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Abbreviations

AAA Abdominal aortic aneurysm
CVD Cardiovascular disease
DDR DNA damage response
DNA Deoxyribonucleic acid
EC Endothelial cells
ER Endoplasmic reticulum
ETC Electron transport chain
HFpEF Heart failure with a preserved ejection fraction
IL Interleukin
Keap1 Kelch-like ECH associated protein 1
LV Left ventricular
MCP Monocyte chemoattractant protein 1
mTOR Mammalian target of rapamycin
NAD Nicotinamide adenine dinucleotide
NFκB Nuclear factor kappa B
NO Nitric oxide
NOS Nitric oxide synthase
NOX NADPH oxidases
Nrf2 Nuclear factor erythroid 2–related factor 2:
oxLDL Oxidized low-density lipoproteins:
PGC-1α PPAR-γ coactivator 1 alpha
ROS Reactive oxygen species
SAHF Senescence-associated heterochromatin foci
SAMP8 Senescence accelerated mice prone 8
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SASP Senescence-associated secretory phenotype:
SA-β-gal Senescence-associated beta-galactosidase
SIPS Stress-induced premature senescence
SIRT Sirtuin
SMC Smooth muscle cells
SOD Superoxide dismutase
TGFβ Transforming growth factor β
TNFα Tumor necrosis factor
VSMC Vascular smooth muscle cell

10.1  Introduction

As life-expectancy increases, healthy aging is becoming an important problem [1]. 
Chronological age is the significant risk factor for the cardiovascular diseases 
(CVDs) and CVDs remain to be the major health problem in the elderly people [2]. 
CVDs such as heart failure, diabetes, and atherosclerosis are also termed as age- 
associated diseases [3]. The vascular system deteriorates within aging process 
shows the powerful link between age and vascular disorders [4]. Aging is also asso-
ciated with oxidative stress, endoplasmic reticulum (ER) stress, inflammation, 
apoptosis and mitochondrial dysfunction, all of which are associated with CVD 
pathogenesis [5]. Among these aging etiologies, low-grade chronic inflammation 
and elevated oxidative stress are suggested to be most significant mechanisms to 
contribute disease pathology [6].

Aging process includes several complex mechanisms that are interconnected. 
Among these mechanisms, cellular senescence recently gains interest having a piv-
otal role in the progression of cardiovascular pathology [7, 8]. Over a half century 
ago, cellular senescence was originally described by Hayflick et al. in human lung 
fibroblasts [9]. They showed the limited replication capacity of human primary 
fibroblast cells which then, enter to permanent cell cycle arrest. In accordance with 
cell cycle arrest, alterations of gene expression changes lead to secretion of pro- 
inflammatory proteins which is called as the senescence-associated secretory phe-
notype (SASP) [10]. SASP is especially essential in CVDs for leading to chronic 
inflammation and therefore, tissue remodeling [4]. Increasing evidence also have 
demonstrated that cellular senescence is an essential step in the development of 
vascular aging [11]. It has been shown that the vasculature and the myocardium 
undergo changes with aging and cellular senescence termed as “vascular senes-
cence”. Vascular senescence leads to cardiac morbidity and mortality that eventu-
ally promote atherosclerosis [12], systolic cardiac dysfunction [13] and systemic 
metabolic dysfunction [14].

With aging, large arteries go into progressive alterations in the mechanical prop-
erties such as endothelial dysfunction [15]. Vascular endothelial cells (ECs) are 
identified as an essential part of the vascular wall and therefore, are important for 
the maintenance of cardiovascular homeostasis [16]. Impairments in endothelial 
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function significantly contribute to arterial inflammation, lesion formation, deterio-
ration in vasodilation, and loss of compliance. Endothelial dysfunction is 
also accepted as the biomarker for future cardiac pathology since it is an early event 
in the development of atherosclerotic plaque [17]. Well-known clinical risk factors 
for CVDs, such as high blood pressure and oxidative stress lead to endothelial dys-
function [18]. Therefore, identification of mechanisms that underlies EC senescence 
and vascular aging may develop next-generation therapy strategies for cardiovascu-
lar diseases. Aging process is associated with changes in the vasculature at the cel-
lular and molecular levels and microvascular changes may be seen through the onset 
of vascular remodeling. Specifically, increased oxidative stress and low-grade 
chronic inflammation are possible underlying mechanisms that may trigger physi-
ological and early vascular aging [19, 20].

This review addresses the cellular senescence in aging-related diseases exploring 
in-depth role of oxidative stress with the focus on vascular system. It is reviewed the 
mechanisms underlying vascular senescence and the context of senescent cells in 
the vessels and usefulness of clearance of these senescent cells as next generation 
therapies for cardiovascular diseases. It is discussed the importance of fully under-
standing of aging mechanisms could emerge new strategies against vascular 
pathologies.

10.2  Cellular Senescence

Cellular senescence is described as an irreversible process in which cells enter per-
manent cell cycle arrest and typically, followed by a severe damage [9, 10]. Cellular 
senescence of cells is suggested to play a protective role in cancer process since cell 
cycle arrest occurs as a response to DNA damage could avoid tumor progression 
[21]. Therefore, in cancer process, cellular senescence functions as a vital safeguard 
against hyperproliferative states of the cells. On the other hand, it is known that cel-
lular senescence can be also detected in other cases than cancer, like aging and 
aging-associated disorders. Therefore, whether the senescence would be beneficial 
or detrimental, depends on the status and the age of the organism.

As described by Hayflick and Moorehead, cultured cells have a finite lifespan [9] 
and it was also shown that critical loss of telomeres causes cellular senescence when 
somatic cells undergo many cell divisions [22]. The discovery of senescence during 
serial passaging of human diploid fibroblasts started the speculation that senescence 
is a natural process during aging. In addition to fibroblast cells, cellular senescence 
has been observed in various cell types including epithelial cells, endothelial cells, 
lymphocytes and chondrocytes and more on [23]. The cells enter a state of cell cycle 
arrest following serial passaging of cells, termed as “replicative senescence” or 
“Hayflick limit”, has been characterized by the telomere shortening [4]. Many stud-
ies have also reported the increase of senescent cells with age and aging pathologies 
and have also shown the relationship of senescence to other biological processes 
including cardiovascular pathologies [24].
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However, the cellular senescence could be induced by other non-telomeric sig-
nals which include various types of stressors, mainly, oxidative stress [25]. When 
there is more stress than the physiological stress range, a different type of cellular 
senescence can also occur which is referred as “stress-induced premature senes-
cence” (SIPS). SIPS also includes the other candidate drivers of senescence includ-
ing oncogene signaling such as Ras, disrupted chromatin, DNA damage, intense 
mitogenic signals, oncogene activation, metabolic stress, and stress owing to cell 
culture conditions [26]. It is worth noting that telomere damage occurs at SISP as 
well, however, only to some extent [27].

Cellular senescence is also defined by another phenomenon which is termed as 
SASP [28]. This phenomenon is characterized by the secretion of many biologically 
active proteins that affect both the senescent cell itself and adjacent cells. The SASP 
includes proinflammatory cytokines that are particularly crucial in driving aging 
and the pathogenesis of age-associated diseases. The SASP develops consequence 
of extensive chromatin remodeling during senescence and which in turn suppresses 
the nuclear lamina protein, lamin B1 transcription [29]. Inhibition of lamin B1 leads 
to increase in inflammatory cytokines and chemokines, alterations in the production 
of growth factors, proteases secretion, and as a result, leads to reactive oxygen spe-
cies (ROS) generation [29]. Activation of inflammation by chronic SASP causes 
disruption in normal tissue structure and function [28], and further leads to death of 
cells around them, tissue remodeling, and attraction of immune elements. Innate 
immunity activation leads to the removal of component cells which is increases dur-
ing aging, potentially contributing to senescent cell accumulation in old age [30]. 
The fact that activation of inflammation by SASP underlies many age-associated 
pathologies and even may drive cancer.

Recent studies reported the effect of cellular senescence by its growth arrest phe-
notype and SASP factors as an important contributor in the pathology of age- associated 
disorders. In addition, it is also claimed that age-associated disease development by 
positive feedback mechanisms is maintained mainly by SASP factors. The overview 
of oxidative stress related mechanisms and its effect on the cardiovascular diseases by 
the cellular senescence induction will be discussed in the following sections [31].

10.2.1  Signaling Pathways of Cellular Senescence

Deterioration of various organ functions during cellular senescence is accompanied 
by several molecular mechanisms [7]. Although the molecular mechanism of the 
cellular senescence is not fully clarified yet, recent studies underlined several sig-
naling pathways. Lessons from what happens during senescence show the important 
role of p53 pathway [32]. The p53 protein which is known to protect the genome by 
the inhibition of tumorigenesis, also have pivotal roles in apoptosis, cell cycle con-
trol and DNA repair [33]. Additionally, it is well known that p53 is effective through 
many other biological processes including, autophagy, antioxidant defenses and 
angiogenesis [34, 35]. However, studies have shown that in aging process, p53 path-
way leads to increase in the levels of ROS and some other stresses as well, such as 
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DNA damage and oncogenic stress [32] and therefore, is one of the well-studied 
mechanism related to cellular senescence. As previously discussed, during replica-
tive senescence incomplete replication of telomeres leads to shortening of telomeres 
as a result of cell cycle arrest. Accordingly, when telomere shortening is extensive, 
chromosomal stability and DNA replication is disturbed leading to DNA damage. 
At this point, DNA damage induces cellular senescence via p53/p16 signaling path-
way is suggested to play the main roles during replicative senescence [34].

However, stress induced SIPS is triggered independent of cell cycle arrest and 
telomere shortening which critically erodes telomeres. Signals from various stresses 
including oxidative stress, UV, oncogenic stress, metabolic stress (Fig. 10.1) results 
in DNA damage leading to senescence is also regulated by the p53 or p16 pathways. 
Among stress factors, especially ROS is known to have crucial role for the induction 
of senescence in vascular cells since ROS can induce senescence either dependent 
or independent of telomere shortening by driving DNA lesions [36]. Other less 
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Fig. 10.1 Consequences of aging on the vascular system. Chronological aging induces cellular 
senescence via the increase of stresses such as oxidative stress, oncogenic stress, elevated 
telomere attrition and inflammation. Cellular senescence is associated with an increase of ROS, 
p53/p21, p16 and SA-β-gal that results in pathological changes in the vascular system
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characterized stressors for vascular cells is the components of SASP itself which 
function via transforming growth factor β (TGFβ) signaling. As mentioned before, 
SASP takes crucial role during the pathology of the disorders since it affects nearby 
cells in the vessels [31]. The decision to activate p53 or p16 pathway depends either 
on the cell type or the stress type. p16 pathway is mainly activated almost in all cells 
during senescence progress [37]. On the other hand, when there is DNA damage 
and telomere dysfunction, p53 pathway is the preferred pathway. However, general 
cellular stresses such as mitogenic stress lead to activation of p16 signaling pathway 
[38, 39]. This type of senescence is typically linked to vascular aging since vessel 
wall-resident cells such as ECs, smooth muscle cells (SMCs), fibroblasts might not 
replicate as much as replicative senescence. On the other hand, in some cases such 
as when endothelial cell repopulation is occurred following angioplasty, both repli-
cative and nonreplicative senescence can be observed [40, 41].

The role of p53 signaling in cardiovascular/heart diseases has been shown with 
several studies. Increased level of p53 protein in old vessels, failing hearts and in the 
visceral fat of obese patients has been reported. The role of cellular stress triggered 
by p53 pathway has also been elicited in the pathology of aging and age-associated 
diseases such as atherosclerosis, diabetes, obesity and heart failure [13, 14, 35, 42]. 
On the other hand, some other studies have shown its beneficial effect during aging. 
A study with Trp53/Cdkn2a transgenic mice showed resistance to carcinogenesis 
with an increased lifespan [43]. Additionally, “Super p53” mice was also shown to 
be resistant to carcinogenesis and displayed normal glucose tolerance on a standard 
diet [44, 45]. In addition, another study showed deletion of p53 or p21 increased 
cellular senescence in the progeroid mice [46]. Depending on these studies, p53/p21 
signaling pathway plays a crucial role in the cellular senescence process, however, 
the response depends on the cell or stress type.

10.2.2  Biological Markers of Cellular Senescence

Although, there is no direct biological marker reflecting cellular senescence, identi-
fication of cellular senescence can be accomplished by using combination of several 
markers. Of them, senescence-associated beta-galactosidase (SA-β-gal) activity is 
the most widely used biological marker that is used for the detection cellular senes-
cence [47]. SA-β-gal activity is mainly detected by immunohistochemical method 
in cell culture and less preferably in tissue sections. In senescent cells, lysosomal 
beta-galactosidase activity can be detected only in pH 6 as a result of marked expan-
sion of the lysosomal compartment [47]. Other common used markers depend on 
the signaling status of the cell such as increased levels of p53, p16Ink4a, p21, p38 
mitogen-activated protein kinase. In some cases, epigenetic markers such as high 
mobility group A proteins or heterochromatin markers have been used as biological 
markers of cellular senescence [48]. Senescence-associated heterochromatin foci 
(SAHF) are heterochromatin markers which have DNA domains stained by 4′,6′- 
diamidino-2-phenylindole (DAPI) and have enriched histone methylations 
(H3K9me). Additionally, the modified histone, γH2AX contributes to DNA repair 
and stabilization and can be used as a proof of DNA damage linked by 
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telomere- induced foci [24, 48]. In addition, the presence of senescence can be sup-
ported by the appearance of the cells which display flat morphology and vacuolated 
cells with enlarged nucleoli, by the microscopy. The senescent cells also exhibit 
stable growth arrest although they are metabolically active [37].

SASP factors including interleukin-6 (IL-6), growth factors, proteases and other 
pro-inflammatory factors can be detected as well in the presence of cellular senes-
cence [49]. SASP factors can be easily detected form the media of cell culture by 
using ELISA method or expression analysis of the factors by RNA and protein 
expressions of the tissues. The levels of ROS are yet, another biological marker of 
senescent cells. The detection of these markers could be performed in days to weeks 
depending on the development process of cellular senescence [36].

10.3  Oxidative Stress and Cellular Senescence

The effect of ROS which is explained by the “Free radical theory of ageing” has 
been speculated for a long time as one of the main contributor of aging pathology in 
mammals. Many studies on various species have reported the effects of oxidative 
stress suggesting ROS has a central role on age-associated diseases and possibly on 
lifespan. Elevated oxidative stress levels, which is higher than normal cellular lev-
els, damage macromolecules and promote cellular senescence. Extensive ROS pro-
duction results in the oxidative modification of biomolecules including proteins, 
DNA and lipids which in turn leads to cellular and vascular dysfunction [50]. The 
consequences of ROS includes other mechanisms such as apoptosis or autophagy, 
however, the fate of oxidative stress depends on the duration and level of the oxida-
tive stress [51].

Oxidative stress caused by factors such as exposure to oxygen, hydrogen perox-
ide or tert-butylhydroperoxide can induce SIPS in cells [52, 53]. Other stressors 
such as oncogenes (H-RasV12) can also result in oxidative stress induction [54] and 
lead to oncogene induced SIPS by DNA damage response (DDR) [55]. The cellular 
senescence induced by oxidative stress has two main pathways as mitochondrial 
and non-mitochondrial pathways. These two pathways are likely to merge at some 
point by several molecular factors such as p53, pRB, p16 and p21 [56, 57]. p53/p21 
pathway has been suggested to act as the main molecular player when the stress is 
related to DDR [55], however, p16 pathway also has been shown to be activated 
during DDR damage (Fig. 10.1). Several studies also showed that cellular senes-
cence that is induced by ROS also involves a positive feedback pathway that results 
in the amplification of senescence factors. In this case, when senescence is induced 
by ROS, SASP factors would lead to even more increased oxidative stress and, 
thus, to increased senescence [58], and in turn, generated ROS would lead to more 
mitochondrial mutations and ROS that finally would result in ultimate senescent 
phenotype [56, 57].

Although some mechanisms have been proposed to link oxidative stress and 
senescence, the exact mechanisms haven’t fully cleared yet. A study conducted with 
a senescent mice model [59], reported that the nuclear factor erythroid 2–related 

10 Aging and Cardiovascular Diseases: The Role of Cellular Senescence



214

factor 2 (Nrf2) pathway could be the responsible molecular factor in the generation 
of oxidative stress in senescent animals. Nrf2 is a transcription factor which binds 
to cytosolic Kelch-like ECH associated protein 1 (Keap1) in its inactive form in 
normal cell conditions and activated under oxidative stress conditions. Activated 
Nrf2 translocates into the nucleus where it binds antioxidant response element and 
induces the gene expression of antioxidant and phase II enzymes. Studies  have 
shown that the effect of Nrf2 signaling on the inhibition of oxidative stress in 
adverse cardiac remodeling via its antioxidant role and Nrf2 silencing has also 
shown to lead to the activation of proinflammatory genes such as IL-1β and tumor 
necrosis factor (TNFα). Therefore, any impairment in Nrf2 signaling is suggested to 
lead to an increase in the cardiac disease severity by the activation of inflammation 
factors (Fig. 10.2) [60].

10.4  The Mitochondrial Pathway of Oxidative Stress 
and Cellular Senescence

Mitochondria has the central role on the production of ROS by the escape of elec-
trons through electron transport chain (ETC), therefore, mitochondrial dysfunction 
has been associated to senescence and related disease pathologies [61]. ROS pro-
duced by mitochondria results in the mutations of mitochondrial DNA leading to 
mitochondrial function defects. As a result, especially in aging process, 
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Fig. 10.2 Development of cardiovascular diseases by the effect of oxidative stress. Aged vessels 
are characterized by elevated reactive oxygen species (ROS) levels and decreased nitric oxide 
(NO) levels modulated by nitric oxide synthase NADPH oxidases (NOX). Decreased antioxidant 
capacity induces cellular senescence that promotes senescence-associated secretory phenotype 
(SASP) factors that lead to pathogenesis of heart failure, atherosclerosis, diabetes and 
hypertension
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mitochondrial dysfunction results in biological function decline and leads to age-
associated heart disorders [62].

Recent findings reported the fact that oxidative stress can result in DDR by vari-
ous mechanisms such as telomeric and non-telomeric mechanisms. Oxidative stress 
can also induce ROS production by the positive feedback mechanism [63] and the 
molecular players that is known to responsible for the positive feedback mechanism 
includes p53-dependent signaling pathway such as p21, GADD45A, p38 and TGFβ 
[57]. On the other, as it is previously discussed, oxidative stress can be generated 
also by non-mitochondrial mechanisms which leads to cellular senescence in col-
laboration with the mitochondrial ROS. Recently, it was reported that the presence 
of mitochondrial ROS is required for the cellular senescence generation which is 
shown by typical markers of senescence such as SA-β-gal and SASP factors [51]. In 
addition, uncoupling of mitochondria suggested to lead to proteasomal degradation 
and autophagy however, no common markers of senescent phenotype were detected 
[51]. The study also suggested mTOR could be the responsible pathway to drive 
DDR for the induction of cellular senescence. Recent findings also suggested the 
role of mitochondria on senescent phenotype not only by ROS production but also 
other factors including mitochondrial dynamics, altered redox state and metabolism 
and impaired ETC [64]. It is also worth noting that mitochondrial dysfunction has a 
regulative role on SASP as well which induces growth arrest as the senescent phe-
notype [57].

It has been reported that a proper model to study age-associated cardiovascular 
diseases is the accelerated senescent model of mice named as “senescence acceler-
ated mice prone 8” (SAMP8). A study of SAMP8 showed increased mitochondrial 
dysfunction and cardiac ROS in the mitochondria [61]. Various studies have also 
reported impairment of mitochondria is related to apoptosis [65] and it was shown 
that hearts of SAMP8 mice is affected by apoptosis significantly by caspase3 path-
way during aging process [66]. The reports of senescent mice model also confirm 
that aging-associated diseases and typically cardiac remodeling are related ROS, 
mitochondrial dysfunction, and apoptosis.

Sirtuins (SIRTs) which are also known as Nicotinamide adenine dinucleotide 
(NAD+)-dependent histone/protein deacetylases are controlled by NAD+ physio-
logical levels in the cell. It has been reported that NAD+ and SIRT activity is 
decreased by aging, and this decrease is responsible for mitochondrial dysfunction. 
Reduced NAD+ levels result in ROS production either via PGC-1α (PPAR-γ coacti-
vator 1 alpha) dependent and independent pathways [67]. On the other hand, AMPK 
increases SIRT1 activity via affecting NAD+/NADH ratio [68]. Another study 
reported elevated NAD+ levels inhibit senescent phenotype in muscle, neural and 
other adult stem cells [69]. Overall, these reports demonstrate the importance of 
NAD+ and SIRTs as molecular players in mitochondrial dysfunction and oxidative 
stress production for healthspan. All information above suggest that mitochondrial 
ROS is crucial in process of cellular senescence and related aging pathologies.
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10.5  Oxidative Stress, Senescence and Cardiovascular 
Pathologies

Previous sections explain common processes of ROS and oxidative stress levels, 
their mechanisms and responses against various conditions that result in dysfunc-
tion of the cellular and tissue physiology. Many studies have suggested the role of 
cellular senescence in the development of age-associated pathologies [21, 46] that 
has been linked with oxidative stress, mitochondrial dysfunction and telomere 
shortening [70] all of which are considered as the markers of aging [71]. Changes in 
the level of ROS has been suggested to be important in the association of oxidative 
stress with aging and aging-associated heart and cardiovascular diseases [72]. In the 
following sections, the effects of oxidative stress and cellular senescence on aging- 
associated pathologies including heart failure, atherosclerosis, hypertension and 
diabetes will be described (Fig. 10.2).

Processes of oxidative stress are identified in ageing vessels [73, 74] including 
elevated vascular ROS levels and decreased nitric oxide levels leading to the forma-
tion of injurious peroxynitrite in aorta of aged rodents [50]. Oxidative stress typi-
cally promotes several molecular events of vascular aging such as vascular 
dysfunction, fibrosis and calcification, altered calcium homeostasis, activation of 
redox-sensitive or pro-inflammatory factors, and activation of cellular senescence 
and autophagy in ECs and VSMCs. Increased ROS levels could be reversed by 
superoxide dismutase (SOD) mimetics, such as tempol, leading to decrease in endo-
thelial impairment in old rodents suggest the essential role of oxidative stress in 
age-associated endothelial dysfunction [75]. The alterations in cellular anti-oxidant 
systems by aging such as the decrease of SOD as an antioxidant enzyme, also take 
crucial role. Nrf2, which is previously described as the master transcription factor 
regulating anti-oxidant genes, is also downregulated by the reduced anti-oxidant 
capacity leading to extensive dysfunction of the cells [76]. Finally, these processes 
are followed by low-grade chronic inflammation via NFκB molecular pathway in 
aged vessels (Fig. 10.2) [63].

Telomere shortening and dysfunction which have crucial role during replicative 
senescence also related with CVDs [77]. Particularly, telomere dysfunction of 
senescent cells has been associated with chronic ROS production. Relatively, it is 
suggested that the senescence phenotype SASP leads to degenerative and prolifera-
tive activities in the cells and their component cells which is also important in the 
pathology of cardiovascular disorders [78]. It has been shown that senescent human 
umbilical venous endothelial cells (HUVECs) contributed to endothelial dysfunc-
tion that resulted in atherosclerosis development [79]. Senescence of HUVECs is 
further proposed to elevate the expression of pro-inflammatory cytokines that could 
lead to a progressive development in the pathogenesis of CVDs. It has been also 
demonstrated that pro-inflammatory molecules including TNF-α and IL-6 levels are 
elevated during aging process [79].

p66Shc, which is an adaptor protein, has been suggested to control oxidative 
stress and be involved in CVD pathogenesis [80]. It was shown in fibroblast cells 
that p66Shc controls various cellular fates including apoptosis and senescence [81]. 
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On the other hand, several studies have shown that p66Shc silencing decreased the 
levels of ROS under stress conditions. In addition, knockout mice model of p66Shc 
was shown to extend lifespan. Elevated levels of oxidative stress and decreased NO 
were shown to lead to vessel impairment [82] and elevated expression of p66Shc 
was shown in coronary artery disease patients [83]. Another study in knockdown 
mice model of p66Shc showed that myocardial injury was decreased, and resistance 
to endothelial dysfunction was increased due to low oxidative stress [49]. Therefore, 
it is suggested that the regulators of cellular senescence such as p66Shc are essential 
to develop therapeutic interventions for CVDs.

EC senescence which can be induced by several factors has important role on 
cellular homeostasis and relatively, on vascular aging and diseases. Although the 
exact mechanism of EC senescence is not known, it is suggested that ROS levels are 
crucial for the generation of senescent ECs and vascular aging [84]. It is well known 
that senescence-induced vascular aging is crucial in disorders such as atherosclero-
sis, diabetes, and hypertension [3]. p53 which is the target of SIRT1 is also regu-
lated by oxidative stress levels and, therefore, antiaging mechanisms are controlled 
by ROS at some level [85]. Particularly, the p53-p21-Rb molecular pathway is sug-
gested to have an important role for the generation of senescent cells in various 
cellular stimuli. When activated, p53 protein induces the expression of p21 that 
leads to cell cycle arrest and activation of cell cycle repressor retinoblastoma (Rb) 
[86]. A very recent study also explained the relation of EC senescence and vascular 
aging with excess ROS levels and decreased SIRT1 levels by the activation of p53- 
p21- Rb pathway [87]. Another recent study on SAMP8 as a vascular aging model 
showed the increased levels of ROS and inflammation in perivascular adipose tissue 
which resulted in the vascular dysfunction [88]. These studies suggested that asso-
ciation of increased oxidative stress levels and senescence have big impact on the 
vascular aging and dysfunction through the senescence of vascular cells and, there-
fore, on the development of CVDs.

10.6  Heart Failure

Among age-associated diseases, heart failure has a high prevalence in old people 
[89] and, therefore, well-established therapies for severe heart failure is urgent. 
Age-associated heart failure is also observed without known risk factors, such as 
hypertension, obesity, diabetes, or atherosclerotic pathologies [3, 90]. %50 of heart 
failure patients develop the disease without systolic dysfunction and this type is 
named as “heart failure with a preserved ejection fraction” (HFpEF). HFpEF is the 
common type of heart failure in aging populations and a major clinical problem 
since its mechanism is still not fully known. HFpEF pathology is suggested to be 
related with cardiac endothelial cell remodeling [91] and endothelial inflammation 
[92]. In addition, several studies have suggested the pathological influence of senes-
cent phenotype in the development of heart failure. A recent study showed the 
important role of EC senescence in SAMP8 model (46) and another recent study 
showed the increase of oxidative stress biomarkers in the hearts of senescent mice 
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model [93]. Therefore, the physiological aging and correlatively cellular senescence 
process are suggested to elevate the risk of heart failure.

EC senescence has been proposed to have  a critical role in the failing heart 
although the mechanism has not been fully explained yet. It was shown that p53 
level in cardiac aging is elevated in mouse model of left ventricular (LV) pressure 
overload. In addition, LV pressure overload leads to capillary rarefaction, tissue 
hypoxia, and cardiac dysfunction [35]. Another recent study by LV pressure over-
load model also showed the inflammation and remodeling in vascular ECs induced 
via p53 molecular pathway [13]. Increased p53 expression induces  inflammation 
and exacerbates the intercellular adhesion molecule (ICAM)−1 expression leading 
to cardiac dysfunction in endothelial cells. It has been suggested that sympathetic 
nervous system is activated in heart failure [94] and the sympathetic nervous sys-
tem/ROS axis leads to elevated p53 expression in LV pressure overload [13]. 
Additionally, it has been suggested that accumulation of p53 in ECs lead to deterio-
ration of cardiac function, resulting in angiogenesis and failing heart [95]. These 
studies suggested that senescent ECs could potentially become therapeutic target 
for cardiac dysfunction of failing heart.

In addition to elevated p53 and p21 expression, telomere shortening as another 
characteristic of cellular senescence plays a critical role in heart pathologies [96]. 
Correlatively, decreased levels of telomerase activity was reported in ECs of people 
with coronary heart disease [97] and in circulating leukocytes of chronic heart fail-
ure [98]. It is also suggested that telomere shortening is related to cardiovascular 
diseases independent of known vascular risk factors [99, 100].

As half of the HFpEF patients are diagnosed with a preserved ejection fraction, 
the rest develops the disease with other well-known risk factors such as obesity, 
hypertension, diabetes, and aging. Coronary microvascular inflammation is another 
most established risk factor for the development of HFpEF [91], and a recent study 
showed that senescent ECs have an influence on HFpEF.  A study performed by 
SAMP8 showed that when accelerated senescent mice fed with high-fat diet, car-
diac cellular senescence and inflammation are significantly elevated along with 
HFpEF physiological alterations [101]. It is not surprising that cardiac cellular 
senescence leads to vascular dysfunction and inflammation and accordingly, to the 
pathology of HFpEF. Thus, inhibition of senescent EC generation is suggested as a 
possible therapeutic intervention for the treatment of HFpEF.

10.7  Structural Changes of Arteries with Aging 
and Atherosclerosis

Although aging is still not considered as a pathological condition, aging-related 
arterial remodeling is suggested to be one of the pathological determinant of cardio-
vascular disease. During cardiovascular pathology, the arterial walls are damaged 
by the increased oxidative stress levels that leads to the generation of oxidized low- 
density lipoproteins (oxLDL). The initial and pivotal step of atherosclerosis prog-
ress is the infiltration of oxLDL to the subendothelial space of the arterial wall 
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[102]. Meanwhile, monocytes are attracted, which in turn, transform into lipid- 
loaded foam cell macrophages. More monocytes are attracted with the help of pro-
inflammatory factors that leads to the accumulation of more inflammatory cells and 
results in the formation of lesions and plaques. The plaque stability is determined by 
the content of the plaques and aged arteries have thicker intima/media by two- to 
three-fold than young arteries [2, 3].

Aging modifies SMCs structure to a more synthetic phenotype that contributes to 
the development of atherosclerosis. Both intima and media of the artery get thick-
ened through aging is accompanied by increased collagen and decreased elastin 
generation which lead to impairment in the integrity of the arteries [103, 104]. In 
addition, calcification is yet another phenotype of aging arteries and, there-
fore, plaques become more severe by aging. A study of aged rabbits showed that 
high fat diet resulted in more developed plaques when compared to the young rab-
bits [105]. All these characteristics of vascular dysfunction by old age increase the 
risk for atherosclerosis and recently, cellular senescence has been proposed to have 
the pivotal role in the pathology.

Growing evidence have showed the presence of senescent cells in the vessel 
content and vascular senescence is linked by disorders such as atherosclerosis, inti-
mal hyperplasia, hypertensive arteries, aneurysms and diabetic arteries [4]. Although 
the mechanisms of cellular senescence in the vascular dysfunction and development 
of atherogenesis are not fully understood, it is known that oxidative stress is one of 
the major contributor. A study suggested that increased oxidative stress levels are 
caused by the elevated TNF-α levels which also modulates the inflammation pro-
cess by NFκB activation. NFκB is a redox sensitive transcription factor which regu-
lates many inflammation processes in the arteries and the main controller of SASP 
[106, 107]. Moreover, in a recent study that compared the young and elderly people, 
NFκB expression was found to be significantly increased in elderly people [108]. In 
addition, a protein named as Klotho inhibits cellular senescence and prolongs lifes-
pan of mice and its suppression results in the development of the atherogenesis 
[109, 110].

It is a well known fact that cellular senescence increases over time in the pres-
ence or absence of atherosclerotic process [79, 111]. Particularly, advanced plaques 
show senescent cell phenotype SASP and the presence of common senescence 
markers such as SA-β-Gal, p16Ink4a, p53, and p21 expression [112]. Several stud-
ies have also suggested the emergence of cellular senescence mechanisms in the 
pathology of atherosclerosis among other cellular fates [113]. Both ECs and SMCs 
were reported in patients with abdominal aortic aneurysm (AAA) [111]. In addition, 
both ECs and SMCs were also reported to be induced by well-known stressors such 
ROS and angiotensin II [77, 114]. The presence of cellular senescence in ECs has 
been shown in atherosclerotic human coronary arteries [115] and thoracic aorta 
[116] by the SA-β-gal activity. Senescent ECs are associated to be induced by aortic 
flow impairment in the atherosclerotic mouse model and the molecular pathway 
responsible for senescence is suggested to be p53 signaling [117]. Typically, ECs 
are suggested to take a critical role for several vascular functions such as angiogen-
esis and coagulation and ECs show loss of function by aging process. Most 
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importantly, decreased nitric oxide synthase (NOS) activity results in reduced nitric 
oxide (NO) generation leading to deterioration in vasodilation and cardiovascular 
pathology. Additionally, the impairments in ECs function result in oxidative stress 
and inflammation phenotypes and, therefore, it is suggested that cellular senescence 
contributes these properties [105]. During replicative senescence, progressive gen-
eration of senescent ECs is typically important since it initiates SASP phenotype 
resulting in tissue remodeling and elevates pro-inflammatory cytokines [28]. 
Senescence of ECs are, therefore, essential to have causal role in chronic inflamma-
tion and tissue remodeling. It was also demonstrated that aging-related loss of func-
tion in ECs is linked to telomere shortening [115]. In aortic aneurysm samples, 
elevated oxidative stress and telomere attrition were also shown in ECs as well 
[111]. Since replicative senescence is proven to be a common characteristic of 
aging, increased ROS levels and decreased NO in ECs cells contribute to the occur-
rence of vascular senescence [105].

In atherosclerosis patients, cellular senescence of VSMCs was also shown in 
atherosclerotic lesions of patients with coronary artery disease, AAA, and periph-
eral artery disease [115]. Another study demonstrated the SA-β Gal activity, p16, 
and p21 expression and IL-6 as SASP phenotype in SMCs of carotid artery plaques 
[118]. Additionally, angiotensin II treatment resulted in senescent vascular SMC 
generation in ApoE −/− mice suggests the relation of well-known stressors with 
senescence [119]. As articulated above, the switch of SMCs to a more synthetic 
form is partly explained by the impairment of TGF-β pathway. In stress conditions, 
SMCs was shown to have increased inducible NOS, ICAM-1 and angiotensinogen 
in aging process [105, 120]. Smooth muscle 22α protein is suggested to be marker 
for senescent SMCs and a recent study demonstrated that it contributes to senescent 
cell generation by the inhibition of p53 degradation [121]. Moreover, it was previ-
ously demonstrated that VSMCs from the aneurysms display oxidative DNA dam-
age [111]. As expected, senescence of VSMCs has common senescent phenotype 
such as increased of pro-inflammatory cytokines, growth factors, and matrix metal-
loproteases all of which contribute to the vascular dysfunction.

Some of atherosclerotic plaques are also characterized by telomere shortening 
which is a hallmark of senescent phenotype [12]. VSMCs that are shown to be 
senescent by elevated p16 and p21 and SA-β-gal activity are reported to have telo-
mere shortening in the atherosclerotic plaques. Shorter telomeres are suggested to 
be result of oxidative stress induced by DNA damage and leading senescence in 
VSMCs [122]. Since cellular senescence functions to initiate atherosclerosis pro-
cess, it is not surprising that the decreased levels of telomeric repeat-binding factor-
 2 (Trf2) in VSMCs contributes to the plaque development in ApoE −/− mice. 
However, increased plaque growth by the knockout of senescence associated genes 
such as p53, p21, or p19Arf suggests the anti-atherosclerotic role of senescence 
[105, 123]. Relatively, it was demonstrated that decreased p16Ink4a and p14Arf 
expressions in human and mouse studies elevated the atherosclerosis development 
[86]. On the other hand, a very recent study of Childs et al. showed the deleterious 
effect of senescent cells in the progression of atherosclerosis by using both trans-
genic and pharmacological models [124]. In the study, the clearance of senescent 
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cells in Ldlr−/− mice demonstrated the pivotal role of senescence during athero-
genesis. It was suggested that even early stages of the plaques contain senescent 
cells and accumulate in the subendothelial space. Accumulation of senescent mac-
rophages in the early atheroma leads to elevated inflammation factors and, there-
fore, contributes to the development of the atherogenesis. On the other hand, 
clearance of senescent foam cell macrophages was shown to reduce plaque forma-
tion. It was also suggested that in the severe plaques, senescent phenotype results in 
the plaque instability not only by inflammation factors and chemokines but also 
contributes to the plaque development by the increased expression of matrix metal-
loproteases and clearance of the senescent cells resulted in the regression of plaque 
growth and remodeling [124].

In addition to ECs and SMCs, immune cells show senescence phenotypic prop-
erties as well. A report conducted in old people who have the higher risk of heart 
diseases were shown to be characterized by the telomere attrition [125]. Another 
study showed elevated oxidative stress and inflammation factors in the monocytes 
of atherosclerotic patients [126]. A recent study also established the important role 
of cellular senescence for the pathogenesis of atherosclerosis in the macrophages by 
the deletion of senescent cells [124]. Additionally, it was previously shown that 
senescent macrophages are driven by p16 signaling pathway and cellular senes-
cence has the central role in the occurrence of senescent phenotypes in the macro-
phages [127]. Collectively, studies have suggested the central role of cellular 
senescence in the atherosclerosis and therefore, senolytic agents as promising inter-
ventions for combating the disease.

10.8  Hypertension

Another well-known risk factor for cardiovascular diseases is hypertension, there-
fore, the association of vascular senescence and hypertension have gained interest 
in the recent years. The reports have suggested that typically increased blood pres-
sure over time has the most significant effect on the development of hypertension 
within aging [128]. Other characteristics of hypertension such as vascular dysfunc-
tion, inflammation, extracellular matrix deposition are also common features of 
aging as well [129]. The presence of premature vascular aging was also shown in 
the young hypertensive individuals and it is suggested that hypertension fastens the 
vascular aging process similar to accelerated aging syndrome, progeria [130]. 
Therefore, it is proposed that understanding of the relationship of vascular deterio-
ration with hypertension during aging is crucial.

The presence of senescent cells were demonstrated in vessels of the patients with 
hypertension. The study suggested the role of p53/p21 signaling in the telomere 
attrition by the uncapping of telomeres [131]. There is also growing evidence of 
animal studies that support the role of cellular senescence in hypertension. In a 
transgenic mouse model of aging produced by the defect of nucleotide excision 
repair genes, senescent ECs and VSMCs formation were shown to be increased 
along with elevated hypertension and vascular dysfunction [132]. Another report 
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showed that hypertension resulted in the inhibition of cell cycle and activation of 
aortic p16 signaling both  in the transgenic rat model and in humans [133]. 
Furthermore, the inhibition of NOS resulted in higher p16 levels in the arteries and 
in the development of hypertension suggesting the relation of cellular senescence 
with hypertension [134]. NO which acts as vasodilator contributes to modulation of 
blood pressure and accordingly has anti-hypertensive features. Several studies have 
shown that NO donor decreases the levels of senescent ECs and activates telomer-
ase activity in aging process [135]. In normal conditions, endothelium releases NO 
that modulates vasodilation, however, in case of aging related hypertension, other 
molecules such as endothelin-1, angiotensin II and superoxide anions are secreted 
as well. These substances are known to lead to defects in the vasodilation exacerbat-
ing vascular remodeling through aging [136].

The common role of oxidative stress and inflammation has been explained in 
various cardiovascular pathology. Several inflammation factors including C-reactive 
protein, IL-6, TNF-α, and IL-1β are shown to be increased in hypertension patients 
[137]. On the other hand, since ROS affects vascular physiology, it is proposed to 
have essential effects on hypertension during aging by promoting cellular senes-
cence of vascular cells [73, 74]. Clinical reports have revealed that vascular O2

− 
generation supports hypertension development by the increased blood pressure 
[138]. In addition, other human studies have suggested the increased oxidative dam-
age in plasma and urine samples [139] and increased levels of O2

− and H2O2 in 
VSMCs in hypertension [140]. Various studies have demonstrated the role of ROS 
generated by NADPH oxidases (NOX) in vascular dysfunction through aging pro-
cess (Fig. 10.2). Particularly, NOX1 and NOX2 were found to be elevated in old and 
hypertensive rat vessels and vascular dysfunction was reversed by NOX inhibition 
[141]. Therefore, among other oxidases that also generate ROS, NOXs are sug-
gested to play key role for the hypertension related cardiovascular pathology [142]. 
These findings suggest that cellular senescence is driven by various factors takes a 
critical role in the development of hypertension and vascular remodeling.

10.9  Diabetes

Similar to other cardiovascular diseases, chronic inflammation is also related to 
obesity and suggested as a critical contributor to insulin resistance [143]. Clinical 
studies have demonstrated elevated SASP factors including IL-6, IL-8 and MCP-1 in 
obese patients [144, 145] and IL-6, IL-1 as the major markers of diabetes [146]. 
Another study demonstrated elevated SASP factors both in blood and in the vessels 
of diabetic patients [147]. The SASP factor MCP-1 is suggested to lead to macro-
phage infiltration related insulin resistance and responsible mechanism of this pro-
cess is proposed to be autophagy [148].

A recent study also demonstrated that cellular senescence induced by p53 molec-
ular pathway drives inflammation in diabetes [149]. In addition, animal studies have 
shown the presence of senescent vascular cells in the diabetes models and it is 
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speculated that accumulated senescent cells in obesity could be the key drivers of 
diabetes [150]. In diabetic rat and mice, the presence of cellular senescence was also 
demonstrated in the aorta, suggesting that hyperglycemia may lead to senescent EC 
accumulation [151]. The mechanisms responsible for the vascular senescence are 
suggested to be increased oxidative stress, decreased NO levels and SIRT1 
activation.

Dysfunction of adipose tissue is also proposed as a crucial contributor to cellular 
senescence linked diabetes. Accumulated senescent preadipose cells were con-
firmed both in young and old obese patients suggests the key role of senescence in 
adipogenic function [152]. SASP which is another senescent phenotype also results 
in the impairment of adipogenesis process and, therefore, results in insulin response 
[153]. It was also demonstrated that senescent cells lead to lipodystrophy in acceler-
ated aging mouse model, however, consequences of senescent cell removal in dia-
betes have not been fully explained yet. In addition, adipose dysfunction could lead 
to fat deposition in various tissues such as liver and heart resulting in the pathogen-
esis of other diseases including atherosclerosis [154].

Senescent pancreatic β-cells are also suggested to play critical role in the devel-
opment of type 2 diabetes. It was shown that high fat diet resulted in cellular senes-
cence that induced β-cell function loss in mice [155]. Another study  of mice 
demonstrated the association of type 2 diabetes with cell cycle inhibition which is a 
common phenotype of cellular senescence [156]. Furthermore, deletion of 
p53-dependent apoptosis in mice led to senescent cell accumulation and dysfunc-
tional β-cells formation resulting in accelerated development of diabetes [157]. 
Although more evidence is required to clarify the contribution of cellular senes-
cence on diabetes, several studied already provided information about the increased 
senescent cells in damaged tissues in diabetes process [155, 158]. It is suggested 
that accumulated senescent cells during diabetes represent a critical risk factor for 
the inflammatory state and, therefore, for cardiovascular diseases.

10.10  Future Directions for Therapy of Cardiovascular 
Diseases

Emerging data have identified the critical role of vascular senescence during aging 
for the development of cardiovascular diseases. Particularly, studies that have indi-
cated the clearance of senescent cells extends both healthspan and lifespan suggests 
senolytic agents as a promising candidate for the therapy of age-associated cardio-
vascular pathology. The recent study by Childs et al. is breakthrough in the senolytic 
research for the treatment of atherosclerosis. In the study, the presence of senescent 
cells was shown to be detrimental at all stages of atherosclerosis and selective 
removal of these cells reversed the plaque formation. Furthermore, various studies 
have also supported the effect of selective clearance of senescent cells in the vascu-
lar homeostasis suggesting that senolytic agents hold a therapeutic paradigm [4].
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The term senolytic is first described by Zhu et al. for the compounds that selec-
tively kill senescent cells [159]. It was proposed that accumulation of senescent 
cells could be resulted from resistance to apoptosis [160] therefore, researchers 
have focused on the compounds that selectively target apoptosis of senescent cells. 
Some of the well-known pharmacological agents are already repurposed for senes-
cent clearance. Of them, dasatinib is an approved drug for use in patients with 
chronic myelogenous leukemia that inhibits tyrosine kinase signaling [161]. The 
effect of dasantinib was shown in the clearance of senescent cell in preadipocytes 
cell culture. In addition, quercetin which is a bioflavonoid antioxidant was reported 
to kill senescent ECs in a selective way [162]. Morever, combination therapy of 
dasantinib and quercetin was also effective in the clearance of senescent cells in tis-
sues of mice and increased healthspan via reduced cardiac damage in aged mice 
[159]. Inhibitor of anti-apoptotic proteins (ABT263) was identified as another 
potential senolytics which cleared senescent hematopoietic stem cells and reversed 
aging phenotype in mice [163]. However, the molecular pathways underlying the 
apoptosis of senescent cells has not been cleared yet and further studies are needed 
to determine the side effects of the therapy.

SASP is the senescent phenotype which transforms cells into a pro-inflammatory 
status and many reports have identified the damage of SASP to the tissues in aging- 
associated diseases. Since SASP secretes inflammatory molecules and contributes 
to the disease pathogenesis, it is suggested to be potential therapeutic target for the 
treatment of selective cellular senescence. SASP leads to an increase in the meta-
bolic activity of SMCs and inhibitor of glycolysis was reported to clear senescent 
SMCs. However, the specificity of that treatment and its translation to humans is 
questioned to be safe and nontoxic [4, 164].

Another potential approach against cellular senescence related cardiovascular 
diseases would be targeting oxidative stress. Antiaging therapy against inhibition of 
cellular senescence such as sirtuins was previously studied and it was shown that 
increase in SIRT1 expression reduced the cellular senescence in SMCs and ECS 
resulting in lifespan extension [165, 166]. Another antioxidant that was suggested 
as a potential approach is NAD fueling that regulates metabolic pathways as well 
[167]. NAD therapy was suggested to lead to SMC translocation in addition to 
reducing accumulation of senescent SMC and ECs. Especially, migration of SMC 
in straight-line manner was indicated to be beneficial to suppress vascular damage 
[168]. Finally, it was stated that statins are also effective in the suppression of cel-
lular senescence and DDR pathways in atherosclerosis [169].

Regarding the critical role of oxidative stress and inflammation in the senescence 
related cardiovascular diseases, it is important to clarify the underlying mecha-
nisms. As mentioned in the text previously, the transgenic model SAMP8 has the 
accelerated senescence phenotype. Aged SAMP8 mice display elevated oxidative 
stress and ER stress, inflammation, vascular dysfunction features, therefore, it is 
suggested to be convenient model to investigate the vascular homeostasis in aging. 
Recently, exciting data have been obtained from the SAMP8 studies, though, more 
work is required to determine potential therapies for age-associated cardiovascular 
diseases [5, 60, 170].
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10.11  Conclusion

Suggested pathological role of vascular senescence linked to oxidative stress in car-
diovascular disorders such as heart failure, diabetes and atherosclerosis is explained 
throughout this chapter. Particularly, senescence of ECs and VSMCs cells have been 
shown to be important in the disease pathology however, immune cell senescence 
and pancreatic β-cells senescence received considerable attention as well. Recently, 
various studies have also focused on the selective clearance of senescent cells to 
reverse aging associated cardiac damage and the findings are promising and excit-
ing. Especially, removal of cardiac senescent cells could be an emerging approach 
since vascular cells are pivotal in the maintenance of vascular homeostasis [105].

Oxidative stress has been suggested to be critical in the aging associated patholo-
gies for a long time, however, recently, its potential effect on cellular senescence to 
contribute disease development has gained more interest. Various stresses including 
ROS generation and DDR were shown to have ultimate role on the cellular homeo-
stasis leading to detrimental effects on the cardiac tissues. Therefore, antioxidant 
molecules such as quercetin have been repurposed to reverse the damage of cellular 
senescence in the recent years. In addition to antioxidants, various pharmacological 
agents have been recently studied as senolytic agents, though more evidence is 
required for the side effects of the senolytics before translation into the clinical stud-
ies [171]. On the other hand, approaches to suppress cellular senescence, rather than 
clearing senescent cells, are suggested to be another potential therapy. There has 
been no clinical trial for the therapy of senescent cell clearance in cardiovascular 
diseases, however, cell culture and animal studies have indicated its pivotal poten-
tial to hold a next generation therapy for vascular pathology.
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