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Abstract

. Gavin D. Richardson'

Ageing is the biggest risk factor for impaired cardiovascular health, with cardiovascular disease being the leading cause of death
in 40% of individuals over 65 years old. Ageing is associated with both an increased prevalence of cardiovascular disease
including heart failure, coronary artery disease, and myocardial infarction. Furthermore, ageing is associated with a poorer
prognosis to these diseases. Genetic models allowing the elimination of senescent cells revealed that an accumulation of
senescence contributes to the pathophysiology of cardiovascular ageing and promotes the progression of cardiovascular disease
through the expression of a proinflammatory and profibrotic senescence-associated secretory phenotype. These studies have
resulted in an effort to identify pharmacological therapeutics that enable the specific elimination of senescent cells through
apoptosis induction. These senescent cell apoptosis-inducing compounds are termed senolytics and their potential to ameliorate

age-associated cardiovascular disease is the focus of this review.
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Introduction

Cellular senescence is a stable cell-cycle arrest, a cell-fate
associated with multiple changes in gene expression, chro-
matin organisation and expression of the senescent-
associated secretory phenotype (SASP) [1-3]. The SASP
involves the secretion of growth factors, cytokines,
chemokines and extracellular matrix factor proteases as well
as an increased production of reactive oxygen species (ROS)
which maintains cellular senescence in an autocrine manner
and can also induce senescence in surrounding cells in a
process termed the bystander effect [4-9]. Over the last
30 years, numerous studies have demonstrated that senes-
cence accumulates in multiple cardiovascular cell lineages
and is associated with cardiovascular diseases (CVD) includ-
ing heart failure (HF), coronary artery disease, atherosclero-
sis, aortic aneurysm and vessel stenosis as reviewed else-
where [10, 11]. Senescence was first identified to occur as
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a result of attrition of DNA regions, called telomeres, which
are located at the end of each chromosome, a process termed
replicative senescence [12—14]. Several other stressors have
been shown to induce senescence including ROS, DNA
damaging agents and activated oncogenes [15, 16]. In addi-
tion, we have recently shown that accumulation of persistent
telomere-associated foci of DNA damage (TAF) is a major
driver of cardiomyocyte senescence during ageing. Our data
suggests that cardiomyocyte TAF are induced by oxidative
stress, as a result of age acquired mitochondrial dysfunction,
and occur independently of telomere length and cell cycle
activity, providing an explanation of how senescence can
accumulate in a predominately post-mitotic cardiomyocyte
population [17]. Regardless of the stressors, DNA damage
at telomere regions leads to activation of a persistent DNA
damage response (DDR), due to the inability of telomere
regions to undergo non-homologous end joining [18, 19].
This permanent DDR results in activation of either one or
both the p53/p21'P or p16™**/retinoblastoma protein
cyclin-dependent inhibitor pathways in the vast majority of
cells, including cardiomyocytes [17-19].

Senescence has both positive and detrimental effects in
different physiological contexts and has been suggested as
an example of antagonistic pleiotropy, an evolutionary hy-
pothesis which posits that traits which are deemed beneficial
to the organism’s fitness early on in life can have detrimental
effects later on due to a drop in the force of natural selection
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[20]. For example, senescence has been shown to have bene-
ficial effects in the context of wound healing [21], embryonic
development [22, 23] and tissue repair; however, when senes-
cent cells accumulate later in life they have been shown to
contribute to tissue dysfunction in the context of ageing
and age-related disorders [24]. Although senescence is
clearly associated with heart disease, it was not until the
development of transgenic lines enabling selective clear-
ance of senescent cells that it was possible to demon-
strate that cellular senescence promotes cardiovascular
ageing. The pl6-INKATTAC transgenic mouse [25,
26] contains a transgene in which the p16'™** promoter
drives expression of the FK506-binding-protein—Caspase
8. When this mouse is given the synthetic drug
AP20187 it enables Caspase 8 dimerisation and apopto-
sis specifically in p16™** expressing senescent cells.
Additionally, the p16-3MR mouse model which contains
a truncated herpes simplex virus 1 thymidine kinase
driven by the pl16"™*** promotor and the pl6-
nitroreductase (p16-NTR) mouse in which the p161nk4a
promotor drives nitroreductase allow the specific killing
of pl6™** expressing cells by ganciclovir or metroni-
dazole administration, respectively [21, 27]. Together
these mouse models have been used to demonstrate that
removal of pl16™*® expressing senescent cells improves
the function of aged tissue systems, including attenuat-
ing CVD and cardiac dysfunction in several disease
models and during natural ageing [25, 27, 28].

The striking improvement in the health of these animals has
resulted in intensive investigation into pharmaceutical ap-
proaches that eliminate senescence in order to translate these
findings to the clinic [17, 29-31]. Figure 1 describes an over-
view of the contribution of senescence to CVD as well as
some of the underlying mechanisms.

Senolytics

Senescent cells have been shown to be resistant to apoptosis
via the activation of multiple pro-survival pathways [32].
Transcriptomic analysis of senescent and non-senescent pre-
adipocytes, one of the most abundant senescent cells observed
in vivo [33], led to the identification of several anti-apoptotic
pathways that were required for senescent cell survival [31].
Activation of these pathways results in the expression or acti-
vation of several pro-survival and anti-apoptotic proteins in-
cluding Bcl-2 family members, p53/p21<™, ephrins (EFNB1
or 3), the phosphatidylinositol-4,5-bisphosphate 3-kinase del-
ta catalytic subunit (PI3KCD), plasminogen-activated inhibi-
tor-1 and 2 (PAIl and 2) and hypoxia-inducible factor-1c [31,
34, 35]. Bioactive compounds that specifically target one or
more of these pro-survival proteins can preferentially induce
apoptosis in senescent cells and are therefore known as
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senolytics. Many different senolytics drugs have been identi-
fied; however, to date the Bcl-2 inhibitor navitoclax (ABT-
263) [36], and a combination treatment of dasatinib (D), a
tyrosine kinase inhibitor, with quercetin (Q) [31] have been
best studied in the context of CVD. For that reason, we will
focus on these drugs in this review.

Dasatinib and Quercetin

Having demonstrated that siRNA mediated inhibition of com-
ponents of senescent cells pro-survival networks preferentially
reduced the viability of senescent cells, but not proliferating or
quiescent, differentiated cells [31], Zhu et al. targeted these
pathways pharmaceutically. Individually D and Q were dem-
onstrated to have a modest senolytic activity, but in combina-
tion, D&Q treatment was an effective senolytic in vivo. D has
been suggested to promote senescent cell apoptosis via the
inhibition of ephrins, which regulate a pro-survival network
that includes BCL-xL, PI3KCD, p21, PAIl and PAI2 [31]. Q
is a natural flavonol and an inhibitor of multiple pro-survival
proteins including PAls and PI3K [37] which when inhibited
reduce Bcl-W expression [37, 38]. D&Q-mediated senescence
cell clearance has been shown to attenuate lung fibrosis and
hepatic stenosis, improve vasomotor function, ventricular
function and neurogenesis and prevent age-related bone loss,
anxiety-related behaviour and increase lifespan in pre-clinical
models [31, 39-44].

Navitoclax (ABT-263)

The observation that senescent pre-adipocytes increased
expression of the Bcl-X, to prevent mitochondrial-
dependent apoptosis [31] led Zhu et al. to target Bel-X;
with siRNA. Inhibition of Bcl-X reduced the viability of
senescent but not non-senescent human umbilical vein en-
dothelial cells (HUVEC), and subsequently, the Bcl-2 ho-
mology 3 domain (BH3) mimetic navitoclax, an inhibitor
of anti-apoptotic proteins Bcl-2, Bcl-X; and Bcl-W, was
demonstrated to induce apoptosis in senescent human lung
fibroblasts (IMR90 cell line) and HUVEC but not senes-
cent pre-adipocytes in vitro [45]. Furthermore, navitoclax
treatment of old mice improved the function of
haematopoietic and muscle progenitor cells as assessed in
ex vivo assays [46] and prevented ironising radiation-
induced pulmonary fibrosis in vivo [47].

Pharmaceutical Targeting of Senescence
to Improve Myocardial Function
During Ageing

The most significant determining factor of cardiovascular
health is a person’s age, with CVD being the leading cause
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Fig. 1 Cellular senescence and cardiovascular disease. Senescence is
induced in multiple cardiovascular lineages and immune cell
populations in response to a variety of stimuli including telomere
attrition, telomere damage and genomic DNA damage, which leads to
activation of the DDR. If the DDR is persistent, activation of tumour
suppressor genes p33, p21, pl16™** and p19°™ establish cell cycle
arrest and coordinate the senescence program, which can include
cellular hypertrophy and expression of the SASP. Senescent cells up-

of death in 40% of individuals over 65 years [48]. The ageing
heart undergoes a process of myocardial remodelling, which is
characterised by physiological and molecular alterations that
result in endothelial stenosis, vasomotor dysfunction and stiff-
ening, cardiomyocyte hypertrophy, myocardial fibrosis and
inflammation which result in increased ventricular stiffness,
impaired cardiac function and can ultimately lead to HF [10,
11]. In particular, HF with preserved ejection fraction
(HFpEF), characterised by diastolic ventricular dysfunction
with maintained systolic function, is clinically associated with
ageing [49]. Unfortunately, there are no proven therapies for
HFpEF, and there is a growing need for novel interventions to
prevent or reverse HF. The association between senescence
and myocardial ageing in humans has been reported for nearly
20 years [50]. More recently it has been demonstrated that
senescence contributes directly to age-related myocardial re-
modelling in mice, as pharmacogenetic elimination of senes-
cent cells, using the pl6-INKATTAC model, reduced myo-
cardial fibrosis and attenuated cardiomyocyte hypertrophy
[17, 25]. Elimination of senescent cells from aged pl6-
INKATTAC mice also increased their survival and reduced
the development of cardiac dysfunction following

inflammation

regulated pro-survival pathways such as Bcl-2 and Bcl-XL that protect
them from their own pro-apoptotic SASP. Cellular senescence and its
associated SASP contribute to CVD including promoting inflammation,
fibrosis, endothelial dysfunction and stenosis and progression of athero-
sclerosis. The SASP can also drive paracrine senescence in surrounding
cells via the bystander effect which may further contribute to CVD
pathophysiology

isoproterenol-induced myocardial stress [25]. Following on
from this data, we and others have hypothesised that an accu-
mulation of senescence and the expression of a SASP drive
age-related myocardial remodelling and have begun to inde-
pendently investigate if senolytics can eliminate senescent cell
populations resident in the aged heart in order to improve
myocardial function [17, 29-31].

Zhu et al. were the first to demonstrate that pharmacolog-
ical elimination of senescent cells from aged mice could im-
prove myocardial function. Treatment of 24-month-old mice
with a single dose of D&Q significantly improved left ven-
tricular (LV) ejection fraction and fractional shortening. This
observed change in function was suggested to be a result of a
restoration in vascular endothelial function, although no
change in smooth muscle contractile function was observed
[31]. While these data suggest that senescent cells are delete-
rious to endothelial cell function the study did not quantify
myocardial senescence prior to or following senolytics treat-
ment. As such, it is unclear if an accumulation of senescence
in the endothelial cell population or paracrine signalling via
the SASP from other senescent cell populations underlies en-
dothelial cell dysfunction.
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We have shown in aged mice that senescence occurred
primarily within the cardiomyocyte population and led to the
expression of a cardiomyocyte-specific SASP with the poten-
tial to promote myofibroblast differentiation of fibroblasts and
induce cardiomyocytes to hypertrophy in vitro [17]. In vivo,
cyclical oral administration of navitoclax reduced the number
of senescent cardiomyocytes, attenuated components of the
cardiomyocyte SASP and reduced myocardial remodelling
as indicated by a reduction in both cardiomyocyte hypertro-
phy and interstitial fibrosis [17, 29]. In addition, although no
difference in systolic function was observed, navitoclax re-
duced LV mass and rescued an age-associated decline in dia-
stolic function, both features associated with HFpEF clinically
[51]. While the elimination of the SASP and a reduction in
inflammation appears to contribute to navitoclax-mediated
functional improvement in aged mice, cardiomyocyte regen-
eration may also play a role. Following the elimination of
senescent cardiomyocytes, we observed a significant regener-
ative response shown by increased DNA replication in mono-
nuclear cardiomyocytes and the expression of the proliferation
marker aurora B kinase [17, 52]. These responses indicate true
cardiomyocyte division and not simply karyokinesis, which
are important to distinguish given the potential for
cardiomyocytes to undergo binucleation in the absence of cell
division [52-54]. Accumulation of myocardial senescence
with age is not exclusive to the cardiomyocyte population.
In human hearts, the SCA-1P%/c-kit?*/CD31"*¢CD45™°® res-
ident cardiac progenitor cell (CPC) population also acquires a
senescent phenotype with age [30]. CPC obtained from the
hearts of 77-86 year-olds demonstrated a reduction in repli-
cation and reduced potential for cardiomyocyte differentiation
compared with CPC obtained from younger 34—62-year-old
hearts. Furthermore, following senescence induction via
doxorubicin treatment, CPC expressed a SASP with a func-
tional bystander effect. Conditioned media obtained from se-
nescent CPC reduced the proliferative potential of healthy
CPC and induced them to senescence. Unlike non-senescent
CPC, senescent CPC were unable to enhance regeneration and
restore cardiac function following transplantation into infarct-
ed murine hearts [30]. Senolytic cocktail D&Q was shown to
eliminate senescent CPC in vitro and similarly to the effects of
navitoclax, D&Q treatment of aged mice attenuated aspects of
remodelling including fibrosis and cardiomyocyte hypertro-
phy and promoted cardiomyocyte turnover [30].
Interestingly, D&Q also increased CPC proliferation in aged
mouse hearts [30]. While there is still some debate regarding
the extent by which CPC contribute to cardiomyocyte turn-
over during ageing, it is possible that dysfunction of this cell
population may disrupt myocardial homeostasis and contrib-
ute to the observed decline in cardiomyocyte turnover that
occurs with age in both humans and mice [53, 55].

Given the limited regenerative capacity of the heart, there is
considerable interest in the potential of regenerative cellular
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therapies for the treatment of CVD such as myocardial infarc-
tion (MI) and age-related HF [56]. For cellular therapies to be
effective, the grafted cells must survive, integrate, and func-
tion within the surviving myocardium. The data discussed
above suggest that older age not only increases the potential
for dysfunction in the very populations that are being used for
cellular therapies but also increases the hostility of the recip-
ient myocardial environment as a result of SASP mediated
inflammation and the bystander effect. This may in part ex-
plain the failure of pre-clinical trials to translate clinically into
regenerative therapies [30]. Preclinical studies showing suc-
cessful cell regenerative therapies use young healthy animals
[57, 58], whereas the prevalence of CVD increases linearly
with age [59], and therefore, most patients undergoing cellular
therapy are likely to display high levels of myocardial senes-
cence [17, 60] which could create an unfavourable environ-
ment impeding incorporation and differentiation of the
transplanted cell populations [30, 61]. Senolytic-mediated
elimination of senescent cells from aged patients may, there-
fore, have the potential to improve the outcomes of such re-
generative cellular therapies.

Myocardial Infarction

The aged human population not only displays an increased
prevalence of CVD but also has a poorer prognosis. For ex-
ample with increasing age, there is an exponential increased in
mortality as a result of MI [62] and an increased incidence of
HF in those patients that survive the initial MI [63]. Similarly,
aged mice demonstrate a reduced survival and cardiac func-
tion following MI compared with young animals [29, 64].
Navitoclax treatment prior to MI reduced cardiomyocyte se-
nescence and TGF-[32 expression, a component of the cardio-
myocyte SASP. Following senescence elimination, aged mice
demonstrated an improved survival to MI and had a higher LV
systolic function compared with control aged animals at
4 weeks post-MI [29]. In the absence of intervention aged
mice demonstrated a gradual decline in LV function following
MI, whereas navitoclax-treated aged mice maintained LV
function, a response more comparable with the response of
young mice to MI [29]. Although a detailed understanding
of the mechanism requires further investigation, this data in-
dicates that senescence contributes to impaired recovery post-
MI and suggests that senolytic treatment has therapeutic po-
tential in this disease setting. This is also in accordance with
the observations that pharmacogenetic elimination of senes-
cent cells using the p16-INKATTAC mouse model improved
resistance to impaired myocardial dysfunction and improved
survival following isoproterenol-induced myocardial stress
[25].

While pre-existing senescence may be detrimental to re-
covery post-MI, senescence is also induced as a result of MI
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and plays a complex role in the pathophysiology of myocar-
dial remodelling. The induction of senescence within the fi-
broblast population has been demonstrated to play a role in
limiting cardiac fibrosis post-MI [65, 66]. Following MI, se-
nescence accumulated in the fibroblast population and preven-
tion of fibroblasts senescence, using a p53 knock-out mouse
model, exacerbated cardiac fibrosis and increased infarct size
at one-week post-MI [66]. While initially this data would sug-
gest that elimination of senescence post-MI would only have
detrimental effects, inhibition of senescence post-MI also at-
tenuated inflammation and reduced the expression of SASP
associated cytokines such as interleukin (IL) 1, chemokine
ligand 1, chemokine ligand 2, IL6, granulocyte chemotactic
protein 2 and macrophage colony-stimulating factor which are
known inducers of fibrosis [42, 66]. Therefore, while senes-
cence may initially limit fibrosis, if not efficiently resolved,
chronic senescence could contribute to inflammation post-MI
by promoting further cardiac fibrosis over an extended time
frame. As senolytics eliminate senescent cells once senes-
cence has been established, senolytic treatment provides a tool
to attenuate SASP producing fibroblasts without preventing
the initiation of senescence within the fibroblast population or
the beneficial role fibroblast senescence plays in attenuating
fibrosis following ML

Atherosclerosis and Vascular Senescence

Cellular senescence accumulates in the early stages of athero-
sclerosis, in multiple different cell types including endothelial
cells, vascular smooth muscle cells, foam cells and T cells
[67]. An accumulation of senescence promotes the develop-
ment of atherosclerosis through multiple cell-independent
mechanisms; however, common to all senescence cell types
is the increase in inflammation as a result of the SASP which
promotes necrotic core enlargement, extracellular matrix de-
generation and cap thinning, erosion, calcification and intra-
plaque angiogenesis [68]. To date, several studies have used a
pharmacogenetic or a pharmacological approach to investi-
gate the potential of targeting senescence to prevent or reverse
plaque development. Using low-density lipoprotein receptor-
deficient (Ldlr ") mice on a high-fat diet, a model of athero-
genesis, senescence was increased in multiple cell types with-
in the atherosclerotic lesions. Plaque-rich aortic arches had
elevated transcript levels of the cyclin-dependent
kinase inhibitor p16™** and SASP components including
the matrix metalloproteases (Mmp) 3 and Mmp13 and the
inflammatory cytokines /L/« and TNF« [27]. While this
study focused primarily on the use of the pl16-INKATTAC,
P16-3MR and P16-NTR transgenic mouse models to elimi-
nate senescent cells, the study also demonstrated that treat-
ment of mice with navitoclax, after senescence was
established, inhibited atherogenesis, as indicated by a

reduction in plaque burden, plaque number and the average
size of individual plaques [27]. Results were comparable with
those observed when senescence was eliminated using a ge-
netic mouse models, suggesting that the beneficial effects of
navitoclax were a result of senescence cell clearance and not
an off-target effect. Similar results were observed using an
alternative model of atherogenesis with D&Q senolytic treat-
ment. ApoE~~ mice on a high-fat diet developed atheroscle-
rotic plaques containing increased numbers of senescent cells.
D&Q treatment reduced senescence burden and plaque calci-
fication, although no difference in plaque size was observed
[39].

Senescence of the T cell population has also been associ-
ated with atherogenesis and is a biomarker of CVD risk [69].
In particular, cytotoxic CD8" T cells are pro-atherosclerotic
and become functionally senescent with age, as demonstrated
by both proliferative arrest and the increased production and
secretion of inflammatory mediators characteristic of a SASP
[70]. Once senescent, these terminally differentiated CD8" T
cells (TEMRA) are an independent predictor of all-cause mor-
tality in the elderly [69]. In proof of principle experiments, we
have investigated the effects of senolytics on
immunosenescence in aged mice [69]. Navitoclax treatment
rescued immunosenescence, as indicated by a decrease in
CDS8" effector memory cells and an increase of the naive
CDS8" T cell population [69]. While we did not investigate
the mechanisms by which senolytics increased the naive T
cells, it is possible that as well as eliminating senescent
CD8" cells, senolytic treatment influenced the dynamics of
lymphocyte proliferation, as a result of reduced systemic in-
flammation or rejuvenation of progenitor pools, which in turn
changed the balance of different T cell subpopulations.

Senescence in the regulatory T cell (T,eg) population
may also contribute to atherosclerosis as they can sup-
press the activity of proatherogenic effector T cells
preventing atherosclerosis progression [71]. Activated T
cells express high levels of telomerase activity to protect
their telomeres from accelerated shortening, thereby evad-
ing replicative senescence [72]. We have demonstrated
that increased oxidative stress suppresses T cell telome-
rase expression but does not affect Ty.q cell proliferation
[73]. We, therefore, proposed that within the atheroscle-
rotic plaque, chronic oxidative stress and suppression of
telomerase contribute to accelerate telomere attrition in
the T,.g population which promotes the progression of
atherosclerosis. Although the effects of senolytic therapy
on the T cell populations, in the context of atherosclero-
sis, have yet to be investigated, clinical trials employing
the small molecule activator TA-65 [74] to restore telo-
merase activity and prevent T cell senescence are ongoing
(Telomerase Activator to Reverse Immunosenescence in
Acute Coronary Syndrome: A Double-Blind, Phase II,
Randomised Controlled Trial).
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Future Directions

While the above literature indicates that there is potential for
senolytics to attenuate or prevent several CVD (Fig. 2) evi-
dence suggests that senolytics can have adverse side effects. In
particular, thrombocytopenia is a primary dose-limiting toxic-
ity of navitoclax which is caused inhibition of Bcl-X; within
the platelet population, which is required for platelet survival
[75]. D and Q also have several reported side effects, includ-
ing hematologic dysfunction, fluid retention and QT prolon-
gation [76].

Therefore, efforts are continuing to identify novel
senolytics with safer profiles. In independent drug screens,
both Triana-Martinez et al. [77] and Guerrero et al. [78] iden-
tified that cardiac glycosides (CG) are broad-spectrum
senolytics. While the mechanisms whereby CG induces senes-
cent cells to apoptosis are not yet fully understood, it has been
suggested that CG bind to the alpha subunit of the Na*/K*
ATPase pump inhibiting the cellular intake of K* and concur-
rently the release of Na* enhancing plasma membrane
depolarisation [77]. As senescent cells exhibit a partially
depolarised plasma membrane, when compared with prolifer-
ating cells, they are more susceptible to the effects of CG [79].
However, CG treatment also resulted in elevated expression of

pro-apoptotic Bcl-2 family members in oncogene-induced se-
nescent fibroblasts, which could also contribute to their
senolytic activities [78]. CG initiated senolysis in several
models of oncogene and stress-induced senescence and elim-
inated senescent cells from the lungs of a xenograft model and
an irradiation model of lung fibrosis. Furthermore, CG re-
duced senescence in the liver, heart and kidney of aged mice
[77, 78]. Interestingly, the CG digoxin and digitoxin are cur-
rently used for treating HF and atrial fibrillation in elderly
patients [80]. CG also reduced atherosclerosis in Apo-E-defi-
cient mice [81], although these studies did not investigate if
senolytic activity contributed to this anti-atherosclerotic effect.
As mice treated with digitoxin showed no evidence of throm-
bocytopenia and as digitoxin behaves as a senolytic at con-
centrations close to those observed in the plasma of cardiac
patients treated with this drug [82], Guerrero suggested the
potential use of CG as senolytics in the clinic. It should how-
ever be highlighted that while current clinical guidelines en-
dorse the use of digoxin in patients with atrial fibrillation,
debate remains regarding its safety, and multiple studies have
linked digoxin treatment with an increased relative risk of
mortality [83-85].

Similarly, prior to the discovery of the senolytic properties
of the HSP90 inhibitor 17-DMAG (alvespimycin) [86], it had
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been demonstrated that 17-DMAG reduced atherosclerosis in
the Apo-E knock-out model, although it was originally
assigned to be a result of NF-kB and STAT signalling path-
way suppression [87]. It remains to be determined whether the
senolytic activity of 17-DMAG also underlies its atheroscle-
rosis limiting effects.

Senolytics with potentially limited side effects have been
identified that show clinical promise including the FOX04-D-
retro-inverso (FOXO4-DRI) peptide which blocks the interac-
tion of FOX04 and p53 inducing senescent cells to apoptosis
[88]. The senescence-specific killing compound 1 (SSK1)
takes advantage of the increased activity of lysosomal f3-
galactosidase activity observed in senescent cells [89].
Derivatives or modified forms of navitoclax have also been
generated to reduce toxicity. Ventoclax (ABT-199), a deriva-
tive of navitoclax, has a higher affinity to Bcl-2 and reduced
affinity to Bcl-Xp Bcl-W and MCL-1, and thereby demon-
strated decreased platelet toxicity [90]. In addition, He et al.
have reduced the on-target toxicity of navitoclax by
converting it into a platelet-sparing Bcl-xI proteolysis-
targeting chimera (PROTAC), which contains a ligand that
recruits a specific E3 ubiquitin ligase to induce protein degra-
dation in a sub-stoichiometric manner resulting in less drug
exposure and reduced toxicity [91]. These drugs hold great
potential but have yet to be tested in the context of CVD.

Senolytic therapies have the potential to treat a wide range
of CVD and age-associated cardiovascular pathologies. CVD,
where senescence is suggested to play a pathogenic role, in-
clude arterial dysfunction and arterial stiffening associated
with hypertension [92] and aortic aneurysms [93, 94].
Senescence has even been suggested to promote blood
clotting via the SASP and contribute to increased thrombotic
events resulting in stroke in the older population [95]. These
indications may be potential targets for senolytics therapies
and merit further investigation.

Clinical Potential of Senolytics

Following the preclinical evidence showing the efficacy
of senolytics for the prevention or treatment of several
CVD, studies have now begun to investigate the use of
senolytics in the clinical setting. In an initial pilot study
to evaluate the feasibility of serotherapies, a treatment
regime of 3-day D&Q treatment per week over 3 weeks
had both high retention and completion rates and was
found to be safe in a cohort of 14 idiopathic pulmonary
fibrosis patients [96]. Moreover, treatment significantly
improved physical function as evaluated by an increase
in 6-min walk distance and 4-m gait speed and a reduc-
tion in chair-stands time; however, no change in pulmo-
nary function was observed [96]. While the study was
not powered to detect significant changes in SASP

expression, correlations were observed between im-
proved physical function and decreased circulating
SASP proteins. In a preliminary report from a phase 1
clinical trial of D&Q in individuals with diabetic kidney
disease, it was observed that senolytic therapy decreased
senescence burden in both adipose and epidermis which
is associated with a decrease in circulating cytokines
and MMP including IL1«x, IL2, IL6, IL9 and MMP2,
MMP9 and MMP12 [97].

Currently available senolytics do not target an individual
molecule or cell type and as such senolytic therapy will inev-
itably influence total systemic senescence burden. While this
may be advantageous because ageing-associated senescence
is targeted as a whole, it also prioritises the need for further
understanding of the mechanisms by which senolytics attenu-
ate CVD. For example, does clearance of senescent cardiac
cells or non-cardiac populations, such as those of the immune
system, lead to the observed improvement in cardiovascular
health in the pre-clinical studies. Furthermore, the longer-term
effects of a systemic elimination of senescent cells in humans
are not yet known. Likewise, although in the short-term clear-
ance of senescent cardiomyocytes improved cardiac function
[17,29], further studies are required to ensure that clearance of
this post-mitotic population has no long-term detrimental ef-
fects on tissue integrity. While these questions remain to be
answered, senolytics have the potential to transform cardio-
vascular medicine.
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