence-specific 

endpoints could profoundly enhance risk stratification models. Serial measurement of circulating 

SASP biomarkers, such as IL-6, TNF-α, and MMPs, in conjunction with imaging-derived indices of 

vascular stiffness, myocardial fibrosis, or plaque instability, could elucidate how changes in 

senescence burden correlate with subclinical CVD progression and major adverse CV events. In 

addition, integration of epigenetic markers of senescence—such as DNA methylation clocks or 

p16INK4a expression levels in peripheral blood cells—into longitudinal designs could enable the 

tracking of biological aging trajectories and identify individuals who exhibit accelerated senescence-

associated CV decline [179]. This approach may be particularly informative in high-risk groups such 

as patients with diabetes, chronic kidney disease, or HFpEF, where traditional risk factors 

inadequately explain clinical outcomes. Longitudinal human studies will also be essential for 

validating the efficacy and safety of senolytic and senomorphic therapies over extended periods. 

Most existing clinical trials in this domain have short follow-up durations and primarily focus on 

pharmacodynamic endpoints or surrogate biomarkers. While early data on intermittent dosing of 

senolytics such as D+Q are encouraging, long-term studies are required to assess whether these 

interventions can sustainably reduce senescence burden, delay CV events, and improve survival. 

Additionally, the potential for senescence re-emergence, compensatory SASP upregulation, or off-

target effects needs to be systematically evaluated in real-world settings through prolonged 

observation. Such data are indispensable for informing dosing regimens, identifying appropriate 

treatment windows, and establishing monitoring protocols in aging patients with CVD. Moreover, 

longitudinal designs will facilitate the identification of senescence-modifying behaviors and 

environmental exposures. Lifestyle interventions such as caloric restriction, physical activity, or 

dietary supplementation may modulate senescence dynamics, but their effects remain poorly defined 

in human populations. Capturing longitudinal changes in senescence markers before and after 

lifestyle modification or pharmacologic treatment could yield critical insights into the plasticity of 

cellular senescence and inform non-pharmacological strategies to mitigate SASP-associated CV risks. 

Interaction of SASP with Other Aging Hallmarks in CVD 

Understanding the intersection between SASP and other established hallmarks of aging is vital 

for elucidating the multifactorial pathogenesis of CVD in the elderly. Aging is a systemic, progressive 

process characterized by cumulative damage and decline in cellular and organ function, driven by a 

constellation of interrelated biological mechanisms [219]. Among these, cellular senescence and its 

SASP play a pivotal but interconnected role, influencing and being influenced by other aging 

hallmarks such as mitochondrial dysfunction, genomic instability, telomere attrition, epigenetic 

alterations, proteostasis imbalance, and deregulated nutrient sensing. These processes do not occur 

in isolation; rather, they converge within cardiovascular tissues, exacerbating structural 

deterioration, functional decline, and inflammatory signaling, thereby accelerating disease 

progression. A critical area of interplay exists between SASP and mitochondrial dysfunction, which 

reciprocally reinforce each other in a deleterious feedback loop. Mitochondrial dysfunction is both a 

trigger and a consequence of cellular senescence. Impaired oxidative phosphorylation and elevated 

mitochondrial ROS levels lead to DNA damage and activation of DDR, one of the primary inducers 

of senescence. Senescent cells, in turn, exhibit altered mitochondrial dynamics and bioenergetics, 

with a metabolic shift toward glycolysis and increased mitochondrial mass but reduced function. 

These changes exacerbate ROS generation, perpetuating genotoxic stress and further enhancing SASP 

secretion via activation of redox-sensitive transcription factors such as NF-κB and p38 MAPK [220–

222]. In cardiac and vascular tissues, this interaction promotes oxidative stress, inflammation, and 

endothelial dysfunction, which are central to atherosclerosis, arterial stiffening, and HFpEF [223,224].  

SASP also interacts closely with genomic instability and telomere attrition, two fundamental 

drivers of senescence. Persistent DNA damage, whether from replication stress, oxidative lesions, or 
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telomere erosion, activates p53 and p16INK4a pathways, initiating senescence and SASP expression. In 

CV cells, particularly endothelial cells and smooth muscle cells, telomere dysfunction has been 

strongly associated with increased senescence burden and pro-inflammatory SASP profiles [225]. The 

resulting SASP perpetuates DNA damage in surrounding cells via paracrine signaling, a 

phenomenon known as “bystander senescence.” This process accelerates clonal expansion of 

dysfunctional cells in atherosclerotic plaques and impairs the regenerative capacity of progenitor 

cells, further compromising vascular repair mechanisms. Moreover, the continuous activation of 

DDR pathways in senescent cells maintains the SASP in a sustained pro-inflammatory state, 

reinforcing local and systemic inflammation in elderly individuals with CVD [226,227]. Epigenetic 

alterations, another hallmark of aging, also influence SASP regulation and senescence phenotype 

heterogeneity. Age-related epigenetic drift, including global DNA hypomethylation, site-specific 

hypermethylation, histone modifications, and chromatin remodeling, affects the transcriptional 

landscape of senescent cells. These changes modulate the expression of SASP genes by altering the 

accessibility of enhancers and promoters to transcription factors such as C/EBPβ and NF-κB. In CV 

tissues, these epigenetic alterations contribute to persistent SASP activation and the establishment of 

a chronic inflammatory milieu. In addition, SASP factors such as IL-6 and TNF-α can feed back to 

induce epigenetic reprogramming in adjacent cells, promoting phenotypic shifts that favor fibrosis, 

calcification, or apoptosis, depending on cell context. This bidirectional interaction between SASP 

and epigenetic dysregulation creates a maladaptive epigenomic memory that underlies long-term 

pathological remodeling in the heart and vasculature [15,214,228]. 

Another key point of convergence lies with deregulated nutrient sensing, particularly the 

insulin/IGF-1 and mTOR pathways, which are intimately linked to both aging and SASP expression 

[229]. Activation of mTOR enhances translation of SASP factors and is a critical regulator of the pro-

inflammatory state of senescent cells. In the context of cardiovascular aging, hyperactivation of 

mTOR not only promotes SASP activity but also drives cardiac hypertrophy, vascular remodeling, 

and metabolic dysfunction. Caloric restriction and pharmacologic mTOR inhibition (e.g., rapamycin) 

suppress SASP expression and ameliorate cardiovascular aging phenotypes, highlighting the 

therapeutic potential of targeting nutrient-sensing pathways to modulate SASP and its pathological 

consequences [230]. In conclusion, the SASP intersects with multiple hallmarks of aging to drive CV 

pathology through complex and reciprocal mechanisms. These interactions reinforce chronic 

inflammation, oxidative stress, genomic instability, and tissue remodeling, contributing to the 

pathogenesis of atherosclerosis, myocardial fibrosis, and diastolic dysfunction in the elderly. Future 

research must dissect these multifactorial interactions at cellular and systemic levels using integrative 

omics approaches and systems biology models. Understanding the crosstalk between SASP and other 

aging pathways will be essential for designing combinatorial interventions that simultaneously 

modulate multiple hallmarks to prevent or reverse age-associated CVD. 

Conclusion 

SASP has emerged as a critical molecular nexus linking cellular senescence to the pathogenesis 

of CVD in the aging population. Accumulating evidence demonstrates that SASP mediates a wide 

array of deleterious effects across CV tissues, including endothelial dysfunction, vascular 

inflammation, arterial stiffening, atherosclerotic plaque instability, myocardial fibrosis, impaired 

contractility, and arrhythmogenesis. These effects are driven by the chronic secretion of pro-

inflammatory cytokines, chemokines, proteases, and growth factors by senescent cells, which act both 

locally and systemically to propagate tissue remodeling and inflammaging. The complex nature of 

SASP underscores its extensive crosstalk with other aging hallmarks—such as mitochondrial 

dysfunction, genomic instability, and epigenetic alteration—resulting in a complex and self-

reinforcing cycle of cardiovascular deterioration. While senolytic and senomorphic therapies have 

shown promise in preclinical and early clinical studies, substantial challenges remain, including cell-

type specificity, therapeutic safety, biomarker validation, and the heterogeneity of senescence 

phenotypes across tissues. Longitudinal human studies and integrated biomarker platforms are 
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urgently needed to track senescence dynamics, personalize intervention strategies, and evaluate 

long-term outcomes. Ultimately, targeting SASP offers a paradigm-shifting approach to mitigate age-

related CVD by intervening at a fundamental driver of cellular dysfunction, inflammation, and tissue 

degeneration. 
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