
Mahoney et al. J Cardiovasc Aging. 2025;5:6
DOI: 10.20517/jca.2024.31

The Journal of 
Cardiovascular Aging

© The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution 4.0 
International License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, sharing, 
adaptation, distribution and reproduction in any medium or format, for any purpose, even commercially, as 

long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and 
indicate if changes were made.

www.oaepublish.com/jca

Open AccessReview

Mechanisms of cellular senescence-induced 
vascular aging: evidence of senotherapeutic 
strategies
Sophia A. Mahoney1,# , Samuel I. Bloom2,#, Douglas R. Seals1 , Anthony J. Donato3, Matthew J. 
Rossman1 , Zachary S. Clayton4

1Department of Integrative Physiology, University of Colorado Boulder, Boulder, CO 80309, USA.
2Salk Institute for Biological Studies, La Jolla, CA 90237, USA.
3Department of Internal Medicine-Geriatrics, University of Utah, Salt Lake City, UT 84113, USA.
4Department of Medicine-Geriatrics, University of Colorado Anschutz Medical Campus, Aurora, CO 80045, USA.
#Co-first authorship.

Correspondence to: Dr. Zachary S. Clayton, Department of Medicine-Geriatrics, University of Colorado Anschutz Medical 
Campus, 12631 E 17th Avenue, Mail Stop B179, Ste 8111, Aurora, CO 80045, USA. E-mail: Zachary.Clayton@cuanschutz.edu

How to cite this article: Mahoney SA, Bloom SI, Seals DR, Donato AJ, Rossman MJ, Clayton ZS. Mechanisms of cellular 
senescence-induced vascular aging: evidence of senotherapeutic strategies. J Cardiovasc Aging. 2025;5:6. https://dx.doi.org/10.
20517/jca.2024.31

Received: 15 Nov 2024  First Decision: 8 Feb 2025  Revised: 21 Feb 2025  Accepted: 10 Mar 2025  Published: 20 Mar 2025

Academic Editor: Houzao Chen  Copy Editor: Fangling Lan  Production Editor: Fangling Lan

Abstract
Cardiovascular diseases (CVD) remain the leading cause of death worldwide, with advancing age being the 
primary, nonmodifiable risk factor. Vascular dysfunction, namely arterial stiffening and endothelial dysfunction, is 
the key antecedent to the development of clinical CVD with aging. Fundamental aging macro-mechanistic 
processes that drive vascular aging include excess oxidative stress, chronic inflammation, and declines in the 
vasodilatory molecule nitric oxide. An important hallmark of aging that contributes to the vascular aging processes 
is cellular senescence - a stress response characterized by cell cycle arrest and accompanied by the production and 
secretion of proinflammatory molecules (i.e., the senescence-associated secretory phenotype [SASP]). Excess 
senescent cells and the SASP have deleterious effects on vascular function and in states of CVD, making it a 
putative therapeutic target for improving vascular function and preventing or reversing CVD. This review will focus 
on the role of cellular senescence in age-related vascular dysfunction and CVD. We will examine established and 
emerging mechanisms underlying cellular senescence-induced vascular dysfunction. We will then discuss groups 
with impaired vascular function and high cellular senescence burden and examine strategies to reduce or remove 
excess senescent cells and the SASP in the groups who are likely to benefit most from these therapies. Finally, we 
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will highlight the systemic effects of vascular senescent cell suppression on other tissues and organs, given the 
integrative role of the vasculature in physiology. Together, this review will underscore the imperative role of cellular 
senescence in vascular dysfunction and the need for a deeper understanding of the translational use of cellular 
senescence and SASP targeting therapies in groups with high senescent cell burden.
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INTRODUCTION
Cardiovascular diseases (CVD) are the leading cause of death worldwide, and despite major advances in CV 
medicine, advancing age remains the major CVD risk factor[1-3]. Demographic projections predict 
continuous increases in the number and percentage of older adults (i.e., people over 65 years of age) over 
the next several decades[4]. The combination of age as a risk factor for CVD and the projected increase in the 
number of older adults will lead to a higher incidence of CV events and a greater prevalence of CVD. As 
such, it is crucial to identify novel mechanisms of CVD and therapeutics to prevent and treat CVD.

Advanced age results in vascular dysfunction characterized by the stiffening of the large elastic arteries (i.e., 
aorta) and impaired vascular endothelial function, both of which are key antecedents of CVD[5]. Age-related 
vascular dysfunction is a consequence of several fundamental macro-mechanistic processes, including 
chronic inflammation, excess oxidative stress, and declines in the bioavailability of the vasodilatory 
molecule nitric oxide (NO)[6-8]. While the etiology of these fundamental macro-mechanistic processes has 
not been fully elucidated, the processes have been well characterized, and modulating these pathways 
improves vascular function in older mammals[9,10]. Cellular senescence, a hallmark of aging, has emerged as a 
plausible contributor to inflammation, oxidative stress, and suppressed NO[8]. Cellular senescence is a stress 
response characterized by stable cell cycle arrest and the production of a proinflammatory milieu referred to 
as the senescence-associated secretory phenotype (SASP)[11]. Advancing age increases the abundance of 
senescent cells in the vasculature[12], which contributes to age-related vascular dysfunction[13] and several 
CVD[14]. Therefore, targeting cellular senescence and the SASP using senotherapeutics - therapies that 
suppress excess senescent cells and/or the SASP - is an appealing strategy to treat and prevent vascular 
dysfunction and mitigate CVD risk[8].

In this review, we will discuss: (1) a summary of the role of cellular senescence and the SASP in vascular 
dysfunction; (2) established and putative mechanisms through which excess senescent cells and the SASP 
drive vascular dysfunction; (3) clinical groups with high senescence burden that may benefit most from 
senotherapeutics; and (4) translational challenges in senotherapeutic dosing and clinical implementation.

AGE-RELATED VASCULAR DYSFUNCTION AND MECHANISMS OF VASCULAR AGING
Large elastic artery stiffening and vascular endothelial dysfunction are two independent predictors of future 
CV events and mortality[15,16]. Stiffening of the large elastic arteries (i.e., the aorta) occurs mostly through 
changes in the mechanical properties of the vessel wall[17]. During aging, vascular smooth muscle cells 
(VSMCs) undergo phenotypic switching from synthetic to contractile states, promoting unfavorable 
vascular remodeling such as changes in the stress/strain components of the arteries[18]. Aortic stiffness is 
assessed non-invasively in mice and humans by the reference standard in vivo measure of pulse wave 
velocity (PWV)[19]. This assessment quantifies the stiffness of the aorta by measuring the time elapsed for the 
pressure wave produced by the contraction of the heart during systole to propagate bidirectionally to the 
two pulse pressure sites[19]. Importantly, PWV increases with advancing age and increases pressure 
pulsatility, thereby affecting systolic blood pressure in a feed-forward cycle[17]. As such, increased arterial 
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stiffness contributes to hypertension and is independently predictive of future CVD[16].

Endothelial dysfunction is another primary manifestation of vascular aging characterized, in part, by 
impaired endothelium-dependent dilation (EDD)[20]. Endothelial cells make up a monolayer that lines the 
inner-most wall of blood vessels[21]. In response to mechanical shear stress induced by antegrade blood flow 
or exposure to pharmacological agents (i.e., acetylcholine), endothelial cells produce NO, which diffuses 
into the VSMC to cause vasodilation and regulate vascular tone[22]. In humans, EDD is commonly measured 
using the non-invasive reference-standard approach of brachial artery flow-mediated dilation (FMD), 
which is primarily dependent on the endothelial response to produce NO, and is a widely used measure to 
characterize the health of the macrovascular endothelium[15]. Another key characteristic of age-related 
endothelial dysfunction includes dysregulation of delivery of essential nutrients and oxygen to peripheral 
tissues[21]. Given that the endothelium lines the circulation, endothelial cells serve as an important barrier 
and regulator of biological factors that cross into peripheral tissues[21].

Fundamental macro-mechanistic processes underlying arterial stiffening and endothelial dysfunction 
include excess oxidative stress, chronic, low-grade inflammation, and reduced NO bioavailability[23]. With 
aging, oxidative stress results from a combination of excess reactive oxygen species (ROS) production and 
decreased antioxidant defenses due primarily to reductions in antioxidant enzyme activity/abundance[9,24]. 
Excess ROS readily reacts with NO to form peroxynitrite and lower NO bioavailability[24]. Peroxynitrite may 
also oxidize tetrahydrobiopterin (BH4), an essential cofactor for NO production by endothelial NO 
synthase (eNOS)[25]. Importantly, this results in eNOS uncoupling, whereby eNOS generates ROS instead of 
NO[25]. Together, these processes promote ROS bioactivity and reduce NO bioavailability to impair 
endothelial function[20]. Excess ROS may also activate proinflammatory and prooxidant signaling 
pathways[26]. This intrinsic inflammatory activation in the microenvironment or in the circulation can 
activate other ROS-producing systems, creating a feed-forward cycle of inflammation and oxidative stress 
that exacerbates vascular dysfunction. States of high oxidative stress and inflammation contribute to arterial 
stiffening by promoting adverse structural remodeling of the vascular walls[8]. Notably, four unfavorable 
structural changes occur in the vascular wall with aging: (1) there is a degradation and fragmentation of 
elastin; (2) there is a compensatory deposition of collagen to replace the fractured elastin; (3) the stimulation 
of advanced glycation end products (AGEs) promotes crosslinking of these structural components; and (4) 
AGE-induced calcium (Ca2+) deposition leading to arterial calcification[8,27]. There are also functional 
contributions to arterial stiffening driven by reduced vasodilatory factors (i.e., NO and hyperpolarizing 
factors) and increased vasoconstrictive factors (i.e., angiotensin II) that confer VSMC stiffness[8,28]. Together, 
these processes reduce elasticity and contribute to the stiffness of the arteries. Although these major macro-
mechanistic events are well-accepted as the underlying mechanisms of vascular aging[23], the integrative 
cellular/molecular processes regulating excessive oxidative stress, chronic inflammation, and limited NO 
bioavailability with aging are incompletely understood.

THE ROLE OF CELLULAR SENESCENCE IN VASCULAR DYSFUNCTION
Cellular senescence is a complex biological process characterized by the irreversible growth arrest of cells in 
response to various stimuli, including DNA damage, telomere shortening, oxidative stress, and oncogene 
activation[11,29]. Senescent cells exhibit a distinct phenotype compared to healthy, proliferating cells, 
including an enlarged and flattened morphology, increased metabolic activity, and an amplified secretion of 
a wide range of proinflammatory cytokines, chemokines, and growth factors collectively referred to as the 
senescence-associated secretory phenotype (SASP)[30,31]. Senescent cells and the SASP contribute to many 
physiological processes, including embryonic development, wound healing, and tumor suppression[29,32]. 
However, the accumulation of senescent cells and the SASP has been implicated in various age-related 
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Figure 1. Characteristics of a vascular senescent cell. Vascular cells including endothelial cells and vascular smooth muscle cells 
undergo phenotypic changes upon cellular senescence induction. These senescent cell characteristics are leveraged to identify 
senescent cells in the vasculature.

pathologies, including CVD[33-35]. Increased cellular senescence is evident in clinical vascular pathologies 
including atherosclerosis[36,37], pulmonary hypertension[38], and aortic aneurysms[39]. In the absence of disease, 
the vasculature remains the tissue with the greatest senescent cell burden in old mice and in models of 
premature aging in mice[12], suggesting that the vasculature is particularly vulnerable to cellular senescence. 
Key vascular cells, such as endothelial cells[40-42] and VSMCs[43,44], become senescent with chronological aging 
and with other stressors in vivo. Importantly, vascular senescent cells are identified by key characteristics 
and biomarkers including cell cycle regulators (i.e., cdkn1a -  p21, Cdkn2a -  p16 and p19), altered lysosomal 
activity (senescence-associated β-galactosidase [SA-β-Gal]), DNA damage markers (53BP1 and γ-H2AX), 
telomere length and telomerase activity, senescent cell anti-apoptotic pathways (SCAPs), and SASP profile 
(IL-6, IL-1β, and tumor necrosis factor  [TNF-], among many others)[31,45] [Figure 1]. Together, this evidence 
suggests that the burden of cellular senescence is greatest in the vasculature compared to other tissues and 
contributes to impairments in function and the development of CVD. Therefore, targeting senescence in the 
vasculature may improve function and reduce age-related vascular pathologies. Below, we discuss 
mechanisms of vascular cell senescence, groups with high senescent cell burden, and therapeutic treatments 
that target senescent cells to promote healthy vascular aging.

ESTABLISHED AND EMERGING MECHANISMS UNDERLYING CELLULAR SENESCENCE-
INDUCED VASCULAR DYSFUNCTION
Established mechanisms of vascular senescence
Cellular senescence has recently been causally established as a contributor to age-related vascular 
dysfunction. Many of the underlying mechanisms of vascular dysfunction and vascular cell senescence 
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Figure 2. Mechanisms by which cellular senescence contributes to vascular dysfunction. Excess senescent cell and senescence-
associated secretory phenotype (SASP) burden drive macro-mechanistic processes including reactive oxygen species (ROS)-related 
oxidative stress, chronic inflammation, and reduced nitric oxide (NO) bioavailability. In turn, these fundamental aging processes 
promote other established and putative underlying mechanisms that contribute to vascular dysfunction. ECM: Extracellular matrix; ER: 
endoplasmic reticulum.

overlap, providing unique therapeutic targets that improve vascular function by reducing senescent cell 
burden. Select underlying processes have been established supporting the mechanisms by which senescent 
cells contribute to vascular dysfunction and serve as therapeutic targets for senescent cells[46]. Here, we 
discuss studies that investigate the established mechanisms by which senescent cells contribute to vascular 
dysfunction, and then discuss putative mechanisms that have recently emerged as novel means by which 
senescent cells elicit their detrimental effects on vascular physiology [Figure 2].

Mitochondrial dysfunction
Mitochondrial dysfunction, characterized in part by reduced electron transport system function, impaired 
mitophagic capacity, and elevated ROS production, is a key feature of vascular aging[47]. Cellular senescence 
promotes mitochondrial dysfunction in both an autocrine and paracrine manner as a result of the 
proinflammatory SASP[48,49]. In senescent cells, mitochondria undergo outer membrane permeabilization, 
which releases mitochondrial DNA into the cytosol[50]. In turn, cytosolic mitochondrial DNA activates the 
cGAS-STING pathway, a major regulator of the SASP[50]. Mitochondrial-derived ROS contribute to vascular 
dysfunction with aging, as evidenced by a reduction in mitochondrial ROS, reduced vascular mitochondrial 
prooxidant markers, and a higher abundance of mitochondrial antioxidant defense following systemic 
senescent cell clearance[13,51]. Although cellular senescence and mitochondrial dysfunction are both 
considered hallmarks of aging, the bidirectional relationship between these processes further highlights the 
multiplicity of benefits of targeting senescent cells. Given the essential role of the mitochondria in senescent 
cells and in regulating the SASP, dysfunctional mitochondria may serve as an important therapeutic target 
to mitigate the detrimental effects of cellular senescence and the SASP on vascular function.

Telomere shortening and dysfunction
Telomeres, the DNA sequences and proteins that protect the caps of chromosomes, shorten with every 
replication cycle and are maintained by the enzyme telomerase[52]. Loss of telomere due to excess shortening 
or insufficient telomerase expression is an established cause of stress-induced senescence[52]. Endothelial 
cells have a low replicative capacity, accept at vascular regions where they are exposed to low and 
oscillatory shear stress, rendering them susceptible to telomere-shortening induced senescence[52]. In 
addition to shortening, telomere dysfunction may occur independent of length, likely due to oxidative stress 
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to directly mediate vascular cell senescence[40]. Specifically, endothelial cell telomere dysfunction-induced 
senescence impairs endothelial function through increased inflammatory signaling and oxidative stress in 
young mice[40]. Further, telomere length is inversely associated with vascular elasticity and CVD events 
starting in people in mid-life[53]. More studies are warranted to determine the direct implications of telomere 
function/length with arterial stiffening and to extend these findings to people.

Shear stress
Endothelial cells are constantly exposed to shear stress created by blood flow. This unique environmental 
stimulus has pathophysiological implications, which are regional, as blood flow patterns vary widely across 
the vascular network. At vascular curvatures, branches, and bifurcations, low and oscillatory shear stress 
impairs endothelial function and is associated with an inflammatory phenotype. Conversely, high and 
laminar shear stress tends to be vasoprotective[54]. In relation to cellular senescence, regions of the 
circulation exposed to low and oscillatory shear stress exhibit elevated markers of cellular senescence and 
stimuli such as DNA damage and telomere dysfunction compared to cells that experience high and laminar 
shear stresses[40,55-57]. Importantly, these regions are also prone to the development of atherosclerosis[55,57-59]. 
Mechanistically, low and oscillatory shear stress induces cellular senescence by increasing cell turnover, 
which is likely exaggerated in the vasculature compared to other cells in the body[59,60]. However, in regions 
exposed to low and oscillatory shear stress, endothelial cells are pushed to divide more rapidly, and clonal 
hyperplasia of VSMCs contributes to atherosclerotic plaque development[61-63]. In endothelial cells of large 
arteries, the replicative burden is not mitigated by circulating progenitors as cell regeneration requires 
mitotic cell division by neighboring cells[64]. Thus, the vasculature is comprised of long-lived cells that 
endure long-term exposure to low, oscillatory blood flow and senescence-inducing circulating factors. At 
vascular bifurcations, however, replicative stress may promote states of cellular senescence.

ECM remodeling
As previously mentioned, arterial stiffening is a key pathophysiological process of vascular aging. Senescent 
vascular cells contribute to arterial stiffness in various capacities, including VSMC stiffness and unfavorable 
ECM remodeling. Particularly, senescent VSMCs have a higher secretion of ECM proteins and are stiffer 
and less organized than the ECM derived from young control VSMCs[27]. Pro-stiffening changes in the ECM 
of VSMC are mediated by altered collagen deposition and reduced contractility in senescent VSMCs[27]. Sry-
box transcription factor 9 (SOX9), a regulator of chondrocyte differentiation, is a central mediator of ECM 
stiffness and organization in senescent VSMCs[27]. Mitochondrial-derived ROS also contributes to vascular 
dysfunction with aging, as evidenced by a reduction in mitochondrial ROS, reduced vascular mitochondrial 
prooxidant markers, and a higher abundance of mitochondrial antioxidant defense following systemic 
senescent cell clearance[13,51]. Importantly, senescent cell clearance results in a reduction in collagen and AGE 
abundance in the vascular wall of old mice[13,65]. As such, the vascular ECM is an important contributor to 
cellular senescence-induced arterial stiffening and a therapeutic target to prevent or reverse unfavorable 
vascular remodeling.

The circulating milieu
The influence of the circulating milieu (i.e., the collection of bioactive factors in systemic circulation) on 
physiological function has been studied using a variety of experimental approaches including heterochronic 
parabiosis (surgical joining of two circulatory systems)[66], heterochronic blood exchange (administration of 
blood/blood factors of one organism into the circulating milieu of another organism)[67], and in vitro or 
ex vivo exposure of cells[68,69] or organ systems[13,70], respectively, to distinct components of the circulation 
(e.g., blood/plasma/serum). Collectively, these experimental approaches have demonstrated that age-related 
vascular dysfunction can be transferred via the circulating milieu such that the aged circulating milieu 
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promotes cellular senescence in a variety of cell/tissue types in young animals[13,67,70]. Notably, age-related 
vascular dysfunction is prevented in arteries exposed to the circulating milieu collected from old animals 
following senescent cell clearance[71]. Individual circulating factors, including nutrients, metabolites, and 
hormones, are also capable of inducing cellular senescence. A large body of evidence from a variety of 
models suggests that glucose, amino acids, lipids, and insulin are capable of provoking senescent states 
(reviewed in detail elsewhere)[72]. Together, these results demonstrate that the circulating milieu mediates 
vascular aging, and this may occur, in part, via cellular senescence and changes in the circulating SASP. 
However, future studies are warranted to determine a mechanistic role of the circulating SASP factors 
implicated in vascular dysfunction[73,74], which are responsible for increasing cellular senescence in the 
vasculature and transducing the vascular aging phenotype.

Dysregulated immune responses
An additional characteristic that predisposes vascular cells to damage is their interaction with the interstitial 
microenvironment and neighboring cells. Inflammatory immune cells traffic through the vascular network, 
and endothelial cells mediate extraversion from the circulation to the extravascular space[75]. Endothelial 
cells can upregulate the expression of adhesion molecules and secrete inflammatory chemokines to bind and 
recruit immune cells, respectively, and inflammatory signals increase endothelial permeability to allow for 
immune infiltration to neighboring tissues[75]. Similarly, inducing cellular senescence in VSMCs increases 
vascular immune cell infiltration[76]. Importantly, increased senescent vascular and immune cells manifest in 
atherosclerotic plaques and exacerbate atherosclerotic pathology via dysregulation of immune responses 
exerted by the SASP[77].

Cell-cell contact
Unfavorable cell-cell contact manifests in senescent vascular cells as increased expression of adhesion 
molecules and reduced expression of junction proteins[78,79]. As previously mentioned, senescent endothelial 
cells have increased the expression of adhesion molecules on the cell surface, which attracts neighboring 
cells or cells in the circulation to local senescent cells[79]. Despite this improved contact, senescent cells 
leverage this mechanism to promote the senescent program in their microenvironment rather than for the 
enhancement of favorable communication[79]. In contrast, junction proteins, which are transmembrane 
proteins that aim to transfer material between cells, are reduced and impair cell-cell communication. Given 
the key role of endothelial cells in forming barriers to regulate the transport of factors from circulation to 
peripheral tissues, the dysregulation of junction proteins in senescent vascular cells leads to an impairment 
of the transport of essential nutrients and oxygen[78]. Specifically, dysfunctional barrier function in senescent 
endothelial cells has been observed in the brain[80], lung[81], and eye[82] and may result in dysregulated 
permeability of factors into these tissues[78]. As such, senescent cells contribute to the established link 
between increased vascular permeability and vascular dysfunction[8].

Oxygen partial pressure
Finally, it is well established that culturing cells at higher oxygen tensions hastens the onset of cellular 
senescence, and the partial pressure of oxygen is 97%-44%, which is greater in the vascular circulation 
compared to the interstitial space of other tissues[72]. The partial pressure of oxygen varies from blood to 
tissues to cells, and exposure to higher partial pressures of oxygen in vivo likely promotes cellular 
senescence through the production of ROS[83,84] produced endogenously by vascular cells, or by circulating 
immune cells, neighboring tissues, or through iatrogenic means.
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Potential novel mechanisms of vascular senescence
As previously mentioned, the accumulation of senescent cells mediates age-related vascular dysfunction, 
and clearance of excess senescent cells improves vascular function in old mice[13,85]. However, the direct 
mechanisms by which senescent cells promote vascular aging are not fully understood. In the following 
section, we describe potentially novel and understudied mechanisms that could regulate cellular senescence-
mediated vascular aging [Figure 2]. Although causal evidence may not exist for all these mechanisms 
contributing to cellular senescence-mediated vascular aging, the processes warrant mention, given that they 
may provide insight into future experimental considerations.

Circadian misalignment
Circadian rhythms are approximately 24-h biological oscillations that have evolved in response to 
predictable environmental cues[86]. All cells, including cells of the vasculature, contain precisely regulated 
and conserved transcriptional-translational feedback loops, which perpetuate the 24-h oscillations and 
ultimately regulate fundamental circadian rhythms (also referred to as clock components)[86]. Bmal1 is the 
only imperative clock gene required for circadian rhythm regulation[87] and is considered the master 
regulator of the circadian clock[88]. Moreover, the BMAL1 protein is a key transcription factor for rhythmic 
control of chromatin accessibility, thus influencing system-level gene expression[89]. Circadian misalignment 
is associated with early vascular aging in humans[90]. The physiological oscillations in Bmal1 transcription 
are dampened with aging[91] and knockout of Bmal1 can directly impair vascular function in young mice[92]. 
Moreover, in vitro evidence suggests that dampened Bmal1 oscillations contribute to the accumulation of 
senescent cells[93]. Thus, circadian misalignment, particularly dampened oscillations in Bmal1 transcription, 
may be a novel mechanism underlying cellular senescence-induced vascular aging.

Glycolytic byproducts
As mentioned above, mitochondrial dysfunction is a key characteristic of senescent cells. Mitochondrial 
dysfunction is often accompanied by a compensatory reliance on glycolysis for ATP production[94], and 
consistent with this concept, senescent cells demonstrate a preferential reliance on glycolysis[95]. Considering 
mitochondrial dysfunction is a well-established biological hallmark of aging[96] and dysfunctional 
mitochondria are directly implicated in vascular aging[47], it is warranted to investigate the role of increased 
glycolytic flux as a mechanism mediating cellular senescence-induced vascular aging. Serum proteomic 
analyses reveal that increased glycolytic metabolism is likely responsible for circulating SASP-mediated 
changes in vascular aging[13]. Indeed, increased glycolytic flux is implicated in vascular aging, due in part to 
increased production of the glycolytic byproduct and AGE precursor, methylglyoxal (MGO)[97]. Under 
normal physiological conditions, MGO is detoxified via the glyoxalase-1 (GLO-1) pathway; however, GLO-
1 activity is reduced with aging, resulting in a greater abundance of MGO[98]. In further support of this 
concept, MGO has been shown to stimulate cellular senescence in human keratinocytes[99] and in the 
brain[100], and increasing GLO-1 activity has been demonstrated to reduce senescent cell burden in renal 
cells[101]. Moreover, preservation of GLO-1 activity prevents age-related vascular endothelial dysfunction[102]. 
Thus, investigating the role of glycolysis and MGO/GLO-1 balance in mediating cellular senescence-
induced vascular aging may be valuable.

Membrane contact sites
Changes in membrane contact sites are emerging as biological mechanisms of aging, which has been 
reviewed in detail elsewhere[103]. Membrane contact sites comprise physical bridges that allow for the 
exchange of metabolites between organelles, ultimately regulating intracellular metabolic flux. Moreover, 
membrane contact sites create subcellular signaling platforms, which enable local protein modifications and 
interactions[103]. Two organelles that have garnered attention in the context of membrane contact sites are 
mitochondria and endoplasmic reticulum (ER), referred to herein as mitochondria-ER contacts (MERCs). 
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MERCs are involved in the regulation of inflammation and redox signaling, and thus have been implicated 
in age-related pathologies, including adverse vascular remodeling[103]. Exposure of endothelial cells in culture 
to oxidized low-density lipoprotein, an established inducer of cellular senescence[104], results in an 
upregulation of MERCs[105]. Moreover, artificial tightening of MERCs in human fibroblasts leads to the 
induction of cellular senescence, a heightened proinflammatory secretory profile, and increased ROS 
production[106]. Inversely, the deletion of MERC-related proteins in senescent cells has shown to reduce 
overall senescence burden and favorably modulate the SASP[107,108]. These results suggest there is a clear 
relation between MERCs and cellular senescence, but the extent to which MERCs mediate cellular 
senescence (or vice versa) is not well understood. Furthermore, it remains to be determined if MERCs 
regulate the SASP and how MERCs and cellular senescence and the SASP interact to mediate vascular aging.

Endothelial-to-mesenchymal transition
The endothelial-to-mesenchymal transition (EndoMT) is a process by which endothelial cells lose their 
characteristic markers, such as VE-cadherin, CD31, TIE2, and Von Willebrand factor (VWF), while gaining 
increased expression of mesenchymal markers, such as alpha 2 smooth muscle actin (α-SMA), fibroblast-
specific protein 1 (FSP1), and type I/III collagen, which ultimately leads to a shift toward enhanced 
contractile properties and reduced NO production[109]. EndoMT is commonly provoked by states of 
excessive inflammation and is highly implicated in vascular aging[109]; however, sources of inflammation 
mediating EndoMT are not fully understood. Senescent endothelial cells are more susceptible to undergoing 
EndoMT and the proinflammatory SASP may drive the EndoMT in non-senescent endothelial cells[110]. An 
emerging proinflammatory SASP factor thought to promote the endoMT is transforming growth factor-β 
(TGF-β), as it is a common component of the SASP[110] and an established inducer of the endoMT[109]. 
Although physiological levels of TGF-β are required for homeostatic endothelial function[111], excessive 
production of TGF-β can promote vascular aging[112,113]. As such, the EndoMT may be a mechanism by 
which cellular senescence and the SASP contribute to vascular aging.

GROUPS WITH HIGH CELLULAR SENESCENCE BURDEN
Cellular senescence increases with chronological age and due to other intrinsic and extrinsic stressors. As 
such, senescent cells accumulate disproportionally in different individuals and groups and may contribute 
to vascular health disparities. Conditions of early vascular aging - states in which biological age is greater 
than chronological age - also often demonstrate increased senescent cell accumulation[114]. In this section, we 
highlight select groups that may experience early vascular aging and a greater senescence burden due to 
chronological aging, lifestyle choices, genotoxic drugs, genetic mutations, or disease progression[114] 
[Figure 3].

Estrogen-deficient postmenopausal women and men with low testosterone
Aging is characterized in part by a decline in gonadal function, which presents in late life as estrogen 
deficiency in women and low testosterone levels in men, both of which are risk factors for the development 
of CVD[115]. Vascular function declines in parallel with gonadal aging in women and emerging evidence 
suggests this may also be the case for older adult men with low testosterone[116,117]. However, the mechanisms 
by which gonadal aging mediates vascular dysfunction are incompletely understood. Physiological levels of 
estrogen maintain homeostatic redox balance in mitochondria, and as such, estrogen deficiency can 
increase tonic mitochondrial ROS production. Considering mitochondrial ROS is an established inducer of 
cellular senescence, it is plausible that vascular aging in estrogen-deficient women is mediated by an 
increase in cellular senescence. Moreover, in a mouse model with accelerated senescent cell accumulation, 
estrogen deficiency exacerbates vascular aging[118], demonstrating an interaction between gonadal status, 
cellular senescence, and vascular aging. Low testosterone levels have long been associated with increased 
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Figure 3. Select groups with high cellular senescence burden and premature vascular aging. Groups that may have high senescent cell 
burden often experience early vascular aging phenotypes. HIV: Human immunodeficiency virus; CVD: cardiovascular disease.

tonic ROS production and chronic low-grade inflammation; therefore, it appears likely that testosterone 
also regulates cellular senescence. Estrogen- and testosterone-based hormone replacement is 
contraindicated for CVD prevention for a variety of reasons; thus, rather than replacing hormone levels to 
improve vascular function in estrogen-deficient postmenopausal women and in men with low testosterone, 
it may be more beneficial to target the mechanisms (potentially cellular senescence) by which the reductions 
in these hormones drive vascular aging.

Lifestyle behaviors
Certain detrimental lifestyle behaviors may also lead to cellular senescence accumulation and early vascular 
aging. In preclinical models, a high-fat diet promotes vascular remodeling and stimulates vascular cell 
senescence[119]. This is in agreement with clinical studies observing that exercise-trained mid-life/older 
adults have less endothelial senescent cell burden than sedentary mid-life/older adults[42]. Additional 
detrimental lifestyle behaviors that have been linked to increased vascular cell senescence include cigarette 
smoking[120] and poor sleep quality[121]. However, more studies are needed to establish the mechanisms and 
implications of lifestyle behaviors on cellular senescence and early vascular aging and determine if healthy 
lifestyle behaviors promote healthy vascular aging.

Mental stress
Mental stress has emerged as an important risk factor for the development of CVD[122,123] as it promotes early 
vascular aging phenotypes[124], as reviewed in detail elsewhere[122,123,125]. In brief, there are many shared 
biological processes between the effects of mental stress and the mechanisms underlying age-related 
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vascular dysfunction. Mental stress is associated with reduced NO bioavailability, impaired endothelial 
function, tonic elevations in ROS, and chronic low-grade inflammation[124], all of which are key mechanisms 
of vascular aging and features of excess cellular senescence[11,126]. Preclinical literature suggests that 
experimentally provoked mental stress can promote cellular senescence in the brain[127], and patients who 
experience frequent episodes of mental stress have higher circulating markers of cellular senescence relative 
to healthy controls[128]. Post-traumatic stress disorder (PTSD) is a severe type of mental stress and a 
psychiatric/mental condition affecting approximately 5% of the US population[129,130]. Individuals most 
affected by PTSD include military combat veterans, victims of assault and abuse, and those who have 
experienced major disasters[131]. PTSD is associated with a reduced overall and healthy lifespan, inferring 
PTSD accelerates biological aging[132]. As such, the relationship between PTSD and the biological 
mechanisms of aging has gained significant attention over the last decade. Interestingly, a comprehensive 
review compared SASP markers from numerous studies measuring individual factors in people with PTSD 
and found multiple lines of investigation suggesting that PTSD may be associated with a proinflammatory 
SASP profile compared to age-matched individuals without PTSD[133]. However, it remains to be determined 
if PTSD and mental stress directly increase the burden of cellular senescence in the vasculature and if the 
accumulation of senescent vascular cells is mechanistically implicated in mental stress-induced vascular 
aging.

Radiation
Radiation is a well-established inducer of cellular senescence that occurs in diverse settings and is most 
commonly experienced by cancer patients via ionizing radiation during their cancer treatment and by space 
travelers through high solar and cosmic radiation[134]. During radiation exposure, high-energy rays induce 
DNA damage, leading to the induction of cellular senescence, which has been well documented in 
endothelial cells and VSMCs[134,135]. Specifically, exposure of vascular cells to ionizing radiation induces 
cellular senescence and activates SASP-mediated inflammation[135]. In mice, ionizing radiation exposure has 
been shown to mediate DNA damage-induced vascular cell senescence and inflammation, and accelerated 
plaque formation in atherosclerotic mice[136]. Moreover, cancer survivors who received cancer treatment 
with ionizing radiation had 2-fold higher arterial stiffness in comparison to cancer patients who did not 
receive ionizing radiation[137]. Together, these data provide evidence that radiation induces vascular cell 
senescence and promotes early vascular aging.

Chemotherapy treatment
Common forms of cancer, including breast cancer, leukemia, and lymphomas, are often treated with 
anthracycline chemotherapeutic agents[138,139]. Anthracyclines are highly effective at treating cancer but are 
considered to be the most cardiotoxic, as patients treated with anthracyclines experience early CV-related 
morbidity and often die prematurely from CVD[138,139]. A key mechanism by which anthracyclines inhibit 
cancer growth is through the induction of cellular senescence[140], and cancer survivors previously treated 
with anthracyclines experience heightened (relative to age- and sex-matched healthy controls) senescent cell 
burden years into survivorship[141-143]. Considering the link between vascular dysfunction and overt CVD, as 
well as the role of cellular senescence in mediating vascular aging, it is highly plausible that cellular 
senescence-induced vascular aging is responsible for the early CV-related morbidity and mortality observed 
in these patients. Doxorubicin, the most commonly administered anthracycline chemotherapeutic agent, is 
a well-established inducer of cellular senescence and early vascular aging[144]. Specifically, young mice that 
received systemic, genetic clearance of senescent cells following doxorubicin treatment do not develop 
vascular dysfunction compared to doxorubicin-treated mice that did not receive genetic senescent cell 
clearance[145]. Other classes of chemotherapeutic agents are known to elicit cellular senescence and require 
further investigation into adverse effects on the vasculature[146]. Specifically, paclitaxel, a commonly used 
microtubule inhibitor, has direct adverse effects on the proliferation and migration of senescent vascular 
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cells and contributes to the disruption of blood-brain barrier integrity[147,148]. Together, these data suggest 
that cellular senescence is likely an underlying mechanism of cancer chemotherapy-induced early vascular 
aging.

Antiretroviral therapy treatment
Although antiretroviral therapies are highly effective at treating the fatal effects of the sexually transmitted 
human immunodeficiency virus (HIV) infection, long-term use of these therapies promotes early vascular 
aging and accelerated senescence accumulation[149]. Antiretroviral therapies inhibit the reverse transcription 
utilized by HIV viruses to infect cells[150]. Like chemotherapeutic agents, antiretroviral therapies are 
considered to mediate stress-induced premature senescence[151]. Studies in cultured endothelial cells showed 
that antiretroviral therapies elicit premature senescence associated with inflammation, oxidative stress, and 
altered eNOS activation[152]. Additional preclinical studies in mice demonstrated that antiretroviral therapies 
promote states of cellular senescence by impairing mitochondrial function, defecting nuclear wall structure, 
and promoting the SASP, which was accompanied by physiological dysfunction[151]. In people, associations 
have emerged between HIV infection, antiretroviral therapy, and cellular senescence burden[150,153]. However, 
the direct effects of antiretroviral therapies on the vascular function of HIV-infected patients are still yet to 
be determined.

Vascular disease
The presence of clinical vascular disorders and associated risk factors may be another contributor to early 
vascular aging by increasing cellular senescence. Increased senescent cell burden has been observed in 
several clinical vascular disorders including atherosclerosis[154,155], pulmonary hypertension[38,156], and aortic 
aneurysms[157,158]; however, it is unclear whether senescent cells are primary or secondary to the onset of 
these conditions. Given that senescent cell accumulation is only associated with clinical vascular diseases, 
preclinical models are currently being leveraged to better understand the implications of cellular senescence 
in these conditions. Below, we highlight studies in which senescent cells play a role in vascular pathologies.

Senescent cells have been identified in atherosclerosis, a progressive disease defined by the accumulation of 
lipid and fibrous elements in the large elastic arteries[35]. Senescent cells exist in atherosclerotic lesions and 
contribute to the destabilization of plaques that may promote acute CV events[44,159]. VSMCs derived from 
plaques exhibit key senescent cell characteristics, including DNA damage and telomere shortening[155]. 
Further, SASP factors have been shown to aggravate atherosclerosis by recruiting and activating immune 
responses and promoting chronic inflammation and oxidative stress[160]. Pulmonary arterial hypertension is 
a proliferative disorder that results mainly from increased vascular cell production and contributes to CVD 
events and chronic lung diseases[38]. Cellular senescence contributes to pulmonary vascular remodeling, 
which ultimately manifests in vascular dysfunction in the lung as signified by increased right ventricular 
systolic pressure[38,156]. Yet, senescent cells may play a multifaceted role in the stability of the pathology by 
inhibiting the worsening of the pulmonary hypertension state (discussed further in this review)[38]. As such, 
more studies are required to determine the cost-benefit of senescent cell burden in pulmonary arterial 
hypertension states. Senescent cells in aortic aneurysms, characterized by a persistent, localized dilation 
(ballooning) of the aorta, contribute to a loss of aortic structural wall integrity, which may lead to severe 
CVD events[157,161]. Proteomic analyses have identified cellular senescence as a key pathway in thoracic aortic 
aneurysms[158]. Senescent cells also contribute to aortic aneurysm development through the secretion of 
proinflammatory cytokines and ROS through the SASP[161]. Senescent cells accumulate primarily at sites of 
vascular hypertrophy in pulmonary hypertension models[162] and contribute to the pathology through the 
recruitment of inflammatory cells by the SASP and by promoting vascular cell growth and migration[38,156]. 
Further mechanistic studies are needed to uncover the complex interaction between cellular senescence and 
vascular disease.
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Progeria
Hutchinson-Gilford progeria syndrome (HGPS) is an extremely rare, premature aging disorder caused by 
the genetic mutation of the Lmna gene resulting in a defective nuclear lamina[163]. In patients with HGPS, 
there is a greater senescent cell burden and vascular dysfunction that manifests at young ages, with CVD 
being the leading cause of death in this group[164]. Mouse models of progeria have been developed to study 
disease progression and have also been adapted to study premature aging[12,165]. For example, the ERCC1 
knockout mouse model depletes the enzyme responsible for multiple DNA repair mechanisms that protect 
the nuclear genome, resulting in progeria disease progression[165]. At young ages, ERCC1 knockout 
progeroid mice have increased cellular senescence burden in all tissues comparable to old mice, with the 
aorta having the greatest burden[12]. Like HGPS patients, the ERCC1 knockout progeria model exhibits 
impaired vascular function even at young ages[166]. However, more studies are required to determine if these 
vascular compromises are directly mediated by cellular senescence burden.

Another progeroid syndrome, Werner syndrome, is defined by a mutation in the Wrn gene, which encodes 
the WRN RecQ helicase[167]. This helicase has a variety of functions, including DNA replication and repair, 
telomere maintenance, and epigenetic regulation, such as heterochromatinization[167]. Unlike HGPS, Werner 
syndrome patients develop normally until after puberty, after which many age-related phenotypes manifest, 
including hair graying, sarcopenia, skin abnormalities, cataracts, atherosclerotic disease, and some cancer, 
with most patients succumbing to one or more malignancies in their fifth decade of life[167]. CVD is a major 
cause of morbidity and mortality in these patients as they demonstrate dyslipidemia, hypertension, and 
atherosclerosis at a very early age[168]. One of the most profound phenotypes known is the accelerated 
induction of cellular senescence during replicative culture collected from Werner syndrome patients[169]. In 
vitro models suggest that macrophages from Werner syndrome patients co-cultured with endothelial cells 
and VSMCs are sufficient to induce endothelial cell dysfunction and a synthetic VSMC phenotype[170]. 
Future studies are required to further document the direct contribution of vascular cell senescence in 
vascular dysfunction and CVD progression in Werner syndrome patients and in preclinical models of the 
disorder.

Down syndrome
Down syndrome is a genetic disorder caused by the presence of all or part of a third copy of chromosome 
21 (trisomy 21; +21). It is not only associated with intellectual disability but also with a group of clinical 
manifestations of premature aging. These include but are not limited to Alzheimer’s disease, cancer, hearing 
and vision declines, and suppressed immune system function. Like progeria conditions, CVD is prevalent in 
people with Down syndrome and is the leading cause of death[171]. One key insight is that people with Down 
syndrome have blunted endothelial function compared to age-matched controls[172]. Furthermore, initial 
studies suggest alterations in vascular function may contribute to some of the age-related diseases in this 
group. Decreased cerebral blood flow has been observed prior to β amyloid accumulation in mouse models 
of Down syndrome[173,174]. Moreover, individuals with Down syndrome demonstrate less carotid blood flow 
and vascular conductance compared with individuals without Down syndrome, suggesting that alterations 
in vascular control mechanisms are present in Down syndrome[175]. Despite this, little is known about how 
vascular cell senescence and function are altered with aging in this group. While measures of cellular 
senescence have not been made in vascular cell types, cellular senescence markers are high in neural 
progenitor cells[176], primary fibroblasts[177], and primary lymphocytes[178] from people with Down syndrome. 
Thus, future studies should evaluate vascular cell senescence in people with Down syndrome and further 
explore if vascular cell senescence is a contributor to vascular dysfunction and elevated CVD risk in people 
with Down syndrome.
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SENOTHERAPEUTICS AND TRANSLATION TO CLINICAL RESEARCH TO IMPROVE 
VASCULAR FUNCTION
The select groups discussed above represent groups that experience early vascular aging likely due in part to 
excess cellular senescence. As such, the groups stand to benefit the greatest from the clearance of excess 
senescent cells. In the following section, we discuss therapeutic strategies that may be leveraged to reduce 
vascular cell senescence and the SASP and improve vascular function. Senotherapeutics are a broad class of 
therapeutic strategies aimed at targeting excess senescent cells and/or the SASP[179]. Senotherapeutics often 
refer to natural or synthetic pharmacological agents but have also been attributed to lifestyle interventions 
such as aerobic exercise and weight loss in people[42,179-181]. There are two main classes of pharmacological 
senotherapeutics: senolytics and senomorphics[179]. Senolytic therapies are interventions that selectively 
suppress excess senescent cells by targeting SCAP networks[46], whereas senomorphics are compounds that 
suppress SASP signaling by modulating senescent cell transcription[182]. The use of senolytics or 
senomorphics in pathological states is challenged and highly dependent on the context (discussed in further 
detail later in the review)[179]. Here, we examine evidence of senotherapeutics treatment in vascular studies 
[Table 1] and discuss the benefits and drawbacks of the senotherapeutic strategies. Although several 
senolytic therapies are currently being tested in clinical trials, most evidence of senolytic activity on vascular 
function is reported in cell culture and preclinical models.

Senolytics
Select well-established and experimental senolytic therapies exist that suppress senescent cells by targeting 
SCAP networks to allow apoptosis to resume in senescent cells such that they are cleared from the tissue[183]. 
Senolytics therapies are often administered using a “hit-and-run” approach, which is also often referred to 
as an intermittent dosing paradigm[183]. This approach allows high doses of senolytics to be administered 
such that excess senescent cell burden can be suppressed back to basal levels. Once senescent cells 
reaccumulate (~2-4 weeks later in mid-life/older adults), another dosing round is administered. This 
approach is thought to allow for senescent cells to maintain their physiological roles (i.e., cancer 
suppression) while keeping levels and pathological effects to a minimum[11,29,32]. Using this dosing approach, 
senolytic therapies have been shown to reduce age-related senescent cell burden and improve vascular 
function with chronological aging, early aging, and CVD [Table 1].

Navitoclax
Initial studies investigating the role of cellular senescence in vascular dysfunction used one of the first 
senolytics to be established, navitoclax (also known as ABT-267 and ABT-737). Navitoclax is one of the 
most potent and broad-spectrum senolytic agents to be identified to date[184]. However, due to its 
chemotherapeutic properties, its translation to healthy mid-life/older adults is limited[185]. As such, 
navitoclax is primarily utilized as a “theoretical” senolytic in basic biological and preclinical studies. 
Preclinical studies have shown that navitoclax-induced senescent cell clearance improves endothelial 
function and lowers arterial stiffness in old mice[13], but may have detrimental effects on mouse models of 
vascular pathologies including atherosclerosis[36,186-188] and pulmonary hypertension[38,156].

Dasatinib + Quercetin
The combination senolytic treatment, D + Q, is a well-established preclinical intervention that is currently 
being tested in clinical populations[189,190]. Although not related to the vasculature, outcomes from the first 
completed clinical trials using D + Q have shown that it may reduce cellular senescence markers and select 
circulating SASP factors in patients with idiopathic pulmonary fibrosis[189] and Alzheimer’s disease[190]. In the 
vasculature, D + Q improved vasomotor function and reduced arterial stiffness in old mice[85]. Further, 
D + Q ameliorated plaques in atherosclerotic mice[85] and abdominal aortic aneurysms in angiotensin II-
induced mice[191].
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Table 1. Investigations of senotherapeutic agents in vascular studies

Senotherapeutic (class) Dosing paradigm Model Condition Senescence/ 
SASP outcome Vascular outcome Reference

Navitoclax 
(senolytic)

50 mg/kg/day  
1 week on - 2 weeks off - 1 week on

C57Bl/6 mice Old age ↓ p16 ↑ Endothelial function 
↓ Arterial stiffness

Clayton et al., 
2023[13]

Navitoclax (senolytic) 100 mg/kg/day for 6 weeks or 
50 mg/kg/day for 9 weeks

Apoe KO mice Atherosclerosis ↓ Cdkn2a 
↓ p21 

↓ Plaques stability Karnewar et al., 
2023[186]

Navitoclax (senolytic) 50 mg/kg/day  
1 week on - 3 weeks off for 3 cycles

p16-3MR Apoe KO mice Atherosclerosis No change Cdkn2a or 
SASP 

↓ Atherosclerotic plaques Garrido et al., 
2022[187]

Navitoclax (senolytic) 100 mg/kg/day for 9 days p16-3MR Ldlr KO mice Atherosclerosis ↓ SA-β-Gal and Cdkn2a ↓ Atherosclerotic plaques Childs et al., 
2016[36]

Navitoclax (senolytic) 100 mg/kg/day 1 week on - 3 weeks off 
for 3 cycles

C57Bl/6 and INK-ATTAC Ldlr 
KO mice

Atherosclerosis ↓ SA-β-Gal ↓ Atherosclerotic plaques Childs et al., 
2021[188]

Navitoclax (senolytic) 10 mg/kg/day for 8 days Monocrotaline-treated Wistar 
rats

Pulmonary arterial 
hypertension

↓ p16 and p21 ↓ RVSP van der Feen et al. 
2020[156]

Navitoclax (senolytic) 10-50 mg/kg/day for 3 weeks C57Bl/6 and SM22-5-HTT+ mice 
and Wistar rats

Pulmonary arterial 
hypertension 

↓ p16 and p21  
↓ DNA damage

↑ Vascular remodeling 
↓ RVSP

Born et al., 2022[38]

D + Q 
(senolytic)

5 mg/kg/day (D) + 10 mg/kg/day (Q) 
once weekly for 2 months

C57BL/6 Apoe KO mice Old age and atherosclerosis ↓ DNA damage ↑ Endothelial function 
↓ Arterial stiffness  
↓ Atherosclerotic  
plaques

Roos et al., 2016[85]

D + Q 
(senolytic)

5 mg/kg/day D + 50 mg/kg/day Q 3 days 
on - 2 weeks off for 3 cycles

C57Bl/6 angiotensin II-induced 
mice 

Old age and abdominal 
aortic aneurysm

↓ Cdkn1a and SASP ↓ Abdominal aortic 
aneurysm

Parvizi et al., 
2021[191]

Fisetin 
(senolytic)

100 mg/kg/day  
1 week on - 2 weeks off - 1 week on

C57Bl/6 and p16-3MR mice Old age ↓ p16, Cdkn2a and 
SCAP 

↑ Endothelial function  
↓ Arterial stiffness

Mahoney et al., 
2024[65]

25-Hydroxycholersterol 
(senolytic)

50 mg/kg/day for 5 days p16-3MR mice Old age ↓ p16, Cdkn2a and SASP ↓ Arterial stiffness Mahoney et al., 
2023[193]

FOXO4-DRI (senolytic) 5 mg/kg/day 3X per week for 3 weeks C57Bl/6 and SM22-5-HTT+ mice Pulmonary arterial 
hypertension 

None reported ↓ RVSP Born et al., 2022[38]

BPTES (senolytic) 5 g/kg/day 3X per week for 1 month C57Bl/6 Apoe KO mice Old age and atherosclerosis ↓ SA-β-Gal and SASP ↓ Atherosclerotic plaques Johmura et al., 
2026[194]

GPNMB vaccine (senolytic) Not reported C57Bl/6 Apoe KO mice Atherosclerosis ↓ Cdkn1a, Cdkn2a, and 
SA-β-Gal 

↓ Atherosclerotic plaques Suda et al., 2022[195]

Pitavastatin (senomorphic) 10-100 nmol/L once HUVEC H2O2-induced cellular 
senescence

↓ SA-β-Gal ↑ eNOS, SIRT1, and catalase 
expression 

Ota et al., 2010[196]

Pitavastatin (senomorphic) 3 mg/kg/day daily for entire life Streptozotocin-treated C57Bl/6 
mice

Diabetes ↓ SA-β-Gal ↑ eNOS, SIRT1, and catalase 
expression

Ota et al., 2010[196]

Metformin (senomorphic) 0.5-5 mM for 24 h HUVEC Doxorubicin-induced 
senescence

↓ SASP secretion ↓ Endothelial adhesion 
molecules

Abdelgawad et al. 
2023[197]

Oeseburg et al. Exendin-4 (senomorphic) 10 nmol/l for 72 h HUVEC H2O2-induced senescence ↓ SA-β-Gal activity None reported
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2010[198]

Exendin-4 (senomorphic) 0.01-100 nM for 72 h Rat aortic VSMC Angiotensin II-induced 
senescence

↓ SA-β-Gal activity ↓ ROS levels Xhao et at. 2014[199]

Aspirin (senomorphic) 100 M every 48 h until the 12th passage HUVEC Replicative senescence ↓ SA-β-Gal activity  
↑ Telomerase activity

↓ ROS levels 
↑ NO levels

Bode-Böger et al., 
2005[200]

Resveratrol (senomorphic) 10-50 M for 72 h HEPC Replicative senescence ↓ SA-β-Gal activity 
↑ Telomerase activity

↑ Cell proliferation and 
migration 

Xia et al., 2008[201]

Resveratrol (senomorphic) 1 mol/L for 48 h Rhesus monkey VSMC Old age ↓ Cytokine profile 
↓ SASP profile

↓ Mitochondrial ROS 
production

Csiszar et al., 
2011[202]

Metformin (senomorphic) 0.5-5 mM for 24h HUVEC Doxorubicin-induced 
senescence

↓ SASP secretion ↓ Endothelial adhesion 
molecules

Abdelgawad et al. 
2023[197]

Rapamycin (senomorphic) 14 mg kg-1 for 6 weeks B6D2F1 mice Old age ↓ p19 ↑ Endothelial function and  
↓ Arterial stiffness

Lesniewski et al., 
2017[203]

Rapamycin (senomorphic) 10 nM for 6, 24, 48, or 72h HCAEC H2O2-induced senescence ↓ SASP secretion  
↓ SA-β-Gal 

↑ EndoMT transition Sasaki et al., 
2020[204]

SASP: Senescence-associated secretory phenotype; KO: knockout; HUVEC: human umbilical vein endothelial cell; HEPC: human endothelial progenitor cell; VSMC: vascular smooth muscle cell; HCAEC: human 
coronary artery endothelial cell; H2O2: hydrogen peroxide; SA-β-Gal: senescence-associated β-galactosidase; SCAP: senescent cell anti-apoptotic pathways; BPTES: bis-2-(5-phenylacetamido-1,3,4-thiadiazol-2-yl) 
ethyl sulfide; GPNMB: glycoprotein nonmetastatic melanoma protein B; RVSP: right ventricular systolic pressure. eNOS: endothelial nitric oxide synthase; ROS: reactive oxygen species; NO: nitric oxide; EndoMT: 
endothelial-to-mesenchymal transition.

Fisetin
Fisetin is a natural flavonoid with senolytic properties that is currently considered to be the safest compound for translation to mid-life/older adults[192]. In old 
mice, intermittent fisetin supplementation improved endothelial function, lowered arterial stiffness, and ameliorated vascular cell senescence burden[65]. Several 
clinical trials are underway testing the effects of fisetin supplementation on chronic conditions, including two studies that are focusing on vascular-related 
conditions including fisetin supplementation in healthy mid-life/older adults on vascular function (NCT06133634) and in people with peripheral artery disease 
(NCT06399809).

Experimental senolytics
Finally, experimental senolytic interventions, including 25-hydroxycholesterol[193], FOXO4-DRI (a peptide agonist p53 and peroxisomal membrane protein 4 
[PXO4] interaction)[38], bis-2-(5-phenylacetamido-1,3,4-thiadiazol-2-yl)ethyl sulfide (BPTES; a glutaminase 1 inhibitor)[194], and a vaccine against glycoprotein 
nonmetastatic melanoma protein B (GPNMB; a transmembrane protein inhibitor)[195], have demonstrated initial efficacy at reducing senescent cell burden and 
modulating vascular function or pathological vascular disorders in preclinical models. Preliminary studies of 25-hydroxycholesterol, an endogenous 
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cholesterol metabolite, found that vascular SCAPs were modulated to favorably modulate vascular wall 
remodeling and reduce arterial stiffening in old mice[193]. Notably, FOXO4-DRI worsened CV outcomes in 
animal models of pulmonary arterial hypertension by promoting unfavorable vascular wall remodeling[38], 
whereas BPTES and GPNMB interventions both had favorable effects on plaque pathology in 
atherosclerotic animals[194,195]. More testing is required to determine the mechanisms, safety, tolerance, and 
efficacy of both recognized and experimental senolytic agents in people.

Senomorphics
Established senomorphic therapies include statin, antidiabetic, and anti-inflammatory compounds, which 
all represent natural or FDA-approved drugs[179]. Senomorphics target SASP-mediated pathways in 
senescent cells by modulating central inflammatory regulators, including the transcription factor NF-κB and 
AKT pathway[182]. Though senomorphics are less established than senolytics, there may be contexts in which 
they are safer and more efficacious depending on pathological conditions (discussed in detail further in the 
review). Given the limited investigations of these compounds for their senomorphic properties, we will 
highlight the existing preclinical and cell culture evidence in vascular tissue or cells [Table 1].

Statins
Statins have various protective effects on the vasculature, including lowering cholesterol levels. However, 
certain protective effects may also be attributed to the inhibition of endothelial SASP production[196]. For 
example, pitavastatin inhibits endothelial cell senescence through AKT-dependent mechanisms in both 
hydrogen peroxide-induced senescence in cultured endothelial cells and streptozotocin-diabetic mice[196].

Antidiabetic drugs
Several antidiabetic drugs have been found to have beneficial effects on vascular cell function in addition to 
their traditional uses on glucose regulation. Of note, it is believed that metformin and glucagon-like peptide 
1 (GLP-1) agonists exert some physiological benefits with aging by suppressing SASP signaling. Metformin 
is a potent suppressor of chronic inflammation that blocks NF-κB activity in doxorubicin-induced senescent 
endothelial cells[197]. Likewise, agonists of the antidiabetic hormone GLP-1, including exendin-4, may 
mitigate cellular senescence induction and SASP signaling in senescent endothelial cells[198] and VSMCs[199] 
in culture. In both cell types, exendin-4 inhibits signal transduction system that uses cyclic adenosine 
monophosphate (cAMP) to activate protein kinase A (PKA)[198,199]. As such, antidiabetic drugs may promote 
their beneficial properties in part through senomorphic effects and may be promising candidates for 
repurposing to more general aging populations.

Anti-inflammatory drugs
Several natural and synthetic anti-inflammatory compounds have capabilities of suppressing circulating 
SASP factors and modulating SASP signaling in vascular cells. Aspirin is a widely prescribed nonsteroidal 
anti-inflammatory drug that has also been proposed to have putative senomorphic attributions[200]. 
Endothelial cells in culture have delayed replicative senescence, reduced oxidative stress, and enhanced NO 
bioavailability following aspirin treatment[200]. Resveratrol is a natural polyphenol compound found in the 
skin of grapes that exerts cardioprotective effects by targeting excess oxidized low-density lipoprotein[201]. 
Resveratrol treatment on replicative senescent endothelial progenitor cells in culture prevents the onset of 
cellular senescence through activation of AKT pathways[201]. Further, VSMCs isolated from old rhesus 
monkeys have lower SASP production after in vitro resveratrol treatment, an effect that is mediated by an 
inhibition of NF-κB[202]. Finally, the immunosuppressor rapamycin and its analogs have been assessed for 
their senomorphic properties in senescent vascular cells. In old mice, dietary rapamycin supplementation 
reverses age-related vascular dysfunction while modulating cellular senescence and SASP signaling 
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pathways[203]. Rapamycin promotes endoMT during stress-induced premature senescence through the 
activation of autophagy[204]. Together, assessing the senomorphic properties of these anti-inflammatory 
drugs enables the elucidation of the mechanisms of actions and optimal use of these compounds.

Senotherapeutic dosing
Intermittent dosing of senolytic therapies has shown success in suppressing excess senescent cells while 
maintaining the basal physiological function of senescent cells (i.e., cancer suppression, wound healing) in 
preclinical models[11,29,32]. However, limited studies have assessed the long-term effects of senolytic 
treatments and the number of treatment cycles has yet to be optimized. Current clinical trials testing 
senolytic therapies range from 2 to 6 cycles with generally 1-4 weeks of rest period in between dosing 
periods[189]. This dosing paradigm is also optimal for patient burden, given that medication is only 
administered on limited days[183]. Given the high plasticity of the vasculature (highly adaptable to change 
given a stimulus), senolytic therapies likely improve vascular function within a short period of time. 
However, tissues with less plasticity, such as the heart and skeletal muscle, may require longer dosing 
periods to observe improvements. Thus, future clinical trials should consider senolytic dosing paradigms 
based on clinical and functional outcomes [Figure 4].

Senomorphics, on the other hand, may require continuous, low-dose administration, given the constant 
production of the SASP. However, more preclinical studies are required to elucidate the ideal dosing 
paradigm[179]. Further, given the diversity of the SASP and SASP regulators, multiple senomorphic agents 
may need to be administered for global SASP suppression[182] [Figure 4]. Finally, more studies are required 
to compare senolytic versus senomorphic therapies and to determine the context in which each is more 
optimal.

Senotherapeutic intervention considerations in vascular disease
Although it is generally agreed upon that senescent cells contribute to several vascular diseases, senescent 
cell clearance is contended in select vascular pathologies and disease progression. For example, several 
studies have investigated the contributions and effects of the elimination of senescent cells in animal models 
of atherosclerosis. Although several studies found favorable effects of senolytic treatment on atherosclerotic 
plaques[36,85,188,194,195], two studies found that senescent cell clearance worsened outcomes, including plaque 
instability and rupture in advanced stages of atherosclerosis[186,187]. As such, it is hypothesized that senescent 
cells may contribute to atherosclerotic plaque structure and more strategies are required to understand the 
optimal timing for senescent cell clearance. Similar controversies exist in models of pulmonary arterial 
hypertension. A study by van der Feen et al. found that senescent cell clearance in a rat model of pulmonary 
hypertension reversed disease progression by improving vascular hemodynamics[156]. Conversely, Born et al. 
found that senolytics in mice and rat models of pulmonary hypertension aggravated disease severity and 
worsened vascular hemodynamics[38].

Finally, several senolytic compounds may have adverse safety profiles that limit their translatability to the 
clinic. In particular, thrombocytopenia, a condition characterized by low circulating platelet count, has been 
observed with Navitoclax administration[205] and D + Q administration has been reported to have several 
side effects including hematologic dysfunction, fluid retention and QT prolongation, and state of the 
extended electrical interval between the heart's contraction and relaxation[206]. These findings collectively 
suggest that senescent cell clearance has variable effects on vascular disease pathogenesis, and more studies 
are required to fully elucidate the benefits and limitations of senotherapeutic interventions in these 
conditions. Further, senomorphic agents may be more efficacious in contexts where senescent cell 
elimination is detrimental and the development of novel senotherapeutic strategies that have more specific 
targets may be warranted.
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Figure 4. Senotherapeutic dosing paradigms. Senolytic therapies are often administered in an intermittent dosing paradigm composed 
of 2-6 cycles, each involving 1-7 days of high-dose treatment, followed by a 1-4 week rest period (off treatment), allowing for the 
suppression of excess cellular senescence without interfering with the basal levels and functions of senescent cells (A). Senomorphic 
therapies are often administered continuously at a low dose to suppress excess circulating SASP and SASP signaling while maintaining 
basal inflammation levels (B).

MULTI-ORGAN BENEFIT OF TARGETING SENESCENCE IN THE VASCULATURE
The importance of cellular senescence in the vasculature extends beyond its role in CVD. This is because 
cellular senescence occurs within vascular cells resident to many tissues and organs and affects neighboring 
non-vascular cells by disrupting blood flow regulation which is crucial for broader physiological 
implications [Figure 5]. Thus, studies on vascular cell senescence have been essential to our understanding 
of the physiological implications of cellular senescence. An increasing number of reports have identified the 
cells of the vasculature as some of the main cell types that becomes senescent with advancing age as well as 
in models of genetically and environmentally early aging. Indeed, in these settings, senescent vascular cells 
arise within nearly all tissues, including the eye[207,208], skeletal muscle[209], heart[210], kidney[211,212], liver[213-215], 
pancreas[213], testes[216], brain[217-220], adipose tissue[210,221], and lung[156,222,223]. In addition to being widespread, 
endothelial cells are one of the first cell types to become senescent with advancing age[214], and the cellular 
senescence markers p16 and p21 increase in the vasculature to a greater extent than any other tissue in both 
natural aging and progeroid mouse models[12]. Cumulatively, these findings support a model by which many 
diseases, as well as premature and healthy aging, result in vascular cell senescence that occurs early, is 
robustly induced, and is found within nearly every tissue. As such, an additional important benefit of 
targeting cellular senescence in the vasculature is that it is likely to have systemic benefits. Vascular cellular 
senescence directly contributes to a host of cardiometabolic diseases and cancer (reviewed in detail 
elsewhere[72]). Recent evidence has shed light on the mechanisms by which vascular senescence contributes 
to this multi-system dysfunction. This includes (1) induction of cellular senescence in neighboring cells and 
tissues, as well as an increase in local inflammation; and (2) dysregulation of blood flow. Through these 
mechanisms, inducing cellular senescence in the vasculature appears to act as a rheostat for the 
physiological age of an organism. This has been demonstrated by the manipulation of several known 
modulators of cellular senescence and the SASP in the vasculature.

Several examples of this phenomenon come from studies using genetically modified mice to specifically 
manipulate endothelial cells. For example, three independent studies have demonstrated the effects of 
genetic induction of telomere dysfunction specifically within endothelial cells[40,224,225]. In endothelial cells, 
telomere dysfunction stimulated cellular senescence and increased expression of several SASP 
factors[40,224,225]. Consequently, cellular senescence and the SASP are elevated in whole artery lysates, 
perigonadal white adipose tissue, and the liver[40,224,225]. By reducing the replicative capacity of endothelial 
cells, microvascular density is reduced in the gut[40] and adipose tissue vascular leak is increased[224]. 
Moreover, insulin-mediated production of NO is impaired[40]. In these mice, adipose tissue and the liver 
display elevated markers of senescence and inflammatory SASP factors and impaired glucose 
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Figure 5. Multi-organ benefit of targeting senescence in the vasculature. Mechanistic studies in preclinical models elucidate that the 
vascular senescent cells have systemic detrimental effects and clearance of senescent vascular cells elicits improvements in several 
tissues/organs and physiological processes.

tolerance[40,224,225]. In addition to the inflammation in metabolically active tissues, alterations in glucose 
homeostasis may be a consequence of improper nutrient delivery due to a lack of vascularization and blood 
flow reallocation in response to metabolic stimuli[40,224,225]. Finally, running endurance and cognitive function 
are impaired by endothelial telomere dysfunction-induced senescence[224]. These data indicate that 
stimulating cellular senescence in young mice results in a premature aging phenotype that extends beyond 
changes typically associated with vascular dysfunction.

Mirroring the studies of telomere dysfunction in young mice, endothelial cell-specific reductions in the 
mammalian target of rapamycin (mTOR) reduce cellular senescence in both whole arteries and endothelial 
cells, as well as in metabolically active tissues including the adipose tissue and the liver[226]. Likewise, 
inflammatory SASP factors are reduced in these tissues[226]. These changes culminate in improvements in 
glucose tolerance due to a suppression of hepatic gluconeogenesis[226]. Importantly, when coupled with 
findings that show senescent cell clearance in old mice improves vascular function in a multitude of 
ways[13,65], these findings demonstrate the multiplicity of benefits of targeting cellular senescence specifically 
in the vasculature. It appears that senescent cells in the vasculature may promote cellular senescence and 
inflammation in a variety of tissues, reduce vessel density, increase vascular permeability, and disrupt 
proper redistribution of blood in response to metabolic stimuli, all of which act to impair metabolic 
function and potentially exercise tolerance and cognition. Therefore, clearing senescent vascular cells is 
likely to be beneficial in conditions that were not originally considered to be driven by cellular senescence in 
the vasculature.

RESEARCH GAPS AND FUTURE DIRECTIONS
The role of cellular senescence in vascular aging is an emerging field with promising potential in 
modulating clinical CV outcomes. Despite the promising evidence in the field, several research gaps exist 
that represent future directions in CV and cellular senescence research [Figure 6]. At a fundamental level, 
the mechanisms underlying vascular cell senescence and mechanisms by which senescent cells contribute to 
vascular dysfunction are yet to be fully elucidated. Uncovering these mechanisms may reveal novel means to 
target senescent cells and elucidate the detrimental effects of cellular senescence on vascular function. Next, 
markers of cellular senescence have only recently allowed researchers to assess cellular senescence levels in 
clinical populations[31,45]. As such, senescent cell burden has yet to be characterized in many clinical 
populations but could be a promising therapeutic target for groups that present with high levels of senescent 
cells. Even in the pathologies in which senescent cells have been identified, the role of the senescent cells 
appears to be largely heterogenous, and clearance of senescent cells has variable outcomes. Accordingly, 
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Figure 6. Research gaps and future directions. Presented are important research gaps and future directions in the understanding of 
cellular senescence, vascular function, and cardiovascular disease (CVD). These research gaps require prioritization in ongoing and 
future studies.

further research exploring and optimizing the dosing, timing, and context of senotherapeutic interventions 
is essential for translation. Finally, several senotherapeutic strategies exist, but the safety, tolerability, and 
efficacy of these interventions in people are not fully known[183]. Clinical trials of the senotherapeutic 
compounds discussed in this review are essential, as well as the identification of novel strategies that may 
target specific cell types or affected areas.

CONCLUSIONS
Aging is the major risk factor for CVD due to the development of vascular dysfunction, particularly arterial 
stiffening and endothelial dysfunction. In this review, we discussed cellular senescence - a stress response 
characterized by cell cycle arrest - as a fundamental mechanism of vascular aging that may serve as viable 
therapeutic targets for the prevention and treatment of vascular dysfunction to reduce the risk of CVD. We 
reviewed key established and novel mechanisms by which senescent cells contribute to vascular dysfunction. 
We identified groups that may have high vascular cell senescence burden due to chronological or early 
vascular aging. Finally, we discussed senotherapeutics - therapies that suppress excess senescent cells or the 
SASP - and examined their translational potential, dosing paradigm, clinical implications, groups that may 
stand the most to benefit, and systemic benefits. Together, this review underscores the crucial role of 
cellular senescence in vascular dysfunction and the need for deeper understanding of the translational use of 
senotherapeutics in groups with high senescent cell burden.
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