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ABSTRACT: Ischemic heart disease (IHD) is defined as a syndrome of ischemic cardiomyopathy. Myogenesis and
angiogenesis in the ischemic myocardium are important for cardiomyocyte (CM) survival, improving cardiac
function and decreasing the progression of heart failure after IHD. Cellular senescence is a state of permanent
irreversible cell cycle arrest caused by stress that results in a decline in cellular functions, such as proliferation,
migration, homing, and differentiation. In addition, senescent cells produce the senescence-associated secretory
phenotype (SASP), which affects the tissue microenvironment and surrounding cells by secreting proinflammatory
cytokines, chemokines, growth factors, and extracellular matrix degradation proteins. The accumulation of
cardiovascular-related senescent cells, including vascular endothelial cells (VECs), vascular smooth muscle cells
(VSMCs), CMs and progenitor cells, is an important risk factor of cardiovascular diseases, such as vascular aging,
atherosclerotic plaque formation, myocardial infarction (MI) and ventricular remodeling. This review summarizes
the processes of angiogenesis, myogenesis and cellular senescence after IHD. In addition, this review focuses on the
relationship between cellular senescence and cardiovascular disease and the mechanism of cellular senescence.

Finally, we discuss a potential therapeutic strategy for MI targeting senescent cells.
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Introduction

Globally, cardiovascular disease is the leading cause of
death among noncommunicable diseases, and ischemic
heart disease (IHD) is the number one cause of
cardiovascular disease-related death[1]. IHD is defined as
a syndrome of ischemic cardiomyopathy, and patients
experience acute myocardial infarction (AMI) and
subsequent ventricular dysfunction until progressive heart
failure develops [2]. The degree of myocardial injury and
cardiomyocyte (CM) death depends on the size of the

infarct area, the duration of ischemia and the efficiency of
reperfusion after M1 (myocardial infarction), and the loss
of a large number of CMs subsequently causes
pathological remodeling and heart failure [3, 4].
Currently, the main treatment for myocardial infarction is
revascularization, which can be achieved by coronary
artery intervention and coronary artery bypass grafting;
however, approximately 1/5 of patients with coronary
heart disease cannot undergo revascularization by these
two methods [5, 6]. Numerous studies have demonstrated
that inducing CM proliferation and promoting cardiac
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regeneration are promising methods for treating Ml [7].
One strategy for myogenesis is exploiting the limited
regenerative capacity of CMs by reactivating the
proliferation of existing CMs through dedifferentiation,
reentry into the cell cycle, and cytokinesis[8]. In addition,
cardiac stem cells (CSCs) can differentiated to new CMs,
and treatments based on CSCs represent a promising
emerging approach to replace lost tissue and restore
cardiac contractility [9]. Moreover, another therapeutic
strategy called therapeutic angiogenesis could be used to
enhance the formation of new blood vessels or maturation
of the pre-existing vasculature to bypass the occlusive
arteries and recover organ perfusion [10]. Notably,
cardiac regeneration after MI is driven by new CM
formation and requires a supportive vascular network
[11]. Additionally, angiogenesis formed of new blood
vessels during the late phases of remodeling provides an
oxygen supply for efficient myocardial reconstruction
[12, 13]. At the cellular level, the processes of myogenesis
and angiogenesis require the participation of endothelial
cells (ECs), vascular smooth muscle cells (VSMCs),
CMs, and some stem cells.

Aging is a process of degeneration at the organismal,
cellular, and molecular levels, and senescence is one of
the causative processes of aging and is responsible for
aging-related disorders [14]. Cellular senescence is
permanent and irreversible cell cycle arrest caused by
different stresses and is insensitive to growth factor and
mitogen stimulation [15]. Senescence cells secrete some
inflammatory signaling factors, including interleukins,
inflammatory cytokines, growth factors, secreted
proteases, and extracellular matrix proteins were termed
the SASP [16, 17]. Cellular senescence is not only a key
driver of atherosclerosis but also an independent risk
factor for MI and an important cause of high mortality
after MI[18, 19]. Senescence in CMs, vascular cells and
stem/progenitor cells entails a decreased replicative
capacity and cellular dysfunction, which contribute to
cardiovascular aging and impairment of the reparative and
regenerative potential [20, 21].This review summarizes
the mechanisms of cellular senescence and the SASP and
the effects of cellular senescence on the process of IHD to
illuminate potential therapies targeting senescent cells.

Myogenesis after M1

The hearts of newborn mammals maintain a transient
ability to regenerate at birth, and this ability is gradually
lost. In healthy, uninjured adults, the CM turnover rate is
approximately 0.5% to 2% per year [22]. After MI, CM
necrosis in the infarcted area and cellular dysfunction in
the peri-infarcted area are the primary causes of
ventricular remodeling and heart failure [23, 24]. CM
renewal is slow, and many CMs are lost after M, leading

to the infarcted myocardium being replaced by scar tissue
formed from the extracellular matrix [23, 24]. However,
the scar tissue that replaces the myocardium lacks the
structure and function of myocardial cells and cannot
perform normal myocardial contractile activities; thus,
myocardial regeneration plays a vital role in repairing
myocardial tissue and improving the prognosis of Ml
patients [25]. Currently, research investigating
endogenous CM regeneration mainly involves the
proliferation of original CMs and the differentiation of
myocardial stem/progenitor cells or other stem cells into
CMs [26, 27]. Studies have indicated that CSCs have the
abilities of self-renewal, cloning and differentiation into
CMs, smooth muscle cells and VECs [28]. MSCs can
promote cardiac regeneration by activating CSCs or
increasing the viability of nearby CMs by paracrine
growth factors and recruiting stem cells from the bone
marrow to increase angiogenesis [29]. Therefore,
identifying an approach to increase CM proliferation is
necessary; for instance, certain signaling pathways and
secreted factors can lead CMs to dedifferentiate and re-
enter the cell cycle [27, 30].

Angiogenesis after MI

MI occurs because a reduction or interruption in the
coronary blood flow leads to myocardial death [31].
Studies have shown that enhanced angiogenesis can
improve myocardial cell survival proximal to the infarct
area and inhibit ventricular remodeling of the infarcted
heart [31]. Angiogenesis refers to the formation of new
capillaries by sprouting or splitting of preexisting vessels
[5]. On the one hand, vascular endothelial cells (VECS)
are a basic component of blood vessels, and their
proliferation is essential for the formation of new blood
vessels [32]. VSMCs are essential for maintaining
vascular wall elasticity and vascular movement, while
inflammation changes the phenotype of VSMCs,
promoting the formation of atherosclerosis and
accelerating M1 [33]. On the other hand, angiogenesis
requires vascular stem/progenitor cells, which mainly
include mesenchymal stem cells (MSCs), smooth muscle
progenitor cells (SMPCs), endothelial progenitor cells
(EPCs) and pericytes, which are derived from bone
marrow, circulating peripheral blood, blood vessel walls
or other extravascular tissues; these cells are acquired
through proliferation, differentiation, homing and
secretion and participate in the repair of damaged blood
vessels and angiogenesis [34-37]. An increasing number
of studies have shown that the targeted regulation of
angiogenesis is conducive to vascular repair and prevent
the development of diseases. For example, MSCs can
secrete angiogenesis-related proteins or exosomes and
promote angiogenesis through paracrine effects [38].
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Anderson JD et al found that MSC-derived exosomes can
regulate ECs and promote angiogenesis through the NF-
KB signaling pathway [39]. In addition, EPCs
overexpressing miR-205 can significantly enhance
vascular regeneration in vivo and in vitro [40]. The
overexpression of miR-126-3p increases EPC migration,
promotes luminal structure formation, and increases the
capillary density [41].

Hallmarks of cellular senescence

Cellular senescence was identified as a stable cell cycle
arrest induced by damage or stress applied to proliferating
cells [42]. Besides, the SASP is the most relevant
phenotypic program implemented in senescent cells [43]
(Fig. 1). Senescent cells exhibit an enlarged, irregular
morphology and increase with senescence-associated -
galactosidase (SA-B-Gal), which is a hydrolase found in
lysosomes [44]. The primary drivers of cellular
senescence include reactive oxygen species, replication
exhaustion, telomere dysfunction, DNA damage and
active oncogenes, metabolic stress [42, 45]. Exposure to
different types of acute sub-lethal stresses, such as
oxidative stress and DNA damaging agents, was shown to

induce cellular senescence in different cell types within
relatively short periods [46], while replication exhaustion
describes a senescent state with telomere shortening or
dysfunctional telomeres after serial cultivation [47]. In
1961, Hayflick et al. first cultured fibroblasts from
embryos and adults in vitro and found that the cells could
not divide indefinitely, even under optimal cell culture,
because of the change in their internal factors [48]. The
main internal factor hindering cell replication was
subsequently identified as telomere shortening [49].
Telomeres are nucleoprotein complexes responsible for
the genomic integrity of chromosome ends and have a
repetitive nucleotide sequence 5'-TTAGGG-3' at the end
of chromosomes in humans, which is essential for
ensuring chromosome stability [50, 51]. Over time,
telomeres are shortened with the repetitive cycles because
of the end-replication problem, and telomere attrition is
regarded as a marker of cellular senescence [51, 52]. The
SASP may have a major effect on the physiology of old
organisms and can be responsible for chronic
inflammation and age-linked diseases [17]. Importantly,
the SASP reinforces the senescence growth arrest in vitro
by implementing an autocrine positive-feedback loop and
induces neighboring cells to undergo senescence [53].
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Figure 1. Hallmarks of cellular senescence. Reactive oxygen species, replication
exhaustion, telomere dysfunction, DNA damage and active oncogenes, metabolic stress
primarily drive stable cell cycle arrest. Exposure to different types of stresses drive cellular
senescence, and cellular senescence in turn secret the SASP.
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Molecular mechanisms of cellular senescence and
SASP

Pathways regulating the cell cycle

In response to various intrinsic and extrinsic stresses, cells
can engage the tumor suppressor pathways P53-P21, P16-
RB and/or P27 effector pathways to arrest the cell cycle
in an attempt to mitigate the damage that occurred (Fig.
2).

p53 is a common tumor suppressor that controls the
transcription of extensive gene networks involved in
apoptosis, cell cycle arrest, DNA damage repair, and
aging[54]. Physiological p53 activity can prevent cancer
and aging, while unrestricted and excessive p53 activity
can promote aging [5]. P53 is activated by DNA damage,
hypoxia, and oxidative stress [55]. Telomere damage is a
type of double-strand DNA damage that triggers a DDR
signal and then activates P53 to upregulate the CDKN1A-
encoded cyclin-dependent kinase inhibitor p21 [56]. The
transcription factor E2F plays a key role in regulating the
cell cycle in the cell cycle G1-S phase [55]. An increase
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nonphosphorylated Rb inhibits its transcriptional activity
by binding E2F and prevents the expression of cell cycle
genes, resulting in cell cycle phase arrest [55, 57-60].

P16 is a marker of senescent cells and a CDK inhibitor
[61]. It has been shown that P16INK4a can increase
during tissue injury, inflammation, tumorigenesis and
aging. Downregulating the expression of P16'NK4
weakens the SASP and improves the healthy life span of
physiologically aging mice [62].The activation of the
CDKN2A gene produces p16'NK4A which directly inhibits
cyclin D/CDK4/6, Rb phosphorylation and E2F
transcriptional activity [63, 64].

P274P1 js a CDK inhibitor that regulates the cell cycle,
apoptosis and cell movement [65]. P27 is a key
inhibitor in the G1/S phase of mammalian cells, the
overexpression of p27“P! increases the expression of
P274P1 and critically promotes cell growth arrest in
replicative senescence [66]. Promoting p27X"* ubiquitin-
proteasome degradation by SIRT6 can delay cellular
senescence [67].
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Figure 2. The molecular mechanism of cellular senescence. Telomere attrition,
DNA damage, reactive oxygen species (ROS) and oncogenic activation activate the
expression of pl6, P53/P21 and P27. P16, P53/P21 and P27 inhibit the
phosphorylation of retinoblastoma protein (Rb) and inhibit the transcription of E2F,

resulting in cell cycle arrest.
Senescence- and SASP-related signaling pathways

Mammalian TOR (MTOR) is a serine/threonine-specific
protein kinase that plays a central regulatory role in
chronic stress, mitochondrial dysfunction and autophagy
associated with senescence [68, 69]. MTOR is a negative

regulator of autophagy, and autophagy plays a vital role
in maintaining physiological function and adapting to
various cellular stresses by degrading organelles and
misfolded proteins [70]. Inadequate autophagy leads to
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alteration, which trigger cellular senescence and cause
cardiac aging [71, 72]. Sung JY et al found that activating
the mTOR pathway can induce VSMC senescence by
reducing the levels of signal-associated autophagy
proteins [73]. Laberge RM et al showed that mTOR drives
the SASP and that suppressing mTOR complexl can
repress the transcriptional activity of NF-xB leading to the
downregulation of SASP factors such as IL-6, IL-8,
monocytes, chemotactic proteins [74].

GATA-binding factor 4 (GATA4) belongs to the
family of GATA transcription factors, which are
regulators of cellular senescence and the SASP [75, 76].
Abnormal GATA4 expression can induce senescence,
while interfering with GATA4 expression can inhibit
senescence [75]. GATA4 is degraded via selective
autophagy [75]. Mutant ataxia telangiectasia mutation
(ATM) and ataxia telangiectasia and Rad3-related ataxia
(ATR) are two key kinases that are activated in extensive
DNA damage [77]. When ATM and ATR are activated,
selective autophagy of GATA4 is suppressed, resulting in
an increase in GATA4 [75, 78]. In turn, GATA4 induces
tumor necrosis factor receptor associated factor
interacting protein 2 (TRAF3IP2) and interleukin 1A
(IL1A), which activate NF-kB to initiate and maintain the
SASP, thus facilitating senescence [75].

The Janus kinase/signal transducer and activator of
transcription (JAK/STAT) pathway is one of the main
mechanisms of cytokine regulation [79]. The JAK family
consists of four members, including JAK1, JAK2, JAK3
and tyrosine kinase 2 (TYK2), and JAK1 and JAK2 play
an important role in inflammatory signaling, regulation of
growth hormones and other endocrine signals [79]. The
transcription factor (TF) STAT plays a major role in
regulating the expression of genes related to cell cycle
progression, differentiation, proliferation and apoptosis
[79]. Tumor necrosis factor-alpha (TNFa) is an important
pro-inflammatory cytokine secreted by some types of
senescent cells that can activate the JAK/STAT signaling
pathway and persistent phosphorylation of STAT1/3 [80].
STAT1/3 activity is important for TNFa to induce SASP
components in HUVECs, including ILS8, IL6, IL1a, and
IL1 [80].

The cyclic GMP-AMP synthase (cGAS)/stimulator
of interferon genes (STING) pathway, which participates
in innate immunity cytosolic DNA sensing, is involved in
the regulation of the aging SASP and promotes
senescence via paracrine signaling [81]. Abnormal
cytoplasmic chromatin fragments (CCFs) are extruded
from the nucleus of senescent cells [82]. Accumulating
mitochondrial damage leads to an increase in reactive
oxygen species (ROS) production, which activates the
JNK kinase to regulate the formation of CCFs [82, 83].
CCFs trigger the SASP through the cGAS-STING
pathway, which activates NF-xB [82, 83]. Activating the

DNA-sensing cGAS/STING pathway can suppress EC
proliferation and vascular repair [84].

Nrf2 is a basic leucine zipper protein (BZIP) and a
major stress response factor that transcriptionally
activates antioxidant and cytoprotective genes, regulates
antioxidant protein expression, and protects cells from
oxidative damage caused by injury and inflammation
[85]. The degree of cellular senescence is negatively
correlated with Nrf2 expression in vitro and in vivo[85].
When the nuclear factor Nrf2 is upregulated, ROS
production decreases, DNA damage decreases, cell
proliferation is promoted, and the SASP is reduced [85].
Inhibiting the key factor of Nrf2 mediates the premature
aging phenotype, while activating Nrf2 can reduce the
prevalence of atherosclerosis and stroke. Therefore, small
molecule compounds that activate NRF2 are highly
valuable [86].

The NAD" -dependent protein lysine deacylase of the
Sirtuin family regulates various physiological functions,
such as energy metabolism and the stress response[87].
The sirtuin subtype SIRT1-7 is considered an attractive
target for the treatment of aging-related diseases[87].
Sirtuinl (SIRT1) is an NAD-dependent class Il histone
deacetylase that not only deacetylates chromatin histones
but also deacetylates various transcription factors,
including STATS3, p53, forkhead transcription factor
(FOXO) and NF-kB [88]. Das A et al. found that SIRT1
in ECs is a key mediator of the CM secretion of
proangiogenic signals[89]. During aging, the level of
NAD™ in ECs decreases, resulting in a decrease in SIRT1
activity and a decrease in the ability of endothelial cells to
survive oxidative stress and respond to growth factor
signals [89].

AMP-activated protein kinase (AMPK) is a key
molecule in the regulation of biological energy
metabolism, and the activation of AMPK can reduce
oxidative stress, the activation of autophagy and the
restoration of NAD+ synthesis [90, 91]. Cells lacking
AMPK signaling cannot respond to physiological
mitochondrial ROS signals, leading to disrupted
mitochondrial ROS homeostasis and the induction of
cellular senescence [92].

A greater understanding of the mechanisms involved
in senescence and SASP has highlighted several potential
therapies for attenuating cellular senescence. The
inhibition of MTOR and GATAA4 or the activation of
sirtuin and AMPK can appropriately enhance autophagy,
reduce cell senescence and reduce SASP secretion. The
activation of JAK/STAT and cGAS/STING could activate
NF-kB to increase SASP. NRF2 decreases ROS
production by regulating antioxidant protein expression,
which can protect cells from oxidative damage and
attenuate senescence (Fig. 3).
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Figure 3. Pathways regulating cellular senescence and the SASP. The SASP is the
most relevant phenotypic program in senescent cells. NF-«kB is a central positive regulator
of the SASP. On one hand, ROS and DAN damage can active cGAS/STING signal
pathway and GATA4 signal pathway, thereby positively facilitating NF-xB and the SASP.
On the other hand, SIRT1 serve as a negative regulator of the SASP. SIRT1 not only
inhibit NF-xB but also suppress a series of transcription factors, such as STAT3, p53,
forkhead transcription factor (FOXO). TNF-a can induce the SASP through activating
JAK/STAT signal pathway. Autophagy inhibit the SASP, mTOR signal pathway
represses autophagy. Oppositely, AMPK inhibit the SASP via promoting autophagy and
activating SIRT1. Otherwise, NRF2 can repress the SASP by decreasing ROS.

Cellular senescence is regulated by noncoding RNAs

Noncoding RNAs (ncRNAs) account for nearly 98% of
transcribed RNAs and lack the ability to be translated into
proteins; NcCRNAs include microRNAs (miRNAs), long
noncoding RNAs (IncRNAs) and circular RNAs
(circRNAs), which are ncRNAs that exist in the
circulation[93]. NcRNAs are involved in various
biological processes, such as regulating inflammation,
cell proliferation, apoptosis, autophagy and senescence
[94, 95] (Table 1).

MiRNAs are small single-stranded RNAs of
approximately 19-24 nucleotides that regulate gene

expression at the posttranscriptional level [96]. Mature
mMiRNAs bind the complete complementary sites of the 3'-
UTRs of the target mMRNAs, reducing the stability of the
target mMRNA and inhibiting the protein translation of the
target mRNA [97]. After hydrogen peroxide treatment,
the expression of miR-217 in human umbilical vein ECs
is increased, and miR-217 hinders the sirtl-induced
regulation of NO synthesis by inhibiting the expression of
its target gene sirtl, leading to the dysfunction of
senescent ECs [98]. Sirtl is also a target of miR-34a,
which has been shown to induce senescence of VSMCs
and CMs and increase myocardial fibrosis [99]. Sirtl can
be used as a treatment after AMI to downregulate miR-
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18a, which promotes the expression of brain-derived
neurotrophic factor (BDNF), thereby inhibiting the
AKT/mTOR pathway, promoting autophagy, and
delaying senescence [100]. Delaying cellular senescence
through miRNA is a feasible strategy for the treatment of
cardiovascular diseases.

LncRNAs are endogenous single-stranded RNAs that
are more than 200 bp long, lack the ability to encode
proteins, and play an important role in cell proliferation,
cell fate determination, apoptosis, and differentiation
[101]. SENEBLOC, a long noncoding RNA, blocks
cellular senescence by repressing the expression of p21

[102]. Rapamycin induces GUARDIN expression, and the
IncRNA GUARDIN inhibits p21-dependent senescence
by the LRP130-PGC1a-FOXO04 signaling axis [103]. S H
et al. found that the IncRNA SNHG12 is a dynamic
balance regulator of genome stability in atherosclerotic
lesions [104]. Knocking out the IncRNA SNHGI12
disrupts DNA damage repair, leading to vascular aging
and accelerated atherosclerosis [105]. The IncRNA GAS5
can downregulate the expression of miR-223 through the
PI3K/AKT signaling pathway to inhibit proliferation and
promote senescence in EPCs [105].

Table 1. Non-coding RNAs that regulate cellular senescence.

Non-coding RNA Effect on cellular senescence Target gene References
miRNA
miR-217 ECs, positive Sirt [98]
miR-34a VSMC and CM, positive Sirtl [99]
miR-18a CMs, negative BDNF, AKT/mTOR pathway [100]
IncRNA
SENEBLOC ECs, negative p21 [102]
GUARDIN Non-small-cell lung carcinoma LRP130/PGC1o/FOXO04 signaling [103
cells, HAFF, negative axis
SNHG12 EC, positive [104]
GASS EPC, positive miR-223, PI3K/AKT pathway [105]
CircRNA
foxo3 Embryonic fibroblasts, positive ID-1, E2F1, FAK and HIF1a [110]
PVTI1 Fibroblasts, negative let-7, IGF2BP1, KRAS and HMGA2 [111

CircRNAs constitute a group of endogenous
noncoding RNAs with a covalently closed loop structure
that lack a polyadenylated tail [106]. CircRNAS can act as
miRNA sponges to prevent interaction between miRNAs
and mRNAs, indirectly regulating the expression of
downstream mMIiRNA target genes or affecting gene
expression by regulating splicing, transcription and
interaction with RNA-binding proteins [107]. CircRNAs
have been shown to be good therapeutic targets and
diagnostic biomarkers of many diseases and regulate cell
proliferation by affecting signaling  pathways,
transcription factors and cell cycle checkpoint regulators;
in addition, circRNAs may be involved in the regulation
of aging and aging-related diseases [107-109]. circ-foxo3
interacts with the antiaging protein ID-1, transcription
factor E2F1, and the antistress proteins FAK and HIF1a
[110]. The ectopic expression of CIRC-Foxo3 promotes
cellular senescence, while silencing CIRC-Foxo3 reduces
cellular senescence and apoptosis [110]. let-7 increases
cellular senescence and inhibits the production of
antiaging and proliferation-promoting proteins, which has
been shown to promote senescence [111]. Inhibiting the
level of CircPVT1 can inhibit let-7, reverse several target
genes of let-7 that encode proliferation proteins, and
inhibit senescence [111].

Cellular senescence affects cardiac regeneration and
repair

The proliferation, migration, differentiation, homing and
paracrine abilities of senescent cells are impaired, which
impairs the function of angiogenesis and myogenesis after
M, leading to ventricular remodeling and heart function
deterioration, ultimately causing heart failure [29, 112-
115].

ECs

ECs form the inner surface of blood vessels and play an
important role in vascular biology, including vasodilation,
hormone  transport and  angiogenesis  [116].
Hypercholesterolemia, diabetes and metabolic syndrome
induce oxidative stress generated by mitochondrial
dysfunction, accelerating the senescent process of ECs by
initiating telomere shortening [117, 118]. Senescent ECs
induce endothelial dysfunction, which can also lead to
vasoconstriction and a predisposition to angina pectoris
and ischemic heart injury [119]. In addition, senescent
ECs release endothelial-derived microparticles, increase
the expression and activity of tissue factors and increase
the aggregation of platelets, resulting in thrombosis [120].
Senescent ECs affect cellular proliferation and
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angiogenesis [121], impairing repair after MI. Chi C et al
found that activating the antiaging protein Nrf2/HO-1
prevents human endothelial cellular senescence and
improves the pathological changes in cardiovascular
diseases, such as thrombosis, MI, and atherosclerosis
[122].

CMs

CMs belong to postmitotic cells, and biomechanical
stress, oxidative stress, and inflammation can also cause
telomere attrition, eventually leading to cellular
senescence [123, 124]. Hyperglycemia accelerates
senescence in CMs by inducing various cellular stressors,
such as oxidative stress, DNA damage, and telomere
erosion, which is a well-accepted reason for the increased
incidence of cardiovascular disease in diabetic individuals
[118]. Ischemic injury caused by MI initiates DNA
damage, oxidative stress and mitochondrial dysfunction,
which are reasons for CM senescence [125]. Many CMs
are lost after myocardial ischemic injury, resulting in the
replacement of cardiac tissue with a nonfunctional
extracellular matrix network structure, forming scars and
limiting cardiac output and cardiac function [126].
Therefore, delaying the senescence of CMs or promoting
the proliferation of existing CMs is particularly important
for improving cardiac function. Heme oxygenase-1 (HO-
1) plays a role in reducing cellular senescence in the
process of MI and cardiac aging [125]. Ebeid DE et al
found that PIM1 is a myocardial protective kinase that
delays cellular senescence by maintaining the telomere
length [123]. Rb1 and Meis homeobox 2 (Meis2) is a set
of cell cycle inhibitors [126]. Alam P et al. found that
terminally differentiated CMs can re-enter the cell cycle
by inhibiting Rb1 and Meis2 in vitro and in vivo, thereby
improving angiogenesis and heart repair after acute
ischemic injury [126].

VSMCs

As a basic component of the vascular wall and the only
cell type in the middle layer of the artery, VSMCs play an
important role in vascular physiological function [127].
VSMC senescence may be triggered by many factors,
such as angiotensin Il, oxidative stress, inflammation,
DNA damage, and small molecule compounds [127].
Senescent VSMCs appear in atherosclerotic intima and
are related to plaque stability; plague instability is an
important cause of plaque rupture [127]. Therefore,
delaying senescent VSMCs can stabilize atherosclerotic
plaques and reduce the incidence of adverse events in
vascular diseases, including MI. Doxorubicin induces
VSMC senescence by increasing mTOR activity and
decreasing the autophagy protein levels, while the

inhibition of the mTOR pathway leads to a sharp
reduction in the number senescent cells [128]. Rapamycin
can activate autophagy to inhibit senescence in VSMCs
[73]. VSMC calcification is also a manifestation of
cellular senescence and widely exists in various
cardiovascular diseases [129]. Bartoli-Leonard F et al
found that downregulating the expression of SIRT1
promotes calcification in rat VSMCs cultured in vitro;
thus, targeting SIRT1 can regulate cell calcification and
senescence [130].

EPCs

EPCs can not only promote the recovery of ECs after
injury but also stimulate angiogenesis after AMI[131].
EPCs can be significantly mobilized from the bone
marrow to the peripheral circulation, home to the ischemic
heart, differentiate into mature ECs, and initiate the repair
process of neovascularization [132, 133]. Long-term
exposure to risk factors, such as smoking, glycosuria,
hypertension, hyperlipidemia and/or cardiovascular
disease, in aging can reduce the number of EPCs, and a
low EPC count is associated with a high mortality in
patients with coronary heart disease [134]. Since
maintaining the number of EPCs is highly important,
some methods that attenuate cellular senescence and
maintain the ability of proliferation should be considered.
The expression of NRF2 and its target genes also declines
with aging, and R W et al found that the downregulation
of Nrf2 expression significantly impacted EPC survival
and function and induced senescence [131]. These authors
also found that the upregulation of NRF2 can suppress
oxidative stress in EPCs during aging and restore the
function of aged EPCs [131]. Song X et al proved that the
combined stimulation of high glucose and free fatty acids
can accelerate the senescence of EPCs and inhibit EPC
reendothelialization, which is regulated by the PGC-
10/SIRT]1 signaling pathway [135]. Lin et al. showed that
rhynchophylline attenuates the senescence of EPCs by
activating the AMPK signaling pathway, which enhances
autophagy [136].

MSCs

It is generally believed that MSCs can produce various
nutritional factors and immunomodulatory factors after
MI, repair or replace original damaged CMs, recruit
resident heart ECs to the infarct marginal zone, promote
angiogenesis, improve the myocardial blood supply,
recover myocardial function, and delay ventricular
remodeling [137-139]. MSCs from older and younger
patients were transplanted into a rat Ml model, and the
results showed that the mRNA and protein expression
levels of VEGF and Bcl-2 from the younger patients were
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higher than those from the older patients and that the
MSCs from the younger patients exhibited reduced CM
apoptosis and improved myocardial contractility[140].
Under the conditions of serum deprivation, hypoxia and
oxidative stress, proliferation and paracrine effects are
impaired, inducing senescence or apoptosis, and,
therefore, limit the cardioprotective effects after M1 [141].
The overexpression of ERBB4 in MSCs from older
patients promotes angiogenesis, the Ml size and improves
cardiac function after MI by activating PI3BK/AKT and

Cellular senescence Cell function

MAPK/ERK [142]. Liu X et al found that the therapeutic
effect of senescent MSCs on MI is worse than that of
normal MSCs, but inhibiting the expression of miR-206
in senescent MSCs can improve the therapeutic effect,
reduce the area of MI and increase angiogenesis [141].
After the transplantation of MSCs overexpressing
Sirtuin3, the infarct size was reduced, which improved the
efficacy of the MSC transplantation in the treatment of
ischemic hearts in older patients [143].
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Figure 4. Cellular senescence affects cardiac regeneration and repair. The proliferation and
paracrine of senescent CMs. CPCs. ECs. VSMCs. MSCs. EPCs were weaken. The decrease of
CMs and CPCs attenuate myogenesis after MI. The myocardial cells in the infarct area are replaced by
fibroblasts, and cardiac scars are formed. The abilities of senescent MSCs and EPCs to mobilize, migrate,
differentiate, and home to the ischemic area of the heart decrease, resulting in the reduction of ECs and
VSCs, which inhibit angiogenesis and cardiac repair. The senescent cells hinder angiogenesis and
myogenesis after M, leading to ventricular remodeling and heart function deteriorating, finally causing

heart failure.
CSCs

With aging, the accumulation and activation of aging
factors cause DNA damageand changes in the telomere-
telomerase system, resulting in CSC senescence and the
potential to lose or decrease the number of CSCs [144].
Senescent CSCs show a weakened potential for self-
renewal, differentiation and regeneration and have a
negative effect on surrounding CSCs, accelerating their

senescence [18]. c-kit* CSCs have the potential to
differentiate into CMs and improve cardiac function after
Ml in vivo [145]. However, in vitro and in vivo, only less
than 1% of myocardial c-kit" CSCs have the potential for
colony formation, self-renewal and cardiac multilineage
differentiation [146]. Whether CSCs can differentiate into
CMs remains controversial, but it is certain that both the
CSC number and paracrine effects are beneficial for
delaying ventricular remodeling after MI. CSCs that
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secrete cytokines and growth factors can exert paracrine
activity on endogenous CSCs, allowing them to
proliferate and differentiate into adult CMs [114]. These
senescent CSCs can reverse senescence by in vitro genetic
modifications, regulate aging-related pathways by
administration, and optimize extracellular factors to
restore stem cell viability [147]. The transplantation of
CPC into an infarcted myocardium can improve
myocardial contractility and ventricular remodeling,
inhibit inflammation, and increase CM survival,
myogenesis and  angiogenesis/neovascularization.
Saheera S et al. found that oxidative stress and senescence
of CSCs were alleviated after treatment with metoprolol,
which increased the migration and proliferation of CSCs
and was beneficial in delaying progressive cardiac
remodeling [148]. Insulin-like growth factor-1 is a
synthetic growth hormone that regulates cell proliferation,
differentiation, senescence and death; Sun Y et al. found
that IGF-1 promotes the proliferation and migration of
CSCs by activating the PISK/AKT/DNMT signaling
pathway [149].

Senescent cardiovascular cells contribute to
cardiovascular disease development and weaken the
repair of cardiac damage. Aging, hypercholesterolemia,
diabetes, metabolic syndrome, ischemic injury and
various other internal and external factors induce
oxidative stress, DNA damage, and telomere erosion,
thereby accelerating cellular senescence. Senescence of
ECs, VSMCs, EPCs and MSCs impairs the cardiac
vasculature and reduce angiogenesis, while senescent
CMs and CSCs mainly affect myogenesis and myocardial
contractility. Improving cardiac function to target
senescence by treatment strategies is essential (Fig. 4).

Treatment strategies targeting senescence

Since senescent cells are potentially involved in cardiac
vascular disease processes, avoiding the risk factors that
induce cellular senescence, eliminating senescent cells
and attenuating the SASP have emerged as attractive
therapeutic strategies (Table 2).

Table 2. Senescent cell-related molecules, signaling pathways, regulation and intervention.

Molecules/ Senescence  Regulation Related senescent Pharmacological intervention
signaling pathways cells
mTOR Promote SASP [73] VSMCs [72] Rapamycin [164]
Autophagy [72]
GATA4 Promote SASP [75,78] MSCs [76] Flavonoid4,4'dimethoxychalcone [170]
JAK/STAT Promote SASP [80] HUVECs [80] Roxolitinib [171]
cGAS/STING Promote SASP [82, 83] ECs[84] Inhibition of STING [172]
NRF2 Inhibit ROS [85] EPCs [131] Resveratrol [85]
SASP [85]
Sirtuin Inhibit Autophagy [88] VSMCs[162] Resveratrol [162]
ROS [88] nicotinamide mononucleotide [89]
AMPK Inhibit ROS [90] EPCs[134] Metformin [164]
Autophagy [90]
Inhibit[165-  Apoptosis[165] ECs[166] Senolytic drugs[165]
168] MSCs[166]

Avoiding the risk factors that induce cellular senescence

There are many risk factors for cellular senescence, which
can be prevented by fully avoiding the risk factors and
delaying the occurrence of cardiovascular diseases.
Conley SM et al. found that obesity changes the function
and characteristics of adipose tissue-derived MSCs and
induces their senescence, injuring the angiogenic
potential of MSCs [150]. Calorie restriction is currently
the most effective nongenetic intervention to delay the
senescent phenotype [151]. Fontanal et al showed that
calorie restriction can prevent the accumulation of
senescent cells in mice and humans and prevent the
potential side effects of aging [151]. Zhang JJ et al.
established a hyperlipidemia model by feeding rats a high-

fat diet, leading to EC senescence by elevating the blood
lipid levels [152]. However, atorvastatin k can inhibit EC
senescence by regulating the blood lipid levels [153].
Smoking induces DNA damage in a manner similar to
obesity, which can aggravate senescence and trigger
inflammation through the cGAS/STING pathway [154],
and a sedentary lifestyle is associated with increased
inflammation and oxidative stress [155]. In a high-glucose
microenvironment, circulating EPCs, ECs and VSMCs
undergo a decrease in telomerase activity and cellular
senescence, and the control of blood glucose is an
important strategy for controlling the risk factors of
cellular senescence [135, 156]. Insufficient sleep can lead
to shortened telomeres and a significant increase in
specific DNA damage, the accumulation of free radicals
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and the production of SASP factors in mice [157]. The
working environment, stress and duration can also
accelerate telomere depletion; for example, Ridout KK et
al. found that the stress that occurs during the training of
physicians can lead to accelerated cellular senescence
[158]. Exercise has the potential to counteract many
pathological processes considered to lead to age-related
heart failure, including senescence, inflammation,
mitochondrial dysfunction and a decrease in CMs [155,
159]. The catabolism of skeletal muscle activated by
aerobic exercise may prevent cellular senescence partially
by regulating the cell cycle [155, 159]. Improving a poor
living environment and lifestyle, such as a high-fat diet, a
high-glucose diet, smoking, sedentary habits, and sleep
deprivation, is highly important for preventing the
occurrence of cellular aging and aging-related
cardiovascular diseases.

Targeting the mechanisms that regulate senescent cells

Targeting the metabolic pathways on which senescent
cells depend has been studied to prevent, mitigate, and
reverse cardiovascular disease related to cellular
senescence. Resveratrol and melatonin interventions with
antioxidant and anti-inflammatory effects can be used to
prevent/delay senescence [160]. Preclinical studies have
shown that pretreatment with resveratrol before
myocardial ischemia can decrease the infarct size and
reducing arrhythmia [161]. Resveratrol is one of the most
powerful activators of SIRT1 and NRF2, which delay
cellular senescence and decrease the SASP [131, 162]. In
addition, melatonin plays an important role and exerts an
antioxidant effect, and daily melatonin treatment
protected the wvascular endothelium against aging-,
oxidative stress-, and ischemia-induced damage likely by
upregulating the SIRT signaling pathway [163]. Besides,
enhancing autophagy is significant for delaying
senescence. The inhibition of the MTOR pathway by
rapamycin or activation of the AMPK pathway by
metformin can promote autophagy, thereby delaying
cellular senescence [164]..

Eliminating senescent cells

Senolytic drugs are agents that selectively induce
apoptosis in senescent cells, including small molecules,
peptides, and antibodies [165]. The first senolytic agent
was reported in 2015, and that article showed that
dasatinib eliminated senescent human fat cell progenitors,
while quercetin was more effective against senescent
human endothelial cells and mouse BM-MSCs [166]. It
has been shown that transplanting relatively small
numbers of senescent cells into young mice is sufficient
to cause persistent physical dysfunction, while dasatinib

plus quercetin selectively eliminated senescent cells,
alleviated physical dysfunction and increased post-
treatment survival by 36% while reducing the mortality
hazard to 65%[167]. Since the first human trial of
senolytics indicated potential for clinically meaningful
improvements, more clinical trials of senolytics are under
way or will begin soon[168]. Senolytics is promising for
eliminating senescent cells and improving cellular
senescence-related diseases.

Targeting the SASP pathway

Senescent cells secrete the SASP factors, including IL-6,
IL-1a, IL-1B and TNF-a; affect neighboring cells; destroy
the stem cell niche; change the extracellular matrix; and
induce secondary senescence. Rapamycin inhibits the
SASP by downregulating IL-6, IL-8 monocytes,
chemotactic proteins, etc. [74, 169]. Flavonoid
4,4'dimethoxychalcone (DMC) is considered an antiaging
compound that has regulate the SASPs effects in mice and
promotes autophagy through a pathway that involves
specific GATA transcription factors [170]. Roxolitinib is
a selective JAK1/2 inhibitor with a minimal effect on the
generation and function of immune cells, reducing the
inflammation of premature senescent cells and improving
cell homeostasis [171]. Recently, a specific covalent
inhibitor of STING showed a very high therapeutic effect
in inflammatory diseases because it does not inhibit other
innate immune pathways [172]. Jes(s G et al. reported
that the RNA-binding protein ZFP36L1 is a direct
regulator of the SASP that can degrade the transcripts of
numerous SASP components and rescue growth arrest
[173].

Current limitations of targeting cellular senescence

Drug scavenging of aging cells in aging mice reduced age-
dependent myocardial remodeling, weakened the
expression of fibrogenic mediators, promoted cardiac
function after MI, and finally improved the survival rate
[18]. However, a limitation of this method is that it cannot
distinguish the senescent cells that are truly working, and
the removal of senescent cells in nonheart organs may
affect survival after MI [18]. Therefore, it is still necessary
to further study methods to specifically remove senescent
cells and improve diseases. Senescent cells and the SASP
factors can promote aging-related diseases and cancer;
however, delaying cellular senescence or eliminating
senescent cells is not always beneficial for the body.
Cellular senescence can prevent the occurrence and
development of tumors; however, senescent cells and the
SASP may also provide an important local but persistent
oncogenic stress signal, thus promoting immune
surveillance of cancer cells [64]. Therefore, how to
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balance the role of tumor and antitumor promotion in the
treatment of cellular senescence is a problem that needs to
be explored. Another potential problem is that targeting
the SASP may impair other physiological effects in
addition to the proinflammatory effect of senescence. For
example, NF-xB plays an important role in the control of
acute inflammation and the immune response, while
mTOR regulates cell growth, proliferation, protein
synthesis and self-regulation [174]. Therefore, treatment
strategies should consider the SASP inhibition without
affecting other functions.

Conclusion

With aging and changes in the body's microenvironment,
senescent cell accumulation increases and is closely
related to cardiovascular diseases. On the one hand,
cellular senescence promotes vascular aging and
atherosclerosis, accelerating the process of IHD. On the
other hand, cellular senescence has adverse effects on
angiogenesis and myogenesis, impairing regeneration and
repair after Ml and leading to a deterioration of cardiac
function. In recent years, significant progress has been
achieved in studying the mechanisms of cellular
senescence and the SASP. Avoiding the risk factors of
cellular senescence can prevent cardiovascular disease;
targeting and attenuating cellular senescence or clearing
senescent cells repair damage after MI; and targeting the
regulation of the SASP can reduce the negative effects of
inflammation. However, there are some problems that
urgently need to be solved in future research and clinical
trials. How can senescent cells be precisely and
specifically targeted? How can the protumoral and
antitumoral roles in the treatment of cellular senescence
be balanced? How can the SASP be suppressed without
affecting other functions, such as immune surveillance?
The targeted regulation of cellular senescence is required
to not only control the mechanism of senescence but also
repair DNA damage and reduce the occurrence of cellular
senescence, apoptosis and tumors; this regulation will be
an important aspect of precision medicine.

Conflicts of interest

The authors declare that they have no competing interests,
and all authors can confirm the accuracy of this statement.

Acknowledgements

The study was supported by the National Natural Science.
Foundation of China (N0.81760415), the Guangxi Natural
Science Foundation (No. 2017GXNSFAA198147) and
Innovation Project of Guangxi Graduate Education (No.

YCSW2020114). The authors are grateful to the

reviewers for their helpful comments.

References
[1] GBD 2017 Causes of Death Collaborator (2018).
Global, regional, and national age-sex-specific
mortality for 282 causes of death in 195 countries and
territories, 1980-2017: a systematic analysis for the
Global Burden of Disease Study 2017. Lancet,
392:1736-1788.

Cohn JN, Ferrari R, Sharpe N (2000). Cardiac
remodeling--concepts and clinical implications: a
consensus paper from an international forum on
cardiac remodeling. Behalf of an International Forum
on Cardiac Remodeling. J] Am Coll Cardiol, 35:569-
582.

Badimon L, Borrell M (2018). Microvasculature
Recovery by Angiogenesis After Myocardial
Infarction. Current pharmaceutical design, 24:2967-
2973.

Bacmeister L, Schwarzl M, Warnke S, Stoffers B,
Blankenberg S, Westermann D, et al (2019).
Inflammation and fibrosis in murine models of heart
failure. Basic Res Cardiol, 114:19.

Chen MH, Fu QM (2020). The Roles of AMPK in
Revascularization. Cardiol Res Pract, 2020:4028635.
Seiler C, Stoller M, Pitt B, Meier P (2013). The human
coronary collateral circulation: development and
clinical importance. Eur Heart J, 34:2674-2682.
LiB,LiM, Li X, Li H, Lai Y, Huang S, et al. (2019).
Sirtl-inducible deacetylation of p21 promotes
cardiomyocyte proliferation. Aging, 11:12546-12567.
van der Ven CFT, Hogewoning BCR, van Mil A,
Sluijter JPG (2020). Non-coding RNAs in Cardiac
Regeneration. Adv Exp Med Biol, 1229:163-180.
Goichberg P, Chang J, Liao R, Leri A (2014). Cardiac
stem cells: biology and clinical applications.
Antioxidants & redox signaling, 21:2002-2017.

Kir D, Schnettler E, Modi S, Ramakrishnan S (2018).
Regulation of angiogenesis by microRNAs in
cardiovascular diseases. Angiogenesis, 21:699-710.
Munarin F, Kant RJ, Rupert CE, Khoo A, Coulombe
KLK (2020). Engineered human myocardium with
local release of angiogenic proteins improves
vascularization and cardiac function in injured rat
hearts. Biomaterials, 251:120033.

Nowak-Sliwinska P, Alitalo K, Allen E, Anisimov A,
Aplin AC, Auerbach R, et al. (2018). Consensus
guidelines for the wuse and interpretation of
angiogenesis assays. Angiogenesis, 21:425-532.
Sanchez-Alonso S, Alcaraz-Serna A, Sanchez-Madrid
F, Alfranca A (2018). Extracellular Vesicle-Mediated
Immune Regulation of Tissue Remodeling and
Angiogenesis After Myocardial Infarction. Front
Immunol, 9:2799.

Calcinotto A, Kohli J, Zagato E, Pellegrini L, Demaria
M, Alimonti A (2019). Cellular Senescence: Aging,
Cancer, and Injury. Physiol Rev, 99:1047-1078.

[4]

[5]

[7]

(8]

[%]

[10]

[11]

[12]

[13]

[14]

Aging and Disease * Volume 12, Number 2, April 2021

563



Yan C., et al

Cellular senescence affects cardiac regeneration and repair

[15]

[16]

[17]

[18]

[19]

[20]

(21]

[22]

(23]

(24]

[25]

[26]

[27]

(28]

[29]

[30]

Thoppil H, Riabowol K (2019). Senolytics: A
Translational Bridge Between Cellular Senescence
and Organismal Aging. Front Cell Dev Biol, 7:367.
En A, Takauji Y, Ayusawa D, Fujii M (2020). The role
of lamin B receptor in the regulation of senescence-
associated secretory phenotype (SASP). Exp Cell Res,
390:111927.

Lopes-Paciencia S, Saint-Germain E, Rowell MC,
Ruiz AF, Kalegari P, Ferbeyre G (2019). The
senescence-associated secretory phenotype and its
regulation. Cytokine, 117:15-22.

Walaszczyk A, Dookun E, Redgrave R, Tual-Chalot S,
Victorelli S, Spyridopoulos I, et al (2019).
Pharmacological clearance of senescent cells
improves survival and recovery in aged mice
following acute myocardial infarction. Aging Cell,
18(3):¢1294518.

Stojanovic SD, Fiedler J, Bauersachs J, Thum T,
Sedding DG (2020). Senescence-induced
inflammation: an important player and key therapeutic
target in atherosclerosis. Eur Heart J. ¢hz919

Gude NA, Broughton KM, Firouzi F, Sussman MA
(2018). Cardiac ageing: extrinsic and intrinsic factors
in cellular renewal and senescence. Nat Rev Cardiol,
15:523-542.

Broughton KM, Wang BJ, Firouzi F, Khalafalla F,
Dimmeler S, Fernandez-Aviles F, et al. (2018).
Mechanisms of Cardiac Repair and Regeneration. Circ
Res, 122:1151-1163.

Eschenhagen T, Bolli R, Braun T, Field LJ,
Fleischmann BK, et al. (2017). Cardiomyocyte
Regeneration: A Consensus Statement. Circulation,
136:680-686.

Vujic A, Natarajan N, Lee RT (2019). Molecular
mechanisms of heart regeneration. Semin Cell Dev
Biol. 100:20-28.

Murry CE, Reinecke H, Pabon LM (2006).
Regeneration gaps: observations on stem cells and
cardiac repair. ] Am Coll Cardiol, 47:1777-1785.
Karra R, Poss KD (2017). Redirecting cardiac growth
mechanisms for therapeutic regeneration. J Clin Invest,
127:427-436.

Chang ML, Chiu YJ, LiJS, Cheah KP, Lin HH (2020).
Analyzing Impetus of Regenerative Cellular
Therapeutics in Myocardial Infarction. J Clin Med,
9(5):1277

Cai B, Ma W, Wang X, Sukhareva N, Hua B, Zhang L,
et al. (2020). Targeting LncDACH]1 promotes cardiac
repair and regeneration after myocardium infarction.
Cell death and differentiation. 27(7):2158-2175.
Lader J, Stachel M, Bu L (2017). Cardiac stem cells
for myocardial regeneration: promising but not ready
for prime time. Curr Opin Biotechnol, 47:30-35.
Shafei AE-S, Ali MA, Ghanem HG, Shehata Al,
Abdelgawad AA, Handal HR, er al (2017).
Mesenchymal stem cell therapy: A promising cell-
based therapy for treatment of myocardial infarction. J
Gene Med, 19(12):10.

Dunaeva M, Waltenberger J (2017). Hh signaling in
regeneration of the ischemic heart. Cell Mol Life Sci,

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

74:3481-3490.
Kobayashi K, Maeda K, Takefuji M, Kikuchi R,
Morishita Y, Hirashima M, et al. (2017). Dynamics of
angiogenesis in ischemic areas of the infarcted heart.
Scientific reports, 7:7156.

Naito H, Iba T, Takakura N (2020). Mechanisms of
new blood vessel formation and proliferative
heterogeneity of endothelial cells. Int Immunol.
32(5):295-305.

Xu ZM, Huang F, Huang WQ (2018). Angiogenic
IncRNAs: A potential therapeutic target for ischaemic
heart disease. Life Sci, 211:157-171.

Zhang L, Issa Bhaloo S, Chen T, Zhou B, Xu Q (2018).
Role of Resident Stem Cells in Vessel Formation and
Arteriosclerosis. Circ Res, 122:1608-1624.

Sasse S, Skorska A, Lux CA, Steinhoff G, David R,
Gaebel R (2019). Angiogenic Potential of Bone
Marrow Derived CDI133(+) and CD271(+)
Intramyocardial Stem Cell Trans- Plantation Post MI.
Cells, 9(1):78.

Lu W, Li X (2018). Vascular stem/progenitor cells:
functions and signaling pathways. Cell Mol Life Sci,
75:859-869.

Rehman J, Li J, Orschell CM, March KL (2003).
Peripheral blood "endothelial progenitor cells" are
derived from monocyte/macrophages and secrete
angiogenic growth factors. Circulation, 107:1164-
1169.

Sun J, Zhang Z, Ma T, Yang Z, Zhang J, Liu X, et al.
(2018). Endothelial progenitor cell-derived exosomes,
loaded with miR-126, promoted deep vein thrombosis
resolution and recanalization. Stem Cell Res Ther,
9:223.

Anderson JD, Johansson HJ, Graham CS, Vesterlund
M, Pham MT, Bramlett CS, et al. (2016).
Comprehensive Proteomic Analysis of Mesenchymal
Stem Cell Exosomes Reveals Modulation of
Angiogenesis via Nuclear Factor-KappaB Signaling.
Stem Cells, 34:601-613.

Sun LL, Xiao L, Du XL, Hong L, Li CL, Jiao J, et al.
(2019). MiR-205 promotes endothelial progenitor cell
angiogenesis and deep vein thrombosis recanalization
and resolution by targeting PTEN to regulate
Akt/autophagy pathway and MMP2 expression. J Cell
Mol Med, 23:8493-8504.

Li H, Liu Q, Wang N, Xu Y, Kang L, Ren Y, et al.
(2018). Transplantation of Endothelial Progenitor
Cells Overexpressing miR-126-3p Improves Heart
Function in Ischemic Cardiomyopathy. Circ J,
82:2332-2341.

Shmulevich R, Krizhanovsky V (2020). Cell
Senescence, DNA Damage, and Metabolism. Antioxid
Redox Signal. 10.1089.

McHugh D, Gil J (2018). Senescence and aging:
Causes, consequences, and therapeutic avenues. J Cell
Biol, 217:65-77.

Sun Y, Coppe JP, Lam EW (2018). Cellular
Senescence: The Sought or the Unwanted? Trends Mol
Med, 24:871-885.

Wang JC, Bennett M

(2012). Aging and

Aging and Disease * Volume 12, Number 2, April 2021

564



Yan C., et al

Cellular senescence affects cardiac regeneration and repair

[46]

[47]

(48]

[49]

[50]

[51]

[52]

(53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

atherosclerosis: mechanisms, functional consequences,
and potential therapeutics for cellular senescence. Circ
Res, 111:245-259.

de Magalhaes JP, Passos JF (2018). Stress, cell
senescence and organismal ageing. Mech Ageing Dev,
170:2-9.

Fujita K (2019). p53 Isoforms in Cellular Senescence-
and Ageing-Associated Biological and Physiological
Functions. Int J Mol Sci, 20(23):6023

Hayflick L, Moorhead PS (1961). The serial
cultivation of human diploid cell strains. Experimental
cell research, 25:585-621.

Harley CB, Futcher AB, Greider CW (1990).
Telomeres shorten during ageing of human fibroblasts.
Nature, 345:458-460.

Shimizu I, Minamino T (2019). Cellular senescence in
cardiac diseases. J Cardiol, 74:313-319.

Fries GR, Zamzow MJ, Andrews T, Pink O, Scaini G,
Quevedo J (2020). Accelerated aging in bipolar
disorder: A comprehensive review of molecular
findings and their clinical implications. Neurosci
Biobehav Rev, 112:107-116.

Marchionni S, Sell C, Lorenzini A (2020).
Development and Longevity: Cellular and Molecular
Determinants - A Mini-Review. Gerontology:1-8.
66(3):223-230.

Herranz N, Gil J (2018). Mechanisms and functions of
cellular senescence. J Clin Invest, 128:1238-1246.
Catizone AN, Uzunbas GK, Celadova P, Kuang S,
Bose D, Sammons MA (2020). Locally acting
transcription factors regulate p53-dependent cis-
regulatory element activity. Nucleic Acids Res.
48(8):4195-4213.

Yuan L, Alexander PB, Wang XF (2020). Cellular
senescence: from anti-cancer weapon to anti-aging
target. Sci China Life Sci, 63:332-342.

Tiwari B, Jones AE, Abrams JM (2018). Transposons,
p53 and Genome Security. Trends Genet, 34:846-855.
Kim YY, Jee HJ, Um JH, Kim YM, Bae SS, Yun J
(2017). Cooperation between p21 and Akt is required
for p53-dependent cellular senescence. Aging Cell,
16:1094-1103.

Ma X, Warnier M, Raynard C, Ferrand M, Kirsh O,
Defossez PA, et al. (2018). The nuclear receptor
RXRA controls cellular senescence by regulating
calcium signaling. Aging Cell, 17:¢12831.

Shaltiel IA, Krenning L, Bruinsma W, Medema RH
(2015). The same, only different - DNA damage
checkpoints and their reversal throughout the cell
cycle. J Cell Sci, 128:607-620.

Zhang F, Zakaria SM, Hogqvist Tabor V, Singh M,
Tronnersjo S, Goodwin J, et al. (2018). MYC and RAS
are unable to cooperate in overcoming cellular
senescence and apoptosis in normal human fibroblasts.
Cell Cycle, 17:2697-2715.

Hernandez-Segura A, Nehme J, Demaria M (2018).
Hallmarks of Cellular Senescence. Trends Cell Biol,
28:436-453.

Liu JY, Souroullas GP, Diekman BO, Krishnamurthy
J, Hall BM, Sorrentino JA, et al. (2019). Cells

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

exhibiting strong pl6 (INK4a) promoter activation in
vivo display features of senescence. Proc Natl Acad
Sci US A, 116:2603-2611.

Polymenis M, Kennedy BK (2017). Unbalanced
Growth, Senescence and Aging. Adv Exp Med Biol,
1002:189-208.

He S, Sharpless NE (2017). Senescence in Health and
Disease. Cell, 169:1000-1011.

Yan Y, Miao D, Yang Z, Zhang D (2019). Loss of
p27(kipl) suppresses the myocardial senescence
caused by estrogen deficiency. J Cell Biochem,
120:13994-14003.

Tang H, Fan X, Xing J, Liu Z, Jiang B, Dou Y, et al.
(2015). NSun2 delays replicative senescence by
repressing p27 (KIP1) translation and elevating CDK 1
translation. Aging, 7:1143-1158.

Zhao G, Wang H, Xu C, Wang P, Chen J, Wang P, et
al. (2016). SIRT6 delays cellular senescence by
promoting p27Kip1 ubiquitin-proteasome degradation.
Aging, 8:2308-2323.

Jung SH, Hwang HJ, Kang D, Park HA, Lee HC,
Jeong D, et al. (2019). mTOR kinase leads to PTEN-
loss-induced cellular senescence by phosphorylating
p53. Oncogene, 38:1639-1650.

Sanches-Silva A, Testai L, Nabavi SF, Battino M,
Pandima Devi K, Tejada S, et al. (2020). Therapeutic
potential of polyphenols in cardiovascular diseases:
Regulation of mTOR signaling pathway. Pharmacol
Res, 152:104626.

Li J, Zhao R, Zhao H, Chen G, Jiang Y, Lyu X, et al.
(2019). Reduction of Aging-Induced Oxidative Stress
and Activation of Autophagy by Bilberry Anthocyanin
Supplementation via the AMPK-mTOR Signaling
Pathway in Aged Female Rats. J Agric Food Chem,
67:7832-7843.

Rajendran P, Alzahrani AM, Hanieh HN, Kumar SA,
Ben Ammar R, Rengarajan T, et al. (2019). Autophagy
and senescence: A new insight in selected human
diseases. J Cell Physiol, 234:21485-21492.

Stead ER, Castillo-Quan JI, Miguel VEM, Lujan C,
Ketteler R, Kinghorn KJ, ef al. (2019). Agephagy -
Adapting Autophagy for Health During Aging. Front
Cell Dev Biol, 7:308.

Sung JY, Lee KY, Kim JR, Choi HC (2018).
Interaction between mTOR pathway inhibition and
autophagy induction attenuates adriamycin-induced
vascular smooth muscle cell senescence through
decreased expressions of p53/p21/p16. Exp Gerontol,
109:51-58.

Laberge RM, Sun Y, Orjalo AV, Patil CK, Freund A,
Zhou L, et al (2015). MTOR regulates the pro-
tumorigenic senescence-associated secretory
phenotype by promoting IL1A translation. Nat Cell
Biol, 17:1049-1061.

Kang C, Xu Q, Martin TD, Li MZ, Demaria M, Aron
L, et al. (2015). The DNA damage response induces
inflammation and senescence by inhibiting autophagy
of GATAA4. Science, 349:aaa5612-aaa5612.

Lee JY, Yu K-R, Lee B-C, Kang I, Kim J-J, Jung E-J,
et al. (2018). GATA4-dependent regulation of the

Aging and Disease * Volume 12, Number 2, April 2021

565



Yan C., et al

Cellular senescence affects cardiac regeneration and repair

[77]

[78]

[79]

[80]

[81]

[82]

(83]

(84]

(85]

[86]

[87]

[88]

[89]

[90]

secretory phenotype via MCP-1 underlies lamin A-
mediated human mesenchymal stem cell aging.
Experimental & molecular medicine, 50.

Blackford AN, Jackson SP (2017). ATM, ATR, and
DNA-PK: The Trinity at the Heart of the DNA
Damage Response. Mol Cell, 66:801-817.

Cao X, Li M (2015). A New Pathway for Senescence
Regulation. Genomics Proteomics Bioinformatics,
13:333-335.

Xu M, Tchkonia T, Kirkland JL (2016). Perspective:
Targeting the JAK/STAT pathway to fight age-related
dysfunction. Pharmacol Res, 111:152-154.
Kandhaya-Pillai R, Miro-Mur F, Alijotas-Reig J,
Tchkonia T, Kirkland JL, Schwartz S (2017). TNFo-
senescence initiates a STAT-dependent positive
feedback loop, leading to a sustained interferon
signature, DNA damage, and cytokine secretion.
Aging, 9:2411-2435.

Gluck S, Guey B, Gulen MF, Wolter K, Kang TW,
Schmacke NA, et al. (2017). Innate immune sensing
of cytosolic chromatin fragments through cGAS
promotes senescence. Nat Cell Biol, 19:1061-1070.
Vizioli MG, Liu T, Miller KN, Robertson NA, Gilroy
K, Lagnado AB, et al. (2020). Mitochondria-to-
nucleus retrograde signaling drives formation of
cytoplasmic chromatin and inflammation in
senescence. Genes Dev. 34(5-6):428-445.

Dou Z, Ghosh K, Vizioli MG, Zhu J, Sen P,
Wangensteen KJ, et al. (2017). Cytoplasmic chromatin
triggers inflammation in senescence and cancer.
Nature, 550:402-406.

Huang LS, Hong Z, Wu W, Xiong S, Zhong M, Gao X,
et al. (2020). mtDNA Activates cGAS Signaling and
Suppresses the YAP-Mediated Endothelial Cell
Proliferation Program to Promote Inflammatory Injury.
Immunity, 52(3):475-486.¢5.

Chen L, Yang R, Qiao W, Zhang W, Chen J, Mao L, et
al. (2019). 1,25-Dihydroxyvitamin D exerts an
antiaging role by activation of Nrf2-antioxidant
signaling and inactivation of pl6/p53-senescence
signaling. Aging Cell, 18:¢12951.

Kubben N, Zhang W, Wang L, Voss TC, Yang J, QuJ,
et al. (2016). Repression of the Antioxidant NRF2
Pathway in Premature Aging. Cell, 165:1361-1374.
Dai H, Sinclair DA, Ellis JL, Steegborn C (2018).
Sirtuin  activators and  inhibitors:  Promises,
achievements, and challenges. Pharmacol Ther,
188:140-154.

Liu T, Ma X, Ouyang T, Chen H, Lin J, Liu J, et al.
(2018). SIRT1 reverses senescence via enhancing
autophagy and attenuates oxidative stress-induced
apoptosis through promoting p53 degradation. Int J
Biol Macromol, 117:225-234.

Das A, Huang GX, Bonkowski MS, Longchamp A, Li
C, Schultz MB, et al. (2018). Impairment of an
Endothelial NAD(+)-H2S Signaling Network Is a
Reversible Cause of Vascular Aging. Cell, 173:74-89
e20.

Han X, Tai H, Wang X, Wang Z, Zhou J, Wei X, et al.
(2016). AMPK activation protects cells from oxidative

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

stress-induced senescence via autophagic flux
restoration and intracellular NAD(+) elevation. Aging
Cell, 15:416-427.

Jang H-J, Yang KE, Oh WK, Lee S-I, Hwang I-H, Ban
K-T, et al. (2019). Nectandrin B-mediated activation
of the AMPK pathway prevents cellular senescence in
human diploid fibroblasts by reducing intracellular
ROS levels. Aging, 11:3731-3749.

Rabinovitch RC, Samborska B, Faubert B, Ma EH,
Gravel SP, Andrzejewski S, et al. (2017). AMPK
Maintains Cellular Metabolic Homeostasis through
Regulation of Mitochondrial Reactive Oxygen Species.
Cell Rep, 21:1-9.

Schulte C, Barwari T, Joshi A, Theofilatos K,
Zampetaki A, Barallobre-Barreiro J, et al. (2019).
Comparative Analysis of Circulating Noncoding
RNAs Versus Protein Biomarkers in the Detection of
Myocardial Injury. Circ Res, 125:328-340.

Greco S, Gaetano C, Martelli F (2019). Long
Noncoding Competing Endogenous RNA Networks in
Age-Associated Cardiovascular Diseases. Int J Mol
Sci, 20.

Zhang J, Wang P, Wan L, Xu S, Pang D (2017). The
emergence of noncoding RNAs as Heracles in
autophagy. Autophagy, 13:1004-1024.

Mirna M, Paar V, Rezar R, Topf A, Eber M, Hoppe UC,
et al. (2019). MicroRNAs in Inflammatory Heart
Diseases and Sepsis-Induced Cardiac Dysfunction: A
Potential Scope for the Future? Cells, 8(11):1352.
Baker JR, Vuppusetty C, Colley T, Hassibi S, Fenwick
PS, Donnelly LE, ef al. (2019). MicroRNA-570 is a
novel regulator of cellular senescence and
inflammaging. FASEB J, 33:1605-1616.

Yamakuchi M, Hashiguchi T (2018). Endothelial Cell
Aging: How miRNAs Contribute? J Clin Med,
7(7):170.

Fulzele S, Mendhe B, Khayrullin A, Johnson M,
Kaiser H, Liu Y, et al. (2019). Muscle-derived miR-
34a increases with age in circulating extracellular
vesicles and induces senescence of bone marrow stem
cells. Aging, 11:1791-1803.

Lin B, Feng D, Xu J (2019). Cardioprotective effects
of microRNA-18a on acute myocardial infarction by
promoting cardiomyocyte autophagy and suppressing
cellular senescence via brain derived neurotrophic
factor. Cell & Bioscience, 9.

Puvvula PK (2019). LncRNAs Regulatory Networks
in Cellular Senescence. Int J Mol Sci, 20(11):2615.
Xu CL, Sang B, Liu GZ, Li JM, Zhang XD, Liu LX,
et al. (2020). SENEBLOC, a long non-coding RNA
suppresses senescence via pS53-dependent and
independent mechanisms. Nucleic Acids Res.
48(6):3089-3102.

Sun X, Thorne RF, Zhang XD, He M, Li J, Feng S, et
al. (2020). LncRNA GUARDIN suppresses cellular
senescence through a LRP130-PGC1la-FOX04-p21-
dependent signaling axis. EMBO reports, 21:¢48796.
Haemmig S, Yang D, Sun X, Das D, Ghaffari S,
Molinaro R, et al. (2020). Long noncoding RNA
integrates a DNA-PK-mediated DNA damage

Aging and Disease * Volume 12, Number 2, April 2021

566



Yan C., et al

Cellular senescence affects cardiac regeneration and repair

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

response and vascular senescence.  Science
translational medicine, 12(531):eaaw1868.

Yao J, Shi Z, Ma X, Xu D, Ming G (2019). IncRNA
GAS5/miR-223/NAMPT axis modulates the cell
proliferation and senescence of endothelial progenitor
cells through PI3K/AKT signaling. J Cell Biochem,
120:14518-14530.

Zhang Z, Yang T, Xiao J (2018). Circular RNAs:
Promising Biomarkers for Human Diseases.
EBioMedicine, 34:267-274.

Han B, Chao J, Yao H (2018). Circular RNA and its
mechanisms in disease: From the bench to the clinic.
Pharmacol Ther, 187:31-44.

Yang D, Yang K, Yang M (2018). Circular RNA in
Aging and Age-Related Diseases. Adv Exp Med Biol,
1086:17-35.

Cai H, Li Y, Niringiyumukiza JD, Su P, Xiang W
(2019). Circular RNA involvement in aging: An
emerging player with great potential. Mech Ageing
Dev, 178:16-24.

DuWW, Yang W, Chen Y, Wu ZK, Foster FS, Yang Z,
et al. (2017). Foxo3 circular RNA promotes cardiac
senescence by modulating multiple factors associated
with stress and senescence responses. Eur Heart J,
38:1402-1412.

Panda AC, Grammatikakis I, Kim KM, De S,
Martindale JL, Munk R, et al. (2017). Identification of
senescence-associated circular RNAs (SAC-RNAs)
reveals senescence suppressor CircPVT1. Nucleic
Acids Res, 45:4021-4035.

Pinto AR, Bobik A (2020). Mapping human
pluripotent stem cell-endothelial cell differentiation
using scRNA-seq: a step towards therapeutic
angiogenesis. Eur Heart J, 41:1037-1039.

Kaur I, Rawal P, Rohilla S, Bhat MH, Sharma P,
Siddiqui H, et al. (2018). Endothelial progenitor cells
from aged subjects display decreased expression of
sirtuin 1, angiogenic functions, and increased
senescence. Cell Biol Int, 42:1212-1220.

Rikhtegar R, Pezeshkian M, Dolati S, Safaie N,
Afrasiabi Rad A, Mahdipour M, et al. (2019). Stem
cells as therapy for heart disease: iPSCs, ESCs, CSCs,
and skeletal myoblasts. Biomed Pharmacother,
109:304-313.

Yin S, Ji C, Wu P, Jin C, Qian H (2019). Human
umbilical cord mesenchymal stem cells and exosomes:
bioactive ways of tissue injury repair. American
journal of translational research, 11:1230-1240.
Barinda AJ, Tkeda K, Nugroho DB, Wardhana DA,
Sasaki N, Honda S, et al. (2020). Endothelial progeria
induces adipose tissue senescence and impairs insulin
sensitivity through senescence associated secretory
phenotype. Nat Commun, 11:481.

Gimbrone MA, Jr, Garcia-Cardena G (2016).
Endothelial Cell Dysfunction and the Pathobiology of
Atherosclerosis. Circ Res, 118:620-636.

Shakeri H, Lemmens K, Gevaert AB, De Meyer GRY,
Segers VFM (2018). Cellular senescence links aging
and diabetes in cardiovascular disease. Am J Physiol
Heart Circ Physiol, 315:H448-H462.

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

Childs BG, Li H, van Deursen JM (2018). Senescent
cells: a therapeutic target for cardiovascular disease.
Journal of Clinical Investigation, 128:1217-1228.
Abbas M, Jesel L, Auger C, Amoura L, Messas N,
Manin G, et al. (2017). Endothelial Microparticles
From Acute Coronary Syndrome Patients Induce
Premature Coronary Artery Endothelial Cell Aging
and Thrombogenicity: Role of the Ang II/AT1
Receptor/NADPH Oxidase-Mediated Activation of
MAPKs and PI3-Kinase Pathways. Circulation,
135:280-296.

Regina C, Panatta E, Candi E, Melino G, Amelio I,
Balistreri CR, et al. (2016). Vascular ageing and
endothelial cell senescence: Molecular mechanisms of
physiology and diseases. Mech Ageing Dev, 159:14-
21.

Romero A, San Hipolito-Luengo A, Villalobos LA,
Vallejo S, Valencia I, Michalska P, et al. (2019). The
angiotensin-(1-7)/Mas receptor axis protects from
endothelial cell senescence via klotho and Nrf2
activation. Aging Cell, 18:¢12913.

Ebeid DE, Khalafalla FG, Broughton KM, Monsanto
MM, Esquer CY, Sacchi V, et al (2020). Piml
Maintains Telomere Length in Mouse Cardiomyocytes
by Inhibiting TGFbeta Signaling. Cardiovasc Res.
cvaa066.

Sharifi-Sanjani M, Oyster NM, Tichy ED, Bedi KC,
Jr, Harel O, Margulies KB, et al (2017).
Cardiomyocyte-Specific Telomere Shortening is a
Distinct Signature of Heart Failure in Humans. J Am
Heart Assoc, 6. (9):¢005086.

Shan H, Li T, Zhang L, Yang R, Li Y, Zhang M, et al.
(2019). Heme oxygenase-1 prevents heart against
myocardial infarction by attenuating ischemic injury-
induced cardiomyocytes senescence. EBioMedicine,
39:59-68.

Alam P, Haile B, Arif M, Pandey R, Rokvic M,
Nieman M, et al. (2019). Inhibition of Senescence-
Associated Genes Rbl and Meis2 in Adult
Cardiomyocytes Results in Cell Cycle Reentry and
Cardiac Repair Post-Myocardial Infarction. J Am
Heart Assoc, 8:¢012089.

Chi C, Li DJ, Jiang YJ, Tong J, Fu H, Wu YH, et al.
(2019). Vascular smooth muscle cell senescence and
age-related diseases: State of the art. Biochim Biophys
Acta Mol Basis Dis, 1865:1810-1821.

Miao SB, Xie XL, Yin YJ, Zhao LL, Zhang F, Shu YN,
et al. (2017). Accumulation of Smooth Muscle
22alpha Protein Accelerates Senescence of Vascular
Smooth Muscle Cells via Stabilization of p53 In Vitro
and In Vivo. Arterioscler Thromb Vasc Biol, 37:1849-
1859.

Zhan JK, Wang YJ, Li S, Wang Y, Tan P, He JY, et al.
(2018). AMPK/TSC2/mTOR pathway regulates
replicative senescence of human vascular smooth
muscle cells. Exp Ther Med, 16:4853-4858.
Bartoli-Leonard F, Wilkinson FL, Schiro A, Inglott FS,
Alexander MY, Weston R (2019). Suppression of
SIRT1 in Diabetic Conditions Induces Osteogenic
Differentiation of Human Vascular Smooth Muscle

Aging and Disease * Volume 12, Number 2, April 2021

567



Yan C., et al

Cellular senescence affects cardiac regeneration and repair

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

Cells via RUNX2 Signalling. Sci Rep, 9:878.

Wang R, Liu L, Liu H, Wu K, Liu Y, Bai L, ef al.
(2019). Reduced NRF2 expression suppresses
endothelial progenitor cell function and induces
senescence during aging. Aging, 11:7021-7035.

Li X, Xue X, Sun'Y, Chen L, Zhao T, Yang W, et al.
(2019). MicroRNA-326-5p enhances therapeutic
potential of endothelial progenitor cells for myocardial
infarction. Stem Cell Res Ther, 10:323.

Morrone D, Felice F, Scatena C, De Martino A, Picoi
MLE, Mancini N, et al. (2018). Role of circulating
endothelial progenitor cells in the reparative
mechanisms of stable ischemic myocardium. Int J
Cardiol, 257:243-246.

Mistriotis P, Andreadis ST (2017). Vascular aging:
Molecular mechanisms and potential treatments for
vascular rejuvenation. Ageing Res Rev, 37:94-116.
Song X, Yang B, Qiu F, Jia M, Fu G (2017). High
glucose and free fatty acids induce endothelial
progenitor cell senescence via PGC-lalpha/SIRT1
signaling pathway. Cell Biol Int, 41:1146-1159.

Lin L, Zhang L, Li X-T, Ji J-K, Chen X-Q, Li Y-L, et
al. (2019). Rhynchophylline Attenuates Senescence of

Endothelial Progenitor Cells by Enhancing Autophagy.

Frontiers in pharmacology, 10:1617.

Zhang Y, Chiu S, Liang X, Chai Y-H, Qin 'Y, Wang J,
et al. (2017). Absence of NUCKS augments paracrine
effects of mesenchymal stem cells-mediated cardiac
protection. Experimental Cell Research. 356(1):74-
84.

Chen C, Chen T, Li Y, Xu Y (2020). miR-192a/19b
improves the therapeutic potential of mesenchymal
stem cells in a mouse model of myocardial infarction.
Gene Ther. 10.1038.

Lu D, Liao Y, Zhu SH, Chen QC, Xie DM, Liao JJ, et
al. (2019). Bone-derived Nestin-positive
mesenchymal stem cells improve cardiac function via
recruiting cardiac endothelial cells after myocardial
infarction. Stem Cell Res Ther, 10:127.

Liu Y, Liu T, Han J, Yang Z, Xue X, Jiang H, et al.
(2014). Advanced age impairs cardioprotective
function of mesenchymal stem cell transplantation
from patients to myocardially infarcted rats.
Cardiology, 128:209-219.

Liu X, Yang Z, Meng Q, Chen Y, Shao L, Li J, et al.
(2020). Downregulation of MicroRNA-206 Alleviates
the Sublethal Oxidative Stress-Induced Premature
Senescence and Dysfunction in Mesenchymal Stem
Cells via Targeting Alpl. Oxid Med Cell Longev,
2020:7242836.

Liang X, Ding Y, Lin F, Zhang Y, Zhou X, Meng Q, et
al. (2019). Overexpression of ERBB4 rejuvenates
aged mesenchymal stem cells and enhances
angiogenesis via PI3K/AKT and MAPK/ERK
pathways. FASEB J, 33:4559-4570.

Zhang DY, Zhang CF, Fu BC, Sun L, Wang XQ, Chen
W, et al. (2018). Sirtuin3 protects aged human

Coll Cardiol, 75:931-941.

[156]

Lin X, Li S, Wang YJ, Wang Y, Zhong JY, He JY, et
al. (2019). Exosomal Notch3 from high glucose-

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[157]

mesenchymal stem cells against oxidative stress and
enhances efficacy of cell therapy for ischaemic heart
diseases. J Cell Mol Med, 22:5504-5517.

Cianflone E, Torella M, Chimenti C, De Angelis A,
Beltrami AP, Urbanek K, et al. (2019). Adult Cardiac
Stem Cell Aging: A Reversible Stochastic
Phenomenon? Oxid Med Cell Longev, 2019:5813147.
Bao L, Meng Q, Li Y, Deng S, Yu Z, Liu Z, et al.
(2017). C-Kit Positive Cardiac Stem Cells and Bone
Marrow-Derived ~ Mesenchymal ~ Stem  Cells
Synergistically Enhance Angiogenesis and Improve
Cardiac Function After Myocardial Infarction in a
Paracrine Manner. J Card Fail, 23:403-415.

Vicinanza C, Aquila I, Scalise M, Cristiano F, Marino
F, Cianflone E, et al. (2017). Adult cardiac stem cells
are multipotent and robustly myogenic: c-kit
expression is necessary but not sufficient for their
identification. Cell Death Differ, 24:2101-2116.

Kaur G, Cai C (2018). Current Progress in the
Rejuvenation of Aging Stem/Progenitor Cells for
Improving the Therapeutic Effectiveness of
Myocardial Repair. Stem Cells Int, 2018:9308301.
Saheera S, Potnuri AG, Nair RR (2018). Modulation
of cardiac stem cell characteristics by metoprolol in
hypertensive heart disease. Hypertens Res, 41:253-
262.

Sun Y, Xu R, Huang J, Yao Y, Pan X, Chen Z, et al.
(2018).  Insulin-like  growth  factor-1-mediated
regulation of miR-193a expression promotes the
migration and proliferation of c-kit-positive mouse
cardiac stem cells. Stem Cell Res Ther, 9:41.

Conley SM, Hickson LJ, Kellogg TA, McKenzie T,
Heimbach JK, Taner T, et al. (2020). Human Obesity
Induces Dysfunction and Early Senescence in Adipose
Tissue-Derived Mesenchymal Stromal/Stem Cells.
Front Cell Dev Biol, 8:197.

Fontana L, Nehme J, Demaria M (2018). Caloric
restriction and cellular senescence. Mech Ageing Dev,
176:19-23.

Zhang J-J, Zhang Y-Z, Peng J-J, Li N-S, Xiong X-M,
Ma Q-L, et al. (2018). Atorvastatin exerts inhibitory
effect on endothelial senescence in hyperlipidemic rats
through a mechanism involving down-regulation of
miR-21-5p/203a-3p. Mechanisms of ageing and
development, 169:10-18.

Palmer AK, Gustafson B, Kirkland JL, Smith U (2019).
Cellular senescence: at the nexus between ageing and
diabetes. Diabetologia, 62:1835-1841.

Hamann L, Szwed M, Mossakowska M, Chudek J,
Puzianowska-Kuznicka M (2020). First evidence for
STING SNP R293Q being protective regarding
obesity-associated cardiovascular disease in age-
advanced subjects - a cohort study. Immun Ageing,
17:7.

Ungvari Z, Tarantini S, Sorond F, Merkely B, Csiszar
A (2020). Mechanisms of Vascular Aging, A
Geroscience Perspective: JACC Focus Seminar. J Am
stimulated endothelial cells regulates vascular smooth
muscle cells calcification/aging. Life Sci, 232:116582.
Zhang X, Wang Y, Zhao R, Hu X, Zhang B, Lv X, et

Aging and Disease * Volume 12, Number 2, April 2021

568



Yan C., et al

Cellular senescence affects cardiac regeneration and repair

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

al. (2019). Folic Acid Supplementation Suppresses
Sleep Deprivation-Induced Telomere Dysfunction and
Senescence-Associated Secretory Phenotype (SASP).
Oxid Med Cell Longev, 2019:4569614.

Ridout KK, Ridout SJ, Guille C, Mata DA, Akil H, Sen
S (2019). Physician-Training Stress and Accelerated
Cellular Aging. Biol Psychiatry, 86:725-730.

Yoon KJ, Zhang D, Kim SJ, Lee MC, Moon HY
(2019). Exercise-induced AMPK activation is
involved in delay of skeletal muscle senescence.
Biochem Biophys Res Commun, 512:604-610.

Gurau F, Baldoni S, Prattichizzo F, Espinosa E,
Amenta F, Procopio AD, et al (2018). Anti-
senescence compounds: A potential nutraceutical
approach to healthy aging. Ageing Res Rev, 46:14-31.
Shen M, Jia GL, Wang YM, Ma H (2006).
Cardioprotective effect of resvaratrol pretreatment on
myocardial ischemia-reperfusion induced injury in
rats. Vascul Pharmacol, 45:122-126.

Han L, Zhang Y, Zhang M, Guo L, Wang J, Zeng F, et
al. (2020). Interleukin-lbeta-Induced Senescence
Promotes Osteoblastic Transition of Vascular Smooth
Muscle Cells. Kidney Blood Press Res, 45:314-330.
Lee FY, Sun CK, Sung PH, Chen KH, Chua S, Sheu
1), et al. (2018). Daily melatonin protects the
endothelial lineage and functional integrity against the
aging process, oxidative stress, and toxic environment
and restores blood flow in critical limb ischemia area
in mice. J Pineal Res, 65:¢12489.

Piskovatska V, Storey KB, Vaiserman AM, Lushchak
O (2020). The Use of Metformin to Increase the
Human Healthspan. Advances in experimental
medicine and biology, 1260:319-332.

Kirkland JL, Tchkonia T, Zhu Y, Niedernhofer LJ,
Robbins PD (2017). The Clinical Potential of
Senolytic Drugs. J] Am Geriatr Soc, 65:2297-2301.
Zhu'Y, Tchkonia T, Pirtskhalava T, Gower AC, Ding H,
Giorgadze N, et al. (2015). The Achilles' heel of

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

senescent cells: from transcriptome to senolytic drugs.
Aging Cell, 14:644-658.

Xu M, Pirtskhalava T, Farr JN, Weigand BM, Palmer
AK, Weivoda MM, et al. (2018). Senolytics improve
physical function and increase lifespan in old age. Nat
Med, 24:1246-1256.

Justice JN, Nambiar AM, Tchkonia T, LeBrasseur NK,
Pascual R, Hashmi SK, ef al. (2019). Senolytics in
idiopathic pulmonary fibrosis: Results from a first-in-
human, open-label, pilot study. EBioMedicine,
40:554-563.

Sasaki N, Itakura Y, Toyoda M (2020). Rapamycin
promotes endothelial-mesenchymal transition during
stress-induced premature senescence through the
activation of autophagy. Cell Commun Signal, 18:43.
Carmona-Gutierrez D, Zimmermann A, Kainz K,
Pietrocola F, Chen G, Maglioni S, et al. (2019). The
flavonoid 4,4'-dimethoxychalcone promotes
autophagy-dependent longevity across species. Nat
Commun, 10:651.

XuM, Tchkonia T, Ding H, Ogrodnik M, Lubbers ER,
Pirtskhalava T, et al. (2015). JAK inhibition alleviates
the cellular  senescence-associated  secretory
phenotype and frailty in old age. Proc Natl Acad Sci U
S A, 112:E6301-6310.

Ablasser A, Chen ZJ (2019). cGAS in action:
Expanding roles in immunity and inflammation.
Science, 363(6431): caat8657.

Herranz N, Gallage S, Mellone M, Wuestefeld T, Klotz
S, Hanley CJ, et al (2015). mTOR regulates
MAPKAPK? translation to control the senescence-
associated secretory phenotype. Nature cell biology,
17:1205-1217.

Kang C (2019). Senolytics and Senostatics: A Two-
Pronged Approach to Target Cellular Senescence for
Delaying Aging and Age-Related Diseases. Mol Cells,
42:821-827.

Aging and Disease * Volume 12, Number 2, April 2021

569



