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Abstract Cellular senescence is a state of irreversible cell cycle arrest associated with ageing. Senescence of different cardiac
cell types can direct the pathophysiology of cardiovascular diseases (CVDs) such as atherosclerosis, myocardial in-
farction, and cardiac fibrosis. While age-related telomere shortening represents a major cause of replicative senes-
cence, the senescent state can also be induced by oxidative stress, metabolic dysfunction, and epigenetic regulation,
among other stressors. It is critical that we understand the molecular pathways that lead to cellular senescence and
the consequences of cellular senescence in order to develop new therapeutic approaches to treat CVD. In this re-
view, we discuss molecular mechanisms of cellular senescence, explore how cellular senescence of different cardiac
cell types (including cardiomyocytes, cardiac endothelial cells, cardiac fibroblasts, vascular smooth muscle cells, and
valve interstitial cells) can lead to CVD, and highlight potential therapeutic approaches that target molecular mecha-
nisms of cellular senescence to prevent or treat CVD.
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1. Introduction

Cellular senescence is characterized by irreversible cell cycle arrest and
can be initiated by stressors such as ageing, DNA damage, or elevated
levels of reactive oxygen species (ROS)." Senescence of different cardiac
cell types is associated with a wide range of cardiovascular diseases
(CVDs) including atherosclerosis,” valvular heart disease,’ cardiomyopa-
thies,4 and arrhythmias.5 The initiation and maintenance of cellular senes-
cence in the heart contributes to the severity and progression of cardiac
pathologies. Understanding how cellular senescence leads to CVD is im-
portant to develop therapies to counter these effects. In this review, we
consider mechanisms of cellular senescence in the heart, explore the dis-
ease phenotypes associated with senescence of different cardiac cell
types, and discuss potential therapeutic approaches.

2. Characteristics of cellular
senescence

Cellular senescence is a heterogeneous phenotype that depends on cell
type and context, defined as an irreversible loss of proliferative capacity.®

Senescence e Ageing e Cardiovascular disease e Senotherapy

Senescence can be further classified into sub-types, including replicative
senescence, oncogene-induced senescence, and stress-induced prema-
ture senescence.” Senescence is distinct from quiescence, an adaptive re-
sponse to changes in nutrient signalling leading to reversible cell cycle
arrest that is reviewed elsewhere.® The distinguishing characteristic of
cellular senescence is its state of irreversible cell cycle arrest in the G1/S
or G2 phase, leading to permanent withdrawal from the potential prolif-
erative pool.®

Given its heterogeneous phenotype, identification of senescent cells
can be challenging. Senescent cells, in the heart and elsewhere, are
marked by several key characteristics that indirectly indicate senes-
cence (Figure 7). Senescent cells can have up-regulation of p53/p21 or
p16/retinoblastoma protein (Rb) pathways and markers associated
with activation of the DNA damage response (DDR) [p38 mitogen-ac-
tivated protein kinase (MAPK), phosphorylated histone 2AX
(YH2AX)].”"" Some cells display senescence-associated heterochro-
matin foci, whereupon proliferation-related genes are silenced through
distinct heterochromatin alterations.'” Senescent cells can exhibit a se-
nescence-associated secretory phenotype (SASP), where soluble sig-
nalling factors, proteases, and insoluble proteins/extracellular matrix
(ECM) components are secreted into the surrounding cellular
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Figure | Markers of senescent cells. Senescent cells exhibit irreversible cell cycle arrest, elevation of p53, p21, and p16, elevation of DNA damage re-
sponse markers p38 MAPK and YH2AX, hyperelongated mitochondria, elevated reactive oxygen species, increased senescence-associated [3-galactosidase
activity, senescence-associated heterochromatin foci (SAHF), and a senescence-associated secretory phenotype (SASP).

environment."® SASP maintains the senescent state while also influenc-
ing the surrounding cellular environment through paracrine effects.
Senescence-associated B-galactosidase (SA-B-Gal) activity is typically
increased in senescence, although SA-B-Gal activity can also be in-
creased in quiescent cells."* Future work is needed to identify direct
markers of cellular senescence.

It is worth noting that while cellular senescence can exacerbate or ac-
celerate ageing-related diseases, interplay between senescence and apo-
ptotic pathways can also play a key protective role in cancer
prevention'® and is important during development.'® Doses of stressors
likely contribute to pathway selection, as low doses of the chemothera-
peutic agent, doxorubicin, induce senescence, while high doses induce
apoptosis in neonatal rat cardiomyocytes."” Oncogenic stimuli can up-
regulate p53 or p16 to induce senescence in some cell types to prevent
transition to a tumourigenic state.”® Senescence induction through p53
signalling can also divert the cell death pathway from apoptosis to necro-
sis in fibroblasts, which may also be beneficial in anticancer therapies."®
In addition, programmed activation of cellular senescence may be re-
quired for normal embryonic development and can work alongside

apoptotic pathways to control normal morphogenesis.'® Furthermore,
while SASP is generally associated with negative effects such as inflamma-
tion and tumourigenesis,'” SASP can also have beneficial effects on

. . . . 9
wound healing, tissue regeneration, and immune responses.’

3. Molecular regulators of cellular
senescence

In this section, we broadly discuss molecular mechanisms of senescence
that can occur across diverse cell types (Figure 2). In Section 4, we will
discuss how these processes mediate senescence of different cardiac cell

types.

3.1 Telomeres and the DNA damage
response

Telomeres are tandem repeats that cap chromosomes to protect the
chromosome from degradation and end-to-end fusion. The shelterin
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Figure 2 Molecular regulators of cellular senescence. Mechanisms that drive cellular senescence include the DNA damage response/telomere shortening,
mTOR activation, metabolic dysfunction, circadian misalignment, SASP, tumour suppressor pathways, and epigenetic changes.

loop complex recognizes telomere structures to prevent DDR mecha-
nisms from recognizing and processing telomeric DNA?® Telomeres
shorten with each cell cycle repetition, and upon reaching a critical telo-
meric length, shelterin proteins can no longer be recruited to protect
the DNA loop, which activates the DDR system and initiates cell cycle
inhibition.”" Telomere shortening occurs naturally with ageing, leading to
replicative senescence, particularly in non-cardiomyocytes.>>

3.2 Tumour suppressor proteins regulating

senescence

Induction of cellular senescence can occur through activation of the p53/
p21 and/or p16/Rb pathways, leading to cell cycle arrest (Figure 3). p53 is
a transcription factor that regulates genes associated with metabolism,
autophagy, DDR, cell cycle, and apoptosis.” p53 activity is subject to a va-

riety of post-translational modifications, including ubiquitination,

phosphorylation, and acetylation.” p53 positively regulates p21, a mem-
ber of the cyclin-dependent kinase (CDK) inhibitors that is required for
p53-mediated cell cycle arrest at G1/S or G2/M.** By inhibiting cellular
apoptosis through binding of caspases, p21 promotes the senescent
state.”* The p16/Rb pathway is regulated by the inhibitory activity of p16,
which binds to CDK4/CDKé6 to prevent Rb phosphorylation, leading to
cell cycle arrest at G1/5."° The p16/Rb pathway is also involved in ROS
induction through the mitogenic signalling cascade, which activates pro-
tein kinase C delta to create a positive feedback loop to maintain

senescence.zs

3.3 Mechanistic target of rapamycin

The mechanistic target of rapamycin (mTOR) is a serine/threonine
kinase that responds to a variety of environmental and intracellular
cues to regulate growth and metabolism?® mTOR can induce
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Figure 3 Tumour suppressor regulators of senescence. The p53/p21 and p16/Rb pathways play central roles in senescence via cell cycle arrest, ROS

production, and activation of the DNA damage response.

senescence through activation by unchecked proliferation regulators
[phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT)] and positive
regulation of senescence signalling (p53) during oncogenic activation.””
MTOR controls the decision between senescence and quiescence: with
both p53 and mTOR activation, cells become senescent; however, with
p53 activation and mTOR inhibition, cells become quiescent28

3.4 Mitochondrial dynamics and

dysfunction
Senescent cells can have hyperelongated mitochondria due to disruption

of the balance between mitochondrial fission and fusion proteins.?®3°

A relative decrease in levels of mitochondrial fission proteins FIS13° or
dynamin-related protein 1 (DRP1)*’ or an increase in mitochondrial fu-
sion proteins, mitofusins 1 and 2 (MFN1/2)>**" or OPA1%° promotes a
senescent phenotype with hyperelongated mitochondria. Mitochondrial
fusion is necessary to maintain normal mitochondrial and cardiac func-
tion,32 while fission facilitates removal of dysfunctional, depolarized mito-
chondria via mitophagy.®® An imbalance of fission and fusion processes
towards hyperfusion as seen in senescence leads to retention of dysfunc-
tional mitochondria and accumulation of oxidized proteins® which may
exacerbate the senescent phenotype. Mitochondrial dysfunction is

associated with increased ROS production,®
tive damage, which includes sulthydryl oxidation, lipid peroxidation, and
mitochondrial DNA (mtDNA) mutation.>® Metabolic dysfunction with
aberrant mitochondrial dynamics is particularly consequential in direct-

leading to increased oxida-

ing senescence of cardiomyocytes.

3.5 Epigenetic regulation of cardiac
senescence

Epigenetic changes include DNA methylation, histone acetylation, chro-
Compared to proliferating
cells, senescent cells retain a very different methylation signature, with

matin remodelling, and non-coding RNAs.3®

DNMT1 regulation leading to hypomethylation of late-replicating gene
regions and hypermethylation at certain promoter-proximal regions.”’
These effects are hypothesized to lead to cell cycle repression and sub-
sequent proliferation arrest/cell cycle exit.’®

Histone modification physically alters chromatin structure while
recruiting various adaptor/effector proteins that contain binding domains
for further remodelling3® Sirtuins (SIRT) are a family of nicotinamide ad-
enine dinucleotide (NAD™)-dependent histone deacetylases that can
protect against a senescent phenotype in multiple cell types. In cardio-
myocytes, SIRT1 can suppress transcription of a SASP in cardiomyocytes
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through histone deacetylation39 while in endothelial cells, SIRT1 main-
tains endothelial cell function through regulation of endothelial nitric ox-
ide synthase (eNOS) to reduce oxidative damage.*°

Non-coding RNAs [microRNAs (mi-RNA), long non-coding RNAs
(IncRNA)] can regulate senescence and CVD progression. For example,
miRNA-22, when up-regulated in the ageing heart, induces accelerated
cardiac fibroblast senescence and migratory activity."' Additionally,
miRNA-29 negatively regulates H4K20me3 to maintain the senescent
state during cardiac ageing via the transforming growth factor beta
(TGF-B)/SMAD signalling pathway.** Prior reviews describe the roles of
other miRNAs in regulating cardiac senescence during ageing and heart
injury.43 LncRNAs serve important functions in cardiac regeneration and
development, working primarily through three main mechanisms: bind-
ing to ribonucleoproteins, binding and inhibiting miRNAs (generating the
IncRNA-miRNA-target axis), and binding to DNA segments to form nu-
clear domains.** For example, InNcRNA H19 promotes cardiomyocyte
senescence when overexpressed in ageing hearts by inhibiting miR-19a
to stimulate the p53/p21 senescence driver pa‘chway.45 Furthermore,
IncRNA SNHG12 demonstrated mediating activity as a regulator of
the DDR via binding with DNA dependent protein kinase
(DNA-PK); knockdown of IncRNA SNHG12 caused impaired DNA
damage repair and vascular senescence to accelerate atherosclerosis.*®
Thus, IncRNAs may be potential therapeutic targets for senescence-
related CVDs.

3.6 Senescence-associated secretory
phenotype

SASP contains three main categories of secreted factors: soluble signal-
ling factors, proteases, and insoluble proteins/ECM components. Major
cytokines in the soluble signalling family of the SASP include interleukin-6
(IL-6) and IL-1 proteins. IL-6 is thought to be directly regulated by the
DDR independently of p53 regulation and can affect neighbouring cells
expressing the IL-6R signalling complex on the cell surface.t” IL-1 pro-
teins are similarly up-regulated during senescence, promoting nuclear
factor kappa B (NF-kxB)-mediated transcriptional activation of an inflam-
matory cascade as a major feed-forward mechanism for SASP expres-
sion.*® SASP proteases include matrix metalloproteinases (MMPs) and
serine proteases.’”® The SASP mechanism is particularly important in
communicating senescence cues from non-cardiomyocytes to cardio-
myocytes (Figure 4).

3.7 Circadian regulation of senescence
Circadian rhythms may play a role in regulating cellular senescence, as
circadian misalignment decreases lifespan and induces immune cell se-
nescence in mice.®’ In the heart, mutation of Per2, a circadian gene,
causes vascular senescence via AKT-signalling>® Because the circadian
clock governs heart rhythmicity through a pacemaker-like function,”’
dysregulation of clock function may have detrimental effects on CVD
progression and cardiac senescence. Likewise, senescence of vascular
smooth muscle cells (VSMCs) can impair transmission of circadian
signals.>?

4. Senescent cardiac cells in
cardiovascular disease

We review phenotypic changes that occur in different cardiac cell types
during senescence and how this influences CVD progression. While

global disease processes may precede cellular senescence in some sce-
narios [e.g. acute myocardial infarction (MI)], here we examine the evi-
dence that suggests that in many diseases, cellular senescence initiates a
cascade of events leading to the disease phenotype. For each cardiac cell
type, we review examples of CVDs associated with cellular senescence.

4.1 Cardiomyocytes

Cardiomyocytes comprise ~30—40% of the total cellular population in
the heart and 80% of the cellular volume.>® Senescent cardiomyocytes
have impaired shortening, increased pacing frequency, contractile dys-
function, metabolic dysfunction,”* and can secrete SASP factors to in-
duce senescence in neighbouring cell types including fibroblasts.>> While
different mechanisms can induce senescence in cardiomyocytes, meta-
bolic stressors predominate in inducing disease phenotypes in
cardiomyocytes.

4.1.1 Molecular mechanisms of senescence in
cardiomyocytes

Metabolic dysfunction may have significant consequences for age-related
functional decline in the heart, as changes in energy substrates or stres-
sors that affect energy production can lead to cardiomyocyte senes-
cence. Specifically, dysregulation of mitochondrial dynamics or quality
control can lead to increased ROS production and increased oxidative
damage.** Mitochondria are capable of changing morphology via fission
or fusion within minutes in response to stimuli.>® In addition, dysregula-
tion of mitophagy, the process of removing damaged mitochondria to
protect the cell from global metabolic dysfunction, can lead to cellular
senescence.”” Mice with cardiomyocyte-specific triple deletion of Drp1/
Mfn1/Mfn2 surprisingly survive longer than mice with either Drp1 or
Mfn1/Mfn2 removal alone suggesting that an imbalance of fission and fu-
sion processes is more detrimental than global disruption to mitochon-
drial dynamics.®’

Prevention of oxidative damage through FOXO3 activation leading to
up-regulation of catalase and superoxide dismutase 2 (SOD2) prevents
senescence in cardiomyocytes.>® Catalase overexpression in mitochon-
dria protects the heart from age-associated metabolic dysfunction.>”
Mutations in mtDNA increase with age and lead to increased ROS pro-
duction.®® mtDNA that escapes from mitophagy can trigger toll-like re-
ceptor 9 (TLRY) signaling and the downstream release of
pro-inflammatory cytokines leading to inflammatory responses in cardio-
myocytes.®! These inflammatory responses contribute to SASP mainte-
nance, encouraging CVD progression. This demonstrates the
importance of preventing ROS as a therapeutic intervention against age-
ing-related oxidative stress in the heart, particularly as related to senes-
cent cardiomyocytes.

In addition, cell cycle regulators can promote mitochondrial dysfunc-
tion, further supporting senescence. Cytosolic p53 can promote mito-
chondrial  dysfunction through inhibition of Parkin-mediated
mitophagy.®? p53 activation during senescence disrupts glycolysis and
glucose transport through GLUT1/4 in cardiomyocytes, leading to im-
paired glucose metabolism.®® P53 inhibition in diabetic mice prevents se-
nescence and cardiomyopathy.®* Cell cycle inhibitors Rb1 and Meis
homeobox 2 (Meis2) can drive senescence, and inhibition of Rb1 and
Meis2 following Ml can enhance proliferation of adult rat cardiomyocytes
and reduce infarct size.®®

In addition to mitochondrial dysfunction, telomeric shortening is asso-
ciated with cardiomyocytes and DNA damage during heart failure.®®
Also, epigenetic factors can affect cardiomyocyte senescence. For
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Figure 4 Secretome of different cell types in the heart and examples of associated phenotypic changes. Senescent cardiac cells secrete different senes-
cence-associated secretory phenotypes leading to paracrine signalling and exacerbation of the senescent phenotype. Several consequences of these se-

creted factors include fibrosis, myofibroblast activation, collagen synthesis, calcification, hypertrophy, and inflammation.

example, loss of H3K9me3 in adult cardiomyocytes with overexpression
of histone demethylase, KDM4D, results in increased proliferation and
cell cycle gene expression, reversing cell cycle exit.” The miRNA-34
family is up-regulated in ageing hearts and contributes to reduced cardio-
myocyte contractility.®® The miRNA-17-92 family has a cardiomyocyte-
specific decrease in expression during age-associated heart failure leading
to fibrotic remodelling and functional decline.*” Moderate SIRT1 overex-
pression protects against cardiac hypertrophy, apoptosis, dysfunction,
and senescence.”’ SIRT7 also interacts with p53 to deacetylate p53, lead-
ing to protection against apoptosis and potential anti-ageing effects in
cardiomyocytes.””

The secretome of senescent cardiomyocytes includes the inflamma-
tory cytokines IL-1 and IL-6, tumour necrosis factor o (TNF-a), endothe-
lin 3 (Edn3), growth and differentiation factor 15 (GDF15), and TGF-
B.>>72 While the inflammatory markers (IL-1, IL-6, and TNF-o) induce lo-
cal inflammation in the surrounding cardiac microenvironment,”* Edn3,

GDF15, and TGF-f were shown to induce fibrosis and myofibroblast ac-
tivation in cardiac fibroblasts.>> Thus, SASP associated with cardiomyo-
cytes has extensive paracrine effects on the surrounding cardiac cell
populations.

4.1.2 Clinical consequences of cardiomyocyte senescence

Senescent cardiomyocytes have impaired contractility and abnormal
conduction patterns, leading to cardiomyopathies or arrhythmias.”® For
example, in a model of Duchenne muscular dystrophy (DMD), cardio-
myocytes from mice lacking dystrophin demonstrate a senescent pheno-
type.”* Furthermore, mutations in lamin A (LMNA) are associated with
dilated cardiomyopathy, likely related to genomic instability from disrup-
tion of the nuclear membrane with increased regions of open chroma-
tin* Also, anthracyclines are a class of chemotherapeutic agents used
to treat cancer that can lead to a dilated cardiomyopathy phenotype
associated with cardiomyocyte senescence of cardiomyocytes.”®
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Cardiomyocytes from rats administered doxorubicin demonstrate in-
creased mtDNA damage and increased senescent markers 6 months af-
ter drug exposure.”

Cardiomyocyte senescence may also increase risk of ventricular
arrhythmias.® Senescent rat ventricular cardiomyocytes have increased
ROS that impair their ability to couple with electrical pacing, suggesting
increased arrhythmia risk.”® In addition, following acute M, patients who
develop ventricular arrhythmias exhibit cardiomyocytes with increased
telomere dysfunction suggestive of cellular senescence, compared to
post-Ml patients without ventricular arrhythmias.”” Mutations in
TMEM43 (transmembrane protein 43) are associated with arrhythmo-
genic cardiomyopathy and cardiomyocyte senescence.”® Thus, cardio-
myocyte senescence may not only lead to intrinsic cardiomyocyte
dysfunction but also induce senescent phenotypes of other cardiac cell
types via paracrine signalling.

4.2 Endothelial cells

Endothelial cells comprise ~60% of the non-cardiomyocytes in the
heart.>* Endothelial cells regulate vasodilation and vascular tone through
secretion of vasoactive compounds and growth factors.” Senescent en-
dothelial cells are observed in atherosclerotic plaques, failing hearts (par-
ticularly those with diastolic dysfunction), and in hearts with atrial
fibrillation.

4.2.1 Molecular mechanisms of senescence in cardiac
endothelial cells
Endothelial cell senescence can be triggered by oxidative stress or vascu-
lar inflammation 2° Metabolic factors such as hyperuricaemia observed in
high fat/high carbohydrate Western diets or dysregulation of the renin—
angiotensin system can also promote endothelial cell senescence.®
Epigenetic regulation via miRNAs or histone acetylation also contributes
to endothelial cell senescence. miR-217 down-regulates eNOS leading
to endothelial cell dysfunction and exacerbating atherosclerosis in apoE
null mice®’ miR-217 stimulates a senescent phenotype with SIRT1
down-regulation.®? In endothelial cells, SIRT1 deacetylates p53 to deacti-
vate the replicative senescence pathway.®®

Senescent endothelial cells show increased endothelin-1 (ET-1) pro-
duction and decreased nitric oxide production leading to significant
crosstalk between senescent endothelial cells and surrounding cardiac
cell populations.”” This leads to vascular inflammation and impaired vaso-
dilation in a positive feedback loop whereupon accumulation of senes-
cent endothelial cells leads to vascular dysfunction, and vice versa.2O ET-
1 secretion causes increased collagen synthesis in senescent cardiac
fibroblasts, leading to collagen and fibronectin accumulation characteris-
tic of age-related cardiac hypertrophy.2* Therapeutically, targeting senes-
cent endothelial cell populations remains an attractive approach to
avoiding age-related vascular dysfunction. When treated with neuregu-
lin-1 (NRG1), endothelial senescence was attenuated via ErbB tyrosine
kinase receptors.®> Similarly, expression of telomerase rescued senes-
cence-related endothelial dysfunction.”” By mediating endothelial cell se-
nescence, this may avoid downstream effects of induced senescence in
other cardiac cell populations.

4.2.2 Clinical consequences of endothelial cell senescence
in the heart

Endothelial cell senescence leads to impaired vasodilation and vascular
dysfunction, leading to disorders such as atherosclerosis, heart failure
with preserved ejection fraction (HFpEF) or pulmonary hypertension.

SIRT6 deficiency or miR-217 overexpression can promote endothelial
cell senescence leading to atherosclerosis.®"%¢ HFpEF risk increases
with age87 and is associated with endothelial cell senescence® and
myocardial fibrosis.?” Senescence-accelerated prone mice (SAMP8/
TaHsd mice with premature ageing formed naturally through selective
inbreeding of AKR/J mice%) have diastolic dysfunction, left ventricular
hypertrophy and interstitial fibrosis by 24 weeks of age, with endothe-
lial cells exhibiting p53 acetylation and up-regulation of SA-B-gal
activi‘cy.88

Congenital heart defects involving aortopulmonary shunts lead to
elevated pulmonary arterial pressures that can lead to chronic pulmo-
nary arterial hypertension if left untreated.”’ Pulmonary arterial hy-
pertension can be reversed through surgical correction of
aortopulmonary shunts if performed when the child is young®'; how-
ever, late correction leads to irreversible damage to the pulmonary
vasculature and chronic pulmonary hypertension develops
(i.e. Eisenmenger’s syndrome). Loss of the ability of the pulmonary
vasculature to remodel is associated with a senescent phenotype in
pulmonary endothelial cells.”

Atrial fibrillation risk increases with age and can lead to morbidity and
mortality associated with thromboembolic events or heart failure.”?
Atrial fibrillation is associated with both endothelial cell and fibroblast se-

nescence.92'93

eNOS is down-regulated with atrial fibrillation, which is
associated with endothelial cell dysfunction.92 Circulating factors such as
thrombin can induce cellular senescence in porcine atrial endothelial
cells via an angiotensin ll-mediated pathway, initiating a pro-inflamma-
tory, pro-fibrotic, and pro-thrombotic response.94 Interestingly, expres-
sion levels of senescence markers p53 and p16 were positively

correlated with severity of atrial fibrillation.”

4.3 Cardiac fibroblasts

Cardiac fibroblasts contribute ~20% of the non-cardiomyocyte popula-
tion in the heart.>> Cardiac fibroblasts regulate ECM remodelling and re-
organization, as well as paracrine communication in the cardiac
microenvironment.” Senescence induction of cardiac fibroblasts can be
beneficial in the setting of chronic wound healing following M, or detri-
mental in the setting of myocardial fibrosis during ageing.

4.3.1 Molecular mechanisms of senescence in cardiac
fibroblasts
By expressing integrins and MMPs, cardiac fibroblasts maintain ECM
structure and integrity for adhesion.”® Up-regulation of the p53/p21
pathways after acute Ml induces senescence of cardiac fibroblasts.”” The
SASP protein, cellular communication network factor 1 (CCNT1), sup-
presses myocardial fibrosis likely through induction of senescence in
fibroblasts following M, suggesting that senescence of fibroblasts may ac-
tually have a beneficial effect in some situations.”>® In contrast, NEIL3 is
a DNA glycosylase that minimizes oxidative damage to DNA through re-
moval of oxidative bases, and Neil3™'~ mice have increased expression
of MMP2, which promotes ECM degradation leading to cardiac
rupture.”
Cardiac fibroblasts also communicate through paracrine signalling to
regulate proliferation, hypertrophic growth, and cardiomyocyte senes-
cence.” During heart injury, cardiac fibroblasts up-regulate secretion of
the inflammatory cytokines (IL-1, IL-6), and TNF-o, as well as pro-fibrotic
TGF-B. Insulin-like growth factor-1 (IGF-1) is also produced by cardiac
fibroblasts, which promotes collagen synthesis and cardiomyocyte
hypertrophy.'®
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4.3.2 Clinical consequences of cardiac fibroblast
senescence

Following acute M, the phenotype of activated cardiac fibroblasts is dy-
namic, transitioning from a pro-inflammatory state to an anti-inflamma-
tory state, ultimately supporting scar formation.'®’
senescence of cardiac fibroblasts limits collagen expression, which may
limit reparative fibrosis during early wound healing but also may prevent

Premature

excessive fibrosis during chronic wound healing.97'102 Genetic inactiva-
tion of the fibroblast senescence program leads to cardiac dysfunction
and increased fibrosis; conversely, induction of senescence in cardiac
fibroblasts through CCN1 overexpression leads to decreased fibrosis
and improved heart function.'® However, beneficial effects from fibro-
blast senescence need to be balanced by potentially detrimental effects
of senescence, as clearance of senescent cells with the systemic treat-
ment with the senolytic agent, navitoclax, during ischaemia/reperfusion
injury improves outcomes.'® Interestingly, the risk of cardiac rupture is
increased despite hyperproliferation of cardiac fibroblasts in mice with
ablation of Neil3."® Thus while fibroblasts may remain active in the cell
cycle in this setting, oxidative DNA damage from Neil3 deletion may trig-
ger a senescent phenotype in the cardiac microenvironment through
SASP-mediated paracrine signalling that promotes ECM degradation and
cardiac rupture.’™ While senescence of cardiac fibroblasts may have
beneficial effects on chronic wound healing through fibrosis reduction,
secretion of SASP factors such as MMP2 from non-senescent fibroblasts
may adversely affect ECM remodelling to increase risk of cardiac
rupture.'™

Although premature senescence of fibroblasts in acute injury may re-
duce fibrosis, a senescent phenotype in chronic conditions may exacer-
bate cardiac fibrosis. Myocardial fibrosis increases with age and is
associated with HFpEF.w5 miR-1468-3p increases senescence of cardiac
fibroblasts with increased p53 and p16 expression, increased SA-B-gal
activity and increased collagen deposition and cardiac fibrosis via signal-
ling through TGF-B1."% SIRT6 deficiency also promotes conversion of
fibroblasts to myofibroblasts via TGF-B signalling to increase myocardial

fibrosis.'”

4.4 Vascular smooth muscle cells

VSMCs coordinate vascular function with endothelial cells to control
blood pressure, vascular tone, and blood flow.'® Senescent VSMCs play
an important role in development of atherosclerosis and may also pro-
mote development of pulmonary hypertension.

4.4.1 Molecular mechanisms of senescence in vascular
smooth muscle cells

Senescence in VSMCs can be induced by telomeric shortening, DNA
damage, oxidative stress, and autophagic dysfunction.'®""® Senescent
VSMCs have increased SA-B-Gal activity and p16/p21/Rb protein tran-
scriptome regulation.”"" Abnormal processing of prelamin A to lamin A
leads to improper formation of the nuclear lamina, making cells more
susceptible to DNA damage."? Prelamin A up-regulation resulting from
mutations in LMNA (Lamin A/C) or an adverse effect from HIV protease
inhibitors leads to VSMC senescence via decreased expression of
ZMPSTE24, a metalloprotease that processes prelamin  A.'"
Continuous DNA damage signalling via prelamin A accumulation
encourages secretion of pro-osteogenic cytokines VSMCs leading to
VSMC mineralization and subsequent vascular calcification.™ SIRT6 de-
ficiency can also lead to VSMC senescence due to hyperacetylation of

histone 3 at K9 and K27 (H3K9 and H3K27) leading to telomere DNA
damage.'"

Senescent VSMCs have increased expression of inflammatory cyto-
kines. Both IL-6 and C-C motif chemokine ligand 2 (CCL2) are up-regu-
lated in aged VSMCs, as is TLR4-mediated signalling.""® The SASP of
VSMCs additionally contains increased levels of monocyte chemoattrac-
tant protein 1 (MCP1), macrophage inflammatory protein -10/f (MIP1a/
B), CCL3/4, and IL-1/IL-6/IL-8, with down-regulation of anti-inflamma-
tory <:ytokines.117 IL-10. expression causes neighbouring cells to activate
SASP and increase IL-6 secretion, indicating a paracrine effect of senes-
cent VSMCs on inducing local inflammation in the cardiac
microenvironment." "’

4.4.2 Clinical consequences of vascular smooth muscle cell
senescence

Like endothelial cells, VSMC senescence leads to diseases of blood ves-
sels, including atherosclerosis or pulmonary hypertension.” Plaque
VSMC:s have shortened telomeres, increased expression of p16 and p21,
increased SA-B-gal activity, and increased oxidative DNA damage com-
pared to normal medial VSMCs.""" Secretion of MCP1, MIP1o/p, and
CCL3/4 promotes recruitment of monocytes, macrophages, and lym-
phocytes, thus accelerating plaque growth and risk of rupture.''®"?
Plaque VSMCs also have reduced SIRT6 expression, while SIRT6 overex-
pression prevents senescence of VSMCs.'"> Accumulation of prelamin A
in VSMCs leads to the clinical phenotype seen in Hutchinson-Gilford
progeria syndrome, where patients have severe atherosclerosis leading
to accelerated ageing and premature death.'® Furthermore, cellular se-
nescence of VSMCs may also contribute to the pathophysiology of pul-
monary hypertension via SASP."?’

4.5 Valve interstitial cells

Valve interstitial cells (VICs) make up the majority of the cells in heart
valves,122 and senescence of VICs can lead to valve dysfunction.123 The
prevalence of aortic stenosis due to calcification of the aortic valve leaf-
lets increases with age.'* Calcified aortic valves have increased expres-
sion of p16 and p53 suggestive of a senescence mechanism regulating
disease phenotype.'® Secretion of TNF-a, IL-1p, and IL-6 from pro-in-
flammatory macrophages induces a transient osteogenic phenotype in
VICs leading to valve fibrosis and calcification.'?® Likewise, MAPK activa-
tion via TGF-B1 induces a senescent phenotype in porcine aortic VICs
that increases ROS and formation of a calcifying nodule in vitro.> VICs
from calcified aortic valves also exhibit hyperacetylation of histones 3

and 4%

and down-regulation of miR-214 leads to osteogenic differentia-
tion of VICs."® Mitral valve VICs in myxomatous mitral valve disease ex-
hibit down-regulation of miR-17, miR-20a, miR-30d, and let-7c, with
increased expression of p21 and SA-B-gal activity, reduced viability, and

myofibroblastic differentiation.’

4.6 Immune cell interactions with
senescent resident cardiac cells

The roles of immune cells in senescence regulation in the heart is com-
plex and is reviewed in detail elsewhere>*127130 Here, we address the
role of immune cells in regulating senescence of resident cardiac cells
rather than senescence of the immune cells themselves. Immune cells
have seemingly dual roles—at times, they facilitate elimination of senes-
cent cardiac cells,”®" but at other times, they promote senescence
through inflammatory processes. For example, neutrophils mediate po-
larization of macrophages into an anti-inflammatory phenotype following
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myocardial injury”z; however, the acute inflammatory neutrophil re-
sponse can also have detrimental effects on myocardial injury.'*
Cardiac macrophages remove senescent or damaged cardiac cells to
maintain cardiac homeostasis."*® However, during ageing, resident car-
diac macrophages also have increased secretion of factors such as
MMP9, which in turn promotes cardiomyocyte hypertrophy and dysre-
gulated ECM homeostasis with excessive collagen deposition suggestive
of fibroblast senescence.”* Following acute MI, regulatory CD4+ T-
cells secrete cytokines that promote wound healing and cardiomyocyte
proliferation.135 However, T cells may also contribute to myocardial dys-
function with ageing, as elderly wild-type mice have worse systolic func-
tion compared to elderly mice deficientin CD4+ T cells, possibly due to
higher levels of inflammatory cytokines such as TNF."* Mast cells re-
lease tryptase post-MI which regulates protein kinase A activity to pre-
serve cardiac function by preventing hyperphosphorylation of troponin |
and myosin-binding protein.’*’ However, in diabetic cardiomyopathy,
mast cells have an adverse effect by secreting TNF-o and IL-6 to pro-
mote cardiomyocyte apoptosis and collagen synthesis via cardiac fibro-
blast TGF-B signalling.138 Further understanding of how to harness the
beneficial effects of immune cells may offer therapeutic strategies to de-
celerate cardiac ageing.

5. Animal models of cardiac
senescence

Mouse models with accelerated senescence can be used to study cardiac
senescence and age-related CVDs and have been reviewed previ-

ously.” Lmna™’

~ mice have mitochondrial dysfunction and cardiomy-
opathy and die by 6-8weeks of age,'* while mice with deletion of
Zmpste24, a metallopeptidase that facilitates processing of lamin A, have
conduction abnormalities (bradycardia, QRS complex prolongation) but
normal cardiac function."*' Mice with deletion of Cu/Zn-superoxide dis-
mutase (Sod 1) in mice are more susceptible to ischaemia—reperfusion in-
jury due to increased ROS."* BubR1 is a mitotic checkpoint protein that
is required for embryonic development'®; mice with hypomorphic
BubR1 alleles have premature death with muscle wasting and cardiac
arrhythmias."** Also, senescence-accelerated prone mice (SAMP), de-
veloped at Kyoto University formed by selective inbreeding of AKR/J
mice, have premature senescence and ageing.”® The study of these mu-
rine models of cardiac senescence can further elucidate the physiological
changes of senescent cardiac cell populations and their role in aggravat-
ing age-related CVDs.

6. Current challenges, targeted
therapies, and future directions

6.1 Prevention of senescence following

chemotherapy

Anthracyclines, including doxorubicin, can induce senescence in multiple
cell types in the heart leading to late heart failure after successful treat-
ment of cancers.™ Doxorubicin induces damage to mtDNA in rat neo-
natal cardiomyocytes, and increased p16 expression and SA-fB-gal
activity are seen in the left ventricle of doxorubicin-treated rats.”>
Doxorubicin-induced senescence of VSMCs reduces SIRT1 expression
and decreases AMP-activated kinase (AMPK) activation, leading to a pro-
inflammatory state.'* Prednisolone can prevent VSMC senescence

following doxorubicin  exposure.™  LncRNA-MALAT1 prevents
miRNA-92a-3p from inhibiting autophagy-regulating protease 4a
(ATG4a); ATG4a suppresses senescence and improves mitochondrial
function in doxorubicin-exposed cardiomyocytes.'* Strategies aimed at
preventing cellular senescence during chemotherapy may prevent late
cardiac effects from anthracycline toxicity.

6.2 Senotherapies

Senescent cells have increased glycolysis, increased DDRs and exhibit
SASP,"*® providing potential targets for drugs to remove senescent cells
(senolytics) or suppress the senescent phenotype (senostatics).
Potential drug candidates have been reviewed in detail previously." "
Here we highlight strategies that have been tested to minimize the
effects of senescent cells in models of CVD (Figure 5).

6.2.1 Dasatinib and quercetin

Two of the first senolytics identified were dasatinib and quercetin, identi-
fied while screening drugs known to facilitate apoptosis‘148 Dasatinib is a
tyrosine kinase inhibitor that induces apoptosis in senescent cells by pre-
venting interaction of ephrin ligands with ephrin recep'cors.148 Quercetin
is a flavonol that inhibits PI3K, increases expression of SIRT1'*? and
inhibits mTOR signalling.153 Quercetin decreases lipid deposition and
increases SIRT1 expression in aortas of ApoE’/’ mice."** Combined
quercetin and dasatinib administration reduces p16-expressing senes-

148 and

cent cells in vivo in mice after exposure to ionizing radiation
improves left ventricular systolic function in aged mice.'*® Similarly, quer-
cetin and dasatinib treatment reduced senescent markers in mice with
hypercholesterolaemia and also improved vasomotor function and re-

duced aortic calcification.’®

6.2.2 Navitoclax (ABT-263)

Navitoclax inhibits activity of the anti-apoptotic BCL-2 family of proteins
and induces apoptosis of senescent lung fibroblasts but not preadipo-
cytes‘m’ Navitoclax promotes clearance of senescent cardiomyocytes
following MI and improves survival and reduces fibrosis in mice."’
Navitoclax also improves left ventricular systolic function, reduces car-
diac fibrosis and hypertrophy, and improves conduction velocity in mice

with Ang Il-induced heart failure.'*®

6.2.3 Cardiac glycosides

The Na+/K+ ATPase pump utilizes ATP to move sodium out of the cell
and potassium into the cell against each of their concentration gra-
dients." Cardiac glycosides (including digoxin, ouabain, and proscillari-
din A) are a class of compounds derived from the foxglove plant that
inhibit activity of the Na+/K+ ATPase pump leading to depolarization
and disruption of the electrochemical gradient.'®® Senescent cells have a
more depolarized plasma membrane than non-senescent cells, thus are
more prone to the effects of cardiac glycosides."®® Digoxin can eliminate
senescent pulmonary fibroblasts in a mouse model of pulmonary

fibrosis.'®°

6.2.4 Metabolic regulators
The mTOR pathway controls conversion from a quiescent to a senes-

161 162
cent state,

and when inhibited, can prolong lifespan in mice.
Rapamycin can delay senescence and promote clearance of progerin via
enhanced autophagy in fibroblasts from patients with Hutchinson-
Gilford progeria syndrome."®® Celastrol was shown to inhibit mTOR sig-

nalling and increase autophagy in VSMCs, leading to reduced intracellular
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Figure 5 Senotherapeutic drugs. Senotherapies aim to eliminate senescent cells (senolytics), prevent acquisition of a senescent state (senostatics), or de-

lay progression of senescence (SASP inhibitors).

ROS and prevention of Ang Il-induced senescence.'®* Metformin, a drug
commonly used for treatment of diabetes, also demonstrates effects on
longevity via AMPK activation.'®® When administered to ApoE”~ mice,
metformin inhibits endothelial cell senescence and inhibited formation of
atherosclerotic plaques.'®®

6.2.5 SASP inhibition

SASP factors are diverse and context-dependent, but inhibition of
SASP can prevent downstream inflammatory responses that further
accelerate cellular ageing."®' Melatonin can suppress SASP in human
primary foetal lung fibroblast and human embryonic fibroblast cells via
preventing acetylation of H2BK120 mediated by poly(ADP-ribose)
polymerase-1 (PARP-1) and CREB-binding protein, thereby prevent-
ing up-regulation of SASP genes."®’ Calcitonin gene-related peptide
can prevent senescence and SASP in cardiac fibroblasts via up-regula-
tion of klotho, an anti-ageing protein.'®® Inhibiting SASP without elicit-
ing adverse effects is challenging because many pathways that can
broadly activate SASP (such as NF-kB or mTOR) are also important

in regulating other physiological processes such as tumour surveil-

lance or the immune system.'*’

6.3 Personalized therapies

Precision medicine aims to provide personalized therapies for patients
based on the disease phenotype and molecular mechanisms of dis-
ease."®” Molecular mechanisms that promote senescence of individual
cardiac cell types can potentially be targeted to prevent or treat disease.
For example, lack of dystroglycan in DMD promotes senescence, likely
due to dysregulation of the nuclear architecture with subsequent geno-
mic instability.'”° Precision medicines have recently been developed for
DMD patients who have a frame shift mutation in the dystrophin gene
leading to a premature stop codon by delivering antisense oligonucleoti-
des to skip or bypass the mutant region of DNA."" Our understanding
of epigenetic, proteomic, metabolomic, and microbiomic mechanisms of
disease is expanding rapidly and further discussion of how this knowl-
edge can be applied to specific CVD phenotypes has been reviewed

previously.'”?
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6.4 Cell replacement

Cell replacement strategies aim to deliver differentiated human cells de-
rived from stem cells to improve function of the dysfunctional cell type.
In the heart, because the majority of cardiomyocytes do not actively pro-
liferate, there is much interest in delivering induced pluripotent stem
cell-derived cardiomyocytes to improve cardiac function in heart fail-
ure.'” In another approach, bone marrow stem cell antigen 1 (Scal)+
cells from young mice transplanted into aged mice suppresses senes-
cence and promotes rejuvenation of cardiac endothelial cells in aged
mice."* Interplay of immune cells with resident cardiac cell types should
be considered when designing cell-based strategies to promote cardiac
rejuvenation.

7. Conclusions

Cellular senescence is becoming increasingly recognized as a possible
cause of disease pathophysiology throughout the cardiovascular system.
Understanding how senescence of individual cardiac cell types contrib-
utes to specific disease phenotypes will allow us to develop improved,
targeted therapies to delay or prevent ageing-associated diseases in the
heart. Current therapeutic approaches are being studied that target
global senescence suppression and/or removal of senescent cells.
Further advances in genetic, epigenetic or metabolomic mechanisms of
cellular senescence in the heart may provide further personalization to
treat patients with an array of CVDs.
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