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Abstract During ageing molecular damage leads to the accumulation of several
hallmarks of ageing including mitochondrial dysfunction, cellular senescence,
genetic instability and chronic inflammation, which contribute to the development
and progression of ageing-associated diseases including cardiovascular disease.
Consequently, understanding how these hallmarks of biological ageing interact
with the cardiovascular system and each other is fundamental to the pursuit of
improving cardiovascular health globally. This review provides an overview of
our current understanding of how candidate hallmarks contribute to cardiovascular
diseases such as atherosclerosis, coronary artery disease and subsequent myocardial
infarction, and age-related heart failure. Further, we consider the evidence that, even
in the absence of chronological age, acute cellular stress leading to accelerated
biological ageing expedites cardiovascular dysfunction and impacts on cardiovas-
cular health. Finally, we consider the opportunities that modulating hallmarks of
ageing offer for the development of novel cardiovascular therapeutics.
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Introduction: Cardiovascular Ageing

More than 75% of Americans between the ages of 60 and 79, and nearly 90% of
those over 80, suffer from cardiovascular disease (CVD) (Virani et al. 2021). It is
therefore unsurprising that CVD is the leading cause of death for people over the age
of 65 (North and Sinclair 2012). In the decades to come, increased prevalence of
age-related CVDs such as atherosclerosis, coronary artery disease, myocardial
infarction (MI), thoracic aortic aneurysm, valvular heart disease, and heart failure
(HF) will contribute to even greater health and economic burden as the world’s
population continues to age (Childs et al. 2017; Olivieri et al. 2013). In this review,
the mechanisms of cardiovascular ageing concerning several age-related CVDs will
be described, with a focus on mitochondrial dysfunction and the non-canonical roles
of telomerase.

Cardiovascular Ageing and Atherosclerosis

Atherosclerosis is classed as a disease of ageing and is the leading cause of vascular
disease worldwide (Wang and Bennett 2012). Atherosclerosis is initiated by endo-
thelial injury or accumulation of low-density lipoproteins (LDLs) within the arterial
wall which leads to the development of lipid and protein-filled “plaques”, triggering
both the innate and adaptive immune responses (Moriya 2019). Inflammation
stimulates necrotic core enlargement, extracellular matrix degeneration and cap
thinning, erosion, calcification, and intra-plaque angiogenesis (Stojanovi¢ et al.
2020). Ultimately the atherosclerotic plaque can become unstable until rupture
triggers thrombus formation, leading to blockage of the artery and thus cessation
of blood flow distal to the occlusion leading to severe ischaemic injuries including
MI and stroke (Montecucco et al. 2016; Thygesen et al. 2012; Moriya 2019).

Ageing and Heart Failure

An estimated 6.2 million adults in the USA are currently living with clinical HF with
approximately 90% of these individuals being over 60 years old (Benjamin et al.
2019). HF is associated with ageing as a result of several pathophysiologies that
contribute to impaired myocardial function and the inability of the heart to provide
the circulatory efficiency required to meet organ demand.

At a cellular level, myocardial ageing is associated with structural, biochemical,
and biomechanical changes including increased arterial stiffness, cardiomyocyte
hypertrophy, chronic sterile inflammation, amyloid deposition, and increased inter-
stitial fibrosis (Horn and Trafford 2016). Interestingly, fibrosis can occur in the
absence of hypertension (Lin et al. 2008), suggesting that age-related fibrosis is
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driven by an independent mechanism. Together these cellular changes affect the
heart at the tissue level, leading to myocardial remodelling which is characterised by
increased left ventricular (L'V) mass, due to the thickening and stiffening of the LV
walls and interventricular septum, and a decrease in diastolic functions such as
myocardial relaxation and peak contractility (Triposkiadis et al. 2019). The apparent
lack of systolic dysfunction with age has led to age-associated HF often being
considered as HF with preserved ejection fraction (HFpEF) (Borlaug and Paulus
2011). However, it is becoming evident that with age, the systolic functional reserve
is also diminished, and the heart is unable to respond to periods of increased cardiac
demand (Norman et al. 2011). Over 50% of hospitalised HF patients exhibit HFpEF
and the prevalence is expected to increase at a rate of over 10% per decade with
population ageing (Benjamin et al. 2019; Borlaug and Paulus 2011).

As discussed above, atherosclerosis is ageing-associated and therefore there is
also an increased prevalence of coronary heart disease (CHD) in the older popula-
tion. The critical outcome of CHD is plaque rupture, causing artery blockage and
myocardial infarction. If the blockage is not rapidly removed and sustained ischemia
occurs, extensive cardiomyocyte death and cellular necrosis may take place,
impacting cardiac function which can result in death. Following MI, the hearts of
surviving patients undergo a rapid maladaptive myocardial remodelling
characterised by dilatation, hypertrophy, and the formation of a discrete collagen
scar. Additionally, progressive ventricular remodelling can continue for weeks or
months following MI (Sutton and Sharpe 2000). Most patients receiving interven-
tion for MI are in the older age range (mean age of 65 years old), and age remains the
most important predictor of outcomes following MI, with the older population
having increased mortality and poorer functional outcomes than younger individ-
uals. Patients older than 70 account for up to half of those admitted to hospital with
MI and 80% of deaths due to MI occur in those aged over 65 years (McMechan and
Adgey 1998). Age is associated with an increased risk of developing heart failure: in
a study of 896 patients, Torabi et al. observed that in the six years after MI, 50% of
patients aged younger than 65 years, 73% of patients aged between 6575 years, and
87% of patients over 75 years had developed heart failure (Torabi et al. 2014).

Ageing and Cardiothoracic Surgery

Ageing impacts, and is the most important prognostic indicator of cardiothoracic
surgical outcome (Duncan et al. 2020). Subsequent to surgery, including that
required to treat CVD, older individuals have increased mortality and are at higher
risk of developing organ injury (Benedetto et al. 2021; Baquero and Rich 2015)
which can lead to the progression of multiple chronic conditions (DiMaria-Ghalili
et al. 2014; Matsuura et al. 2020), disability (Hong et al. 2021), and lower quality of
life (Koch et al. 2007). The cost of treating organ injury as a result of cardiac surgery
alone is >£100M per year in the UK (Sergin et al. 2016).
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Senescence as a Driver of Cardiovascular Disease

Cellular senescence is considered a hallmark of ageing (Lopez-Otin et al. 2013)
defined as a loss of the division potential of mitotic cells and the production of the
senescence-associated secretory phenotype (SASP), a cocktail of proinflammatory
cytokines, chemokines, and growth factors. Therefore, senescence contributes to
age-related tissue dysfunction through impaired homeostasis and elevated inflam-
mation (Wiley and Campisi 2021). Senescent cells accumulate in most organ tissues
with age, as well as in several age-related diseases and can be driven by several
interconnected mechanisms including mitochondrial dysfunction, increased reactive
oxygen species (ROS), DNA damage and telomere attrition (Kuilman et al. 2010).
The identification of senescent cells is difficult as there are currently no known
specific markers that unambiguously identify all senescent cells (Sharpless and Sherr
2015). As such, multiple markers including senescence-associated p-galactosidase
(SA-B-Gal) activity, expression of cyclin-dependent kinase inhibitors (p21Cip,
pl6lnk4a, and p53), presence of DNA damage or critically short telomere length,
and lack of proliferation, are often used in combination with each other to facilitate
the characterisation of senescent cells (Gonzalez-Gualda et al. 2021; de Magalhaes
and Passos 2018). Transgenic mice which allow pharmacogenetic induction of
apoptosis in pl6-expressing senescent cells have been developed to investigate the
contribution of senescence to ageing and age-associated disease (Baker et al. 2011;
Demaria et al. 2014). The pl6-INKATTAC and p16-3MR transgenic mice share a
similar approach, as they both contain an apoptosis-inducing protein transgene,
driven by the p16™*“ promoter, which is only functional after the administration
of pharmacological agents (Baker et al. 2011; Demaria et al. 2014). More recently,
senescent cells have been shown to upregulate pro-survival pathways, thus
protecting themselves from a hostile microenvironment (Zhu et al. 2015; Wang
1995). This not only aids senescent cell identification but can be exploited scientif-
ically, as inhibiting these pathways causes apoptosis in senescent cells (Zhu et al.
2015). Several compounds that inhibit these pathways, including Bcl-2 family
members, p53/p21Cip, ephrins, phosphatidylinositol-4,5-bisphosphate 3-kinase,
plasminogen-activated inhibitor-1 and 2 and hypoxia-inducible factor-la, have
now been identified as promoting apoptosis in senescent cells, and have therefore
been termed senolytics (Zhu et al. 2015). Together, these tools for senescent cell
elimination have been used to demonstrate that in preclinical models, senescence is
causal to the pathophysiology of multiple age-related diseases, including several
CVDs (Anderson et al. 2019; Dookun et al. 2020; Martin-Ruiz et al. 2020;
Walaszczyk et al. 2019; Baker et al. 2016; Demaria et al. 2017; Childs et al. 2016;
Roos et al. 2016).

Clinically, there is extensive evidence of the association between vessel wall
senescence accumulation and atherosclerosis (Stojanovié et al. 2020). Histological
analysis of post-mortem tissues has identified that atherosclerotic vessels contain
more senescent endothelial and vascular smooth muscle cells than aged-matched
healthy arteries (Stojanovi¢ et al. 2020). Moreover, expression of p16 in diseased
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human coronary arteries positively correlates with plaque instability (Holdt et al.
2011), and the capability of cellular senescence to drive atherosclerosis is indicated
by the increased risk of MI in relatively chronologically young patients with human
progeria syndromes (Prakash et al. 2018).

Preclinically, LDL receptor-deficient and apolipoprotein E—deficient mouse
models of atherosclerosis demonstrate that senescence accumulates in several cell
populations in and around the atherogenic plaque during atherogenesis (Childs et al.
2016; Roos et al. 2016). These populations contribute to a proinflammatory envi-
ronment and plaque development, indicated by the fact that senescent cell elimina-
tion reduces the expression of typical proinflammatory SASP proteins including
matrix metalloproteinases (MMP) MMP-3, MMP-13, and the inflammatory cyto-
kines IL-1a and tumour necrosis factor-a, and furthermore decreases plaque burden
(Childs et al., 2016).

Senescence of immune cells, including the T cell population, is associated with
atherogenesis and is a biomarker of CVD risk (Martin-Ruiz et al. 2020). Senescent,
terminally differentiated CD8+ T-cells (TEMRA) are found inside unstable plaques
and are an independent predictor of all-cause mortality in the elderly (Martin-Ruiz
et al. 2020; Nakajima et al. 2002). While the studies of Childs et al. (2016) did not
investigate if the elimination of senescent T-cells contributed to a reduced plaque
burden, senolytics have been demonstrated to reduce T-cell immunosenescence in
aged mice (Martin-Ruiz et al. 2020).

Senescence accumulates in cardiomyocytes, endothelial cells, cardiac fibroblasts
and cardiac progenitor cells within the myocardium during ageing and is increased in
the myocardium with age-associated CVD (Shimizu and Minamino 2019). Clini-
cally, aged patients presenting with ventricular dysfunction have increased
cardiomyocyte expression of p53 and p16, with increased expression being associ-
ated with hypertrophy at either an organ or cellular level (Song et al. 1999; Birks
et al. 2008; Predmore et al. 2010). Cardiomyocyte senescence has also been linked to
an increased risk of ventricular arrhythmias (Chadda et al. 2018). Endothelial cell
senescence is observed with HF, particularly in patients suffering from HFpEF
(Gevaert et al. 2017) and myocardial fibrosis and myofibroblast differentiation,
which are increased with age and associated with HFpEF, are induced by senescent
stimuli (Mellone et al. 2016; Zhu et al. 2013).

In vitro, paracrine SASP signalling from senescent myocardial cells, such as
cardiomyocytes, endothelial cells, and fibroblasts, causes phenotypic alterations
associated with cardiac remodelling. Several independent studies have also demon-
strated that senescence promotes cardiac remodelling in preclinical studies: using
senomorphic, senolytic, or pharmacogenetic approaches to reduce senescence, it has
been demonstrated that attenuation of cardiac senescence decreases inflammation,
cardiomyocyte hypertrophy and fibrosis in several different models of cardiovascu-
lar ageing (Anderson et al. 2019; Walaszczyk et al. 2019; Lewis-McDougall et al.
2019; Zhu et al. 2015; Baker et al. 2016; Iske et al. 2020; Demaria et al. 2017,
Correia-Melo et al. 2019). In particular, elimination of senescent cells from aged
mice also reduced LV mass and improved LV function (Walaszczyk et al. 2019; Zhu
et al. 2015).
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It is well-recognised that biological processes and phenomena associated with
increased senescence are also associated with poorer surgical outcomes. Frailty, one
of the best indicators of accumulated senescence, is prognostic of surgical outcome
and increased age is associated with an increased peri-surgical likelihood of myo-
cardial injury, accelerated progression of chronic conditions, disability, lower qual-
ity of life, and death (Koch et al. 2007; DiMaria-Ghalili et al. 2014; Matsuura et al.
2020; Nashef et al. 2012; Sun et al. 2021; Hong et al. 2021; Duncan et al. 2020).
Preclinical studies have demonstrated a direct link between increased myocardial
senescence, increased mortality and poorer outcomes following surgery
(Walaszczyk et al. 2019; Iske et al. 2020). Interestingly, an accumulation of myo-
cardial senescence is also associated with reduced resilience to isoproterenol-
induced myocardial stress (Baker et al. 2016). Taken together, it is possible that
increased myocardial senescence reduces a patient’s resilience to cardiac surgery and
contributes to poorer outcomes. If this is the case, blood sampling and SASP
quantification prior to surgery may allow for better risk stratification of patients
and would also suggest that targeting senescence is a potential therapeutic interven-
tion to improve surgical outcomes.

Mitochondrial Dysfunction and Oxidative Stress

Progressive or chronic alterations in mitochondrial function and bioenergetics such
as increased production of ROS, mitochondrial DNA (mtDNA) damage and respi-
ratory chain dysfunction, occur in both the heart and vascular system (Judge et al.
2005; Ungvari et al. 2007; Navarro and Boveris 2007) and are associated with
several age-related CVDs (Poznyak et al. 2020). Reduced mitochondrial bioener-
getics is suggested to be a key contributor to the progression of heart failure. For
example, polymorphisms in the gene peroxisome proliferator-activated receptor-
gamma coactivator (PGC-1a), responsible for controlling and maintaining mito-
chondrial content, are linked to an increased risk of hypertrophic cardiomyopathy
(Oka et al. 2020). Furthermore, a significant positive relationship exists between
myocardial ROS levels and LV contractile dysfunction in failing hearts (Ide et al.
2000). Experimentally, mice deficient in mitochondrial superoxide dismutase, a
ROS scavenger, exhibit characteristics of dilated cardiomyopathy (Lebovitz et al.
1996).

Age-related mitochondrial dysfunction has also been proposed as a key driver of
the atherogenic processes (Nowak et al. 2017). Oxidative modification of LDL, and
its transport into the subendothelial space of the arterial wall, is considered an
initiating event for atherosclerosis (Nowak et al. 2017). Increased ROS and oxidative
stress also promote endothelial dysfunction and apoptosis, as well as influencing
T-cell and vascular smooth muscle cell proliferation and apoptosis (Richardson et al.
2018; Nowak et al. 2017). Together, this increases inflammation and the develop-
ment of the atherosclerotic plaque, ultimately contributing to plaque rupture
(Madamanchi and Runge 2007; Anderson et al. 2018). PGC-1a dysfunction leading
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to increased ROS production can drive telomere shortening alongside both telomeric
and non-telomeric DNA damage, accelerating vascular ageing and promoting ath-
erosclerosis (Xiong et al. 2015). T cell mitochondrial function also declines with
increased age (Ron-Harel et al. 2018) and T cells with dysfunctional mitochondria
accelerate senescence in mice, leading to a premature ageing phenotype triggered by
the induction of proinflammatory cytokines: so-called “inflammageing” (Desdin-
Mic6 et al. 2020).

Similar to senescence, mitochondrial dysfunction is considered a key hallmark of
ageing (Lopez-Otin et al. 2013). However, only recently has the intricate and
complex relationship between these two processes been identified. It is now clear
that mitochondrial dysfunction is both a driver and consequence of cellular senes-
cence (Chapman et al. 2019). Mitochondrial dysfunction, increased ROS production
and associated oxidative stress activate the DNA damage response (DDR) and drive
senescence (Chapman et al. 2019). ROS can cause DNA damage in the form of
either single or double-stranded breaks (DSBs) throughout the genome, and telo-
meres appear to be particularly sensitive to ROS-induced damage due to their
guanine-rich regions which have increased susceptibility to oxidation (Grollman
and Moriya 1993). Single-strand DNA damage within telomeric regions can also
accelerate telomere shortening due to the low efficiency of single-strand telomeric
DNA damage repair (von Zglinicki et al. 2000). Telomeres containing single-strand
DNA damage do not fully replicate during cellular division and shorten more in the
following cellular division as the sequence beyond the damage is lost (von Zglinicki
et al. 2000).

While many senescent cells have an increase in mitochondrial mass, their mito-
chondria are dysfunctional and demonstrate a decreased mitochondrial membrane
potential, an increased proton leak and elevated ROS (Passos et al. 2007).
Mitochondrial-derived ROS are a component of the SASP (Nelson et al. 2018),
and mitochondria themselves are essential for the expression of SASP proteins
(Correia-Melo et al. 2016). Senescent cells with depleted mitochondria lose their
proinflammatory and pro-oxidant phenotype as well as the expression of the cyclin-
dependent kinase inhibitors p21 and p16, however they remain in cell cycle arrest
(Correia-Melo et al. 2016). Mitochondrial-mediated SASP production is at least in
part controlled by a ROS-INK signalling pathway which drives the release of
cytoplasmic chromatin fragments, triggering the innate immunity cytosolic
DNA-sensing cGAS-STING pathway (Vizioli et al. 2020). This in turn activates
NFkB signalling, switching on the transcription of proinflammatory genes and the
SASP (Vizioli et al. 2020). It has also been suggested that in senescent cells,
increased mitochondrial outer membrane permeability (MOMP) allows the release
of mtDNA which also activates cGAS-STING signalling, thus increasing
proinflammatory gene expression. Further, the expression of pro-survival pathways
may allow for sublethal apoptosis, termed minority MOMP, in which cytochrome c
release and caspase activation induce DNA damage in the absence of apoptosis,
contributing to genetic instability and perhaps deeper senescence (Birch and Passos
2017).
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The mitochondrial genome is relatively sensitive to oxidative stress (Richter et al.
1988), further exacerbating the effects of mitochondrial dysfunction on disease
pathophysiology: mitochondrial dysfunction ultimately leads to DNA damage in
the mitochondrial genome and further mitochondrial dysfunction (Hollensworth
et al. 2000). While the precise mechanisms for this remain unclear, the proximity
of the mitochondrial genome to sites of ROS production and the lack of histones to
provide protection have all been discussed (Miller et al. 2021). Together, these
observations highlight the cyclical interactions between mitochondrial dysfunction,
oxidative stress and senescence, and illustrate how the initiation of any of these
processes could lead to a downward spiral in tissue function (Fig. 4.1).

In the heart, the cardiomyocytes of aged mice display a decline in expression of
most mitochondrial genes, including those involved in the electron transport chain
(Anderson et al. 2019). Moreover, and demonstrating that oxidative stress can drive
cardiomyocyte senescence, transgenic mice overexpressing the pro-oxidant enzyme
monoamine oxidase A (MAO-A), specifically in the cardiomyocytes, show
increased myocardial senescence and exhibit myocardial dysfunction (Anderson
et al. 2019).

Mitochondria also have mechanistic roles in acute CVD. This is notably seen in
the context of ischaemia-reperfusion injury (IRI) which, though not an age-related
disease per se, does primarily affect the older population since it is a significant
consequence of reperfusion therapies used to return the blood supply to the myo-
cardium following a heart attack (Aversano et al. 2002). IRI is a highly complex and
multifactorial process (Neri et al. 2017; Halladin 2015; Hausenloy and Yellon 2013),
but mitochondrial ROS generation is key to the pathophysiology driving
cardiomyocyte death, endothelial dysfunction and microvascular occlusion, and
promotes inflammation in this injury setting (Kalogeris et al. 2012; Neri et al.
2017; Hausenloy and Yellon 2013). As ROS can act as a contributor to mitochon-
drial Ca®* overload, it can further increase ROS levels, creating a feedback loop
whereby a state of Ca** overload is maintained and ROS generation is increased
(Penna et al. 2009; Murphy and Steenbergen 2007; Kaneko et al. 1990). Unfortu-
nately, while it is clear mitochondria and oxidative stress contribute to the patho-
physiology of IRI, and several preclinical studies have reported antioxidants to
protect against cardiac IRI (Dhalla et al. 2000), these results have failed to transfer
clinically (Hausenloy and Yellon 2013; Desmet et al. 2011; Siddiqi et al. 2014; Atar
et al. 2015). However, it may be that targeting the downstream effects of oxidative
stress such as senescence, rather than oxidative stress itself, is a preferable strategy
which may provide a longer treatment window to attenuate maladaptive remodelling
post-cardiac IRI. In preclinical models of cardiac IR, increased senescence has been
observed in multiple cell types within the area of myocardium that experienced
increased oxidative stress (Dookun et al. 2020). Interestingly, elimination of senes-
cence following cardiac IRI using a senolytic approach improved cellular respira-
tion, attenuated inflammation and remodelling, and enhanced revascularisation, all
of which were associated with an improved myocardial function (Dookun et al.
2020). Numerous clinical conditions besides MI including stroke, organ
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Fig. 4.1 Mitochondrial senescence and the SASP. (1) Mitochondrial dysfunction contributes to
increased ROS production. (2) ROS can directly induce DNA damage in the form of double and
single-stranded breaks in the genomic and telomeric DNA. DNA damage can also accelerate
telomere shortening. Together these induce senescence. (3) Mitochondrial-derived ROS drives
autocrine and paracrine mtDNA damage, further contributing to mitochondrial dysfunction.
(4) Senescent cells have increased MOMP, allowing the release of caspase-activating cytochrome
c. However, due to increased pro-survival protein expression in senescent cells, this release is
insufficient to induce apoptosis (minority MOMP) and instead leads to increased mitochondrial and
genomic DNA damage. (5) ROS activation of JNK inhibits tumour suppressor P53-binding protein
1 (53BP1) and thereby DSB end restriction, contributing to the release of cytoplasmic chromatin
fragments which are detected by the cGAS-STING pathway (6), an innate immune system double-
stranded DNA sensor which responds to CCF and (7) mtDNA release, due to increased mitochon-
drial membrane permeability, with NFkp activation and expression of proinflammatory SASP
genes which increases inflammation (8). These proinflammatory proteins, together with ROS,
maintain autocrine cellular senescence but also induce senescence in surrounding tissues (bystander
effect), propagating mitochondrial dysfunction and leading to a cascade in mitochondrial dysfunc-
tion and senescence

transplantation, and peripheral vascular disease (Widgerow 2014; Kalogeris et al.
2012) are linked to the occurrence of IRI, however, it has yet to be identified if
senescence contributes to pathophysiology in these disease settings.
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Telomeres and Telomerase in Cardiovascular Disease,
Replicative Senescence and Beyond

The association between telomere length and CVD is well-established and reviewed
(Hoffmann et al. 2021). Telomerase reporter mice and knockout models, such as
those lacking expression of either the telomerase RNA component (TERC) or
telomerase reverse transcriptase (TERT), have aided our understanding of how
experimentally-induced myocardial senescence can contribute to CVD (Blasco
et al. 1997; Leri et al. 2003; Richardson et al. 2012, 2018). However, it is now
apparent that telomeres and telomerase interact with CVD beyond their roles in
regulating replicative senescence.

It had long been debated as to how predominantly post-mitotic cardiomyocytes,
which rarely proliferate and therefore are protected from replicative stress, can
acquire a senescent phenotype. Data from recent studies, including our own, have
now determined that senescence can also be induced by DNA-damaging agents
including oxidative stress, which cause DNA damage foci that are preferentially
located within telomeres, termed telomere-associated foci (TAF) (Hewitt et al. 2012;
Anderson et al. 2019). During physiological ageing, cardiomyocytes in humans and
mice accumulate TAF (Anderson et al. 2019). TAF are persistent (they are not as
efficiently repaired as non-telomeric damaged DNA), induce senescence via activa-
tion of the p16 and p21 pathways, and occur independently of telomere shortening
and proliferation (Anderson et al. 2019) (Fig. 4.2). Pharmacogenetic elimination of
senescent cells from aged mice reduces the number of TAF-positive cardiomyocytes
but does not affect telomere length (Anderson et al. 2019), suggesting that TAF
accumulation is the primary trigger of cardiomyocyte senescence during ageing.

Telomerase activity is protective against senescence: cells stably transfected with
human telomerase can divide indefinitely (Bodnar et al. 1998). Conversely, inhibi-
tion of either TERT or TERC promotes senescence, reduces lifespan and accelerates
ageing in cells and small animal models (Shay and Wright 2004). Clinically, patients
suffering from mutations in genes that encode TERT demonstrate an accelerated
ageing phenotype that includes an increased prevalence of CVD (Armanios et al.
2005; Vulliamy et al. 2001; Ballew and Savage 2013; Khincha et al. 2017; Lina et al.
2008). While telomere maintenance contributes to these anti-senescence effects,
TERT has activity independent of telomere preservation that may also protect
against senescence. In particular, mitochondrial-localised TERT expression
improves mitochondrial function, reduces mitochondrial ROS production, and pro-
tects against DNA damage and instability in both genomic and mitochondrial DNA
(Haendeler et al. 2009; Ahmed et al. 2008; Fleisig et al. 2016). Mice which
constitutively express TERT but are cancer-resistant (due to enhanced expression
of the tumour suppressors p53, p16, and pl9ARF) demonstrate decreased ageing-
associated pathologies and an increase in median lifespan (Tomas-Loba et al. 2008).
Interestingly, this anti-aged phenotype was associated not only with telomere main-
tenance but also a reduction in both genomic and telomere-associated DNA damage
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Fig. 4.2 Cardiomyocyte senescence is induced independently of telomere shortening. Mitochon-
drial dysfunction and increased ROS generation induce telomeric DNA damage in cardiomyocytes.
While DNA damage occurs in both genomic and telomeric regions, genomic DNA damage is
repaired, resulting in a transient DDR that may not be sufficient for senescence establishment.
Alternatively, irreparable and therefore persistent DNA damage at telomeres causes a persis-
tent DDR and cardiomyocyte senescence, which is associated with SASP-mediated inflammation

(Tomas-Loba et al. 2008), supporting a senoprotective role of telomerase that is
independent of telomere maintenance.

The senescent phenotype is associated with a reduction in both canonical and
non-canonical telomerase function, as p53 attenuates TERT expression via the
inhibition of PGC-1a, which upregulates TERT expression in proliferative cells.
As such, a crisis point must be reached in conditions of oxidative stress whereby
sufficient DDR signalling activates p53, and presumably the senescence pathway,
which then inhibits both mitochondrial biogenesis and the defensive functions of
TERT. This facilitates escalating ROS generation, DNA damage (both mitochon-
drial and genomic) and ROS-mediated telomere shortening (Fig. 4.3). Indicating this
may contribute to CVD are the observations that, in both cardiomyocytes and
T-cells, p53 downregulates PGC-1a, resulting in increased mitochondrial oxidative
damage (Villeneuve et al. 2013; Schank et al. 2020).

TERT is increased in multiple cell populations including cardiomyocytes in
response to cardiac injury (Richardson et al. 2012). While the functionality of this
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Fig. 4.3 TERT mediated protection from senescence. (1) In conditions of increased oxidative
stress, PGC-1a promotes mitochondrial biogenesis and upregulates TERT expression. (2) Through
canonical roles and telomerase function, TERT maintains telomeres, and oxidative stress promotes
the export of TERT from the nucleus. (3) Through unknown mechanisms TERT translocates into
the mitochondria. (4) Increases in mitochondrial-located TERT are associated with improved
electron transport chain function and a decrease in ROS, processes which will attenuate DNA
damage and telomere shortening. (5) TERT interacts with mtDNA and protects mtDNA from dam-
age, maintaining mitochondrial biogenesis and thereby function. (A) If telomeres reach a crisis
point or DNA damage is persistent, activation of the classical senescence pathways that converge in
p53 activation (B). (C) p53 inhibits PGC-1a and therefore both mitochondrial biogenesis and TERT
expression, preventing the defensive functions of TERT enabling increased oxidative stress,
telomere attrition, and further DNA damage

expression is not yet known, given the post-mitotic nature of cardiomyocytes, it is
arguably unlikely that TERT is upregulated to maintain telomeres during extensive
proliferation. Instead, TERT upregulation could provide a mechanism for the
cardiomyocyte, and potentially other cell types, to protect against mitochondrial
dysfunction and oxidative stress, which in turn may protect against DNA damage
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and senescence/apoptosis. In support of this notion, recent studies have demon-
strated that mice which overexpress mitochondrial TERT, but lacked nuclear TERT,
had improved mitochondrial respiration, attenuated myocardial remodelling and
increased revascularization after they were subjected to cardiac IRI; these factors
contributed to improved cardiac function (Ale-Agha et al. 2021). These benefits
overlap with the outcome of the studies described earlier, in which senescence was
eliminated following cardiac IRI (Dookun et al. 2020).

While the relationship between telomere length, atherosclerosis and the develop-
ment of CHD has been studied extensively (Harst et al. 2007; Samani et al. 2001;
Brouilette et al. 2007), little is known regarding the interactions between
non-canonical telomerase activities and these diseases. T-cells express telomerase
to maintain telomere length and protect against senescence (Weng et al. 1996). It has
been demonstrated that oxidative stress can suppress telomerase activity within
T-cells (Callender et al. 2018) which could accelerate T-cell senescence through
two mechanisms: (i) as a result of replication in the absence of telomerase and (ii)
through increased mitochondrial dysfunction and ROS generation due to suppres-
sion of mitochondrial TERT activity. Given that T-cell senescence is associated with
a proinflammatory phenotype, chronic oxidative stress within an atherosclerotic
plaque could contribute to disease pathophysiology. Furthermore, subpopulations
of T-cells, such as Tgeg cells, are anti-atherogenic, and therefore senescence in these
populations could also promote atherosclerosis.

Taken together this data suggests that if the pro-tumourigenic activities of TERT
can be overcome, enhancing telomerase expression may have therapeutic value for a
wide range of CVDs through senescence protection (telomere-dependent and -inde-
pendent mechanisms), improved mitochondrial function, reduced oxidative stress
and reduced inflammation. Interestingly statins, one of the most potent drug families
which can slow the progression of atherosclerosis (by delaying age-related inflam-
matory changes in the arterial vessel wall), have been shown to stimulate telomerase
activity (Bennaceur et al. 2014). Although, it remains unknown if stimulation of
TERT’s non-canonical activities contributes to the benefits associated with
statin use.

Mitochondrial Dysfunction of T Lymphocytes as a Potential
Mechanism of Enhanced Inflammation Post-myocardial
Infarction

In vertebrates, premature ageing of the immune system (termed
“immunosenescence”) is mainly linked to thymic involution and changes in cellular
immunity as a response to pathogens, such as recurrent viral infections, throughout
life (Miiller et al. 2013). These include a reduction in circulating lymphocytes and
naive T lymphocytes, the loss of stimulatory T lymphocyte co-receptors, the increase
of oligoclonal memory cells, and finally, increased levels of proinflammatory
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cytokines. Immune ageing has been proven to correlate with higher mortality across
different age groups (Strindhall et al. 2007; Alpert et al. 2019). Relative
lymphopenia in over 50,000 otherwise healthy middle-aged Americans has recently
been identified as a strong predictor of overall mortality as well as cardiovascular
mortality (Zidar et al. 2019). In the Newcastle 85+ study, we have previously shown
that women exhibited higher lymphocyte counts and a higher frequency of naive
T-cells, paralleled by lower cardiovascular mortality, without differences in
non-cardiovascular mortality (Martin-Ruiz et al. 2020; Spyridopoulos et al. 2016).
We also found in a different study that MI leads to accelerated immunosenescence
and shorter leukocyte telomere length (Hoffmann et al. 2015; Spyridopoulos et al.
2009). Finally, fewer lymphocytes following MI also predicted higher mortality in
our patients (Boag et al. 2015; Spray et al. 2021). Lymphocyte proliferation can be
enhanced in vitro by activating telomerase (Richardson et al. 2018). We have shown
that T lymphocyte proliferation can be induced in a TERT-dependent manner
in vitro by the telomerase activator (Richardson et al. 2018), TA-65MD®
(T.A. Sciences, New York, USA). Further, TA-65 treatment has been shown to
improve the outcome of mice after experimental MI, a function that required the
presence of mitochondrial TERT (Ale-Agha et al. 2021; Jabbour et al. 2019).
Importantly, mice that express mitochondrial-localised but lack nuclear-localised
TERT are phenotypically normal and show no obvious signs of hyperproliferative
diseases (Ale-Agha et al. 2021), suggesting that the TA-65-enhanced mitochondrial-
TERT expression is not pro-tumourigenic. Our TACTIC (Telomerase Activator to
Reverse Immunosenescence in Acute Coronary Syndrome: A Double-Blind, Phase
1T, Randomised Controlled Trial) study ° is the first randomised clinical trial using a
telomerase activator in patients following myocardial infarction, and will investigate
whether treatment reduces inflammation while simultaneously enhancing immunity
following ML

Inflammation Is an Important Residual Risk
Post-myocardial Infarction

Following myocardial infarction, secondary prevention for patients nowadays con-
sists of targeting their residual risk, which is thought to be largely attributed to either
hypercholesterolemia (which can be targeted with statins and proprotein convertase
subtilisin/kexin type 9 inhibitors) or platelet aggregation (which can be treated with
dual antiplatelet therapy). Recently inflammation, as quantified by high-sensitivity
C-reactive protein (hsCRP), has been added to this. The CANTOS trial has success-
fully proven that reducing inflammation in CAD patients with elevated hsCRP
(>2 mg/L) improves outcomes (Ridker et al. 2017). In a more detailed subanalysis
of the CANTOS trial, the authors found that the relative improvement of outcome
correlated directly to the magnitude of hsCRP reduction (Ridker et al. 2018).
Secondly, adverse remodelling is also propagated by excessive inflammation;
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early studies with the IL-1 antagonist Anakinra following MI suggest treatment can
reduce the progression to heart failure (Abbate et al. 2020). However, a major
limitation of the CANTOS trial was the effect of IL-1p blockade on immunity, as
patients in the treatment group had a higher risk for infections as well as a higher risk
of dying from sepsis. Clearly, there is a need for anti-inflammatory targets post-MI
without compromising immunity; targeting immune ageing directly could present a
viable option.

Mitophagy and Age-Related Cardiovascular Disease

In the heart, the mitochondria can metabolically adapt to changes in cardiac stress,
ensuring they meet the high energy demand of the heart. However, as previously
mentioned, ageing is associated with altered cardiac mitochondrial metabolism and
mitochondrial dysfunction (Lesnefsky et al. 2016; Lesnefsky and Hoppel 2006). In
order to prevent cardiomyocytes containing damaged mitochondria from undergoing
cell death, the adaptive process mitophagy facilitates the efficient removal of dys-
functional and damaged mitochondria within a cell. Thus, the physiological conse-
quences of mitophagy prevent ROS-mediated damage to proteins and DNA, and
prevents inflammation. Hence, mitophagy maintains cardiac homeostasis by con-
trolling a dynamic balance between the elimination of mitochondria and mitochon-
drial biogenesis, maintaining a healthy mitochondrial network. Mitophagy is defined
as mitochondrial autophagy and is a selective form of autophagy specifically elim-
inating dysfunctional mitochondria in cells (Narendra et al. 2008). Autophagy is a
key catabolic pathway in cellular quality control. During autophagy, damaged
organelles are engulfed by autophagosomes and are subsequently degraded by
fusion with lysosomes. There are two known mechanisms for mitophagy: adaptor-
mediated and receptor-mediated. The former pathway functions via Phosphatase and
Tensin Homolog (PTEN)-induced putative kinase 1 (PINK) and Parkin-mediated
mitophagy, and this is the most well-characterised pathway. When a mitochondrion
is dysfunctional or damaged, PINKI1 accumulates on the outer surface of the
mitochondrion (Lazarou et al. 2015). Here, PINK1 phosphorylates ubiquitin and
the E3 ubiquitin ligase, Parkin, which ubiquitinates key mitochondrion-associated
proteins (Jin et al. 2010; Matsuda et al. 2010; Narendra et al. 2008). These signals are
bound by autophagic adaptor proteins such as p62/SQSTM1 that subsequently bind
with microtubule-associated protein 1A/1B-light chain 3 (LC3), which is tethered on
the phagophore membranes (Gustafsson and Dorn 2019), hence sequestering the
ubiquitinated mitochondrion within the autophagosome. This fuses with a lysosome
leading to the degradation of the damaged mitochondria (Pankiv et al. 2007; Lazarou
et al. 2015). As such, impaired mitophagy leads to an accumulation of “old”,
defective mitochondria. While it remains unclear if impaired mitophagy contributes
to senescence induction, is a result of senescence, or both, there are clear interactions
between senescence-inducing pathways, the senescent phenotype and attenuated
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mitophagy. The senescence regulator pS3 can interact with Parkin by blocking the
translocation of Parkin, p53 can suppress mitophagy (Ahmad et al. 2015).

Impaired mitophagy has been implicated in the pathology of various age-related
CVDs (Dominic et al. 2014). In healthy young hearts, there is an underlying level of
baseline mitophagy essential for maintaining the cellular homeostasis in an energy-
efficient heart, and for responding and adapting to stress. Thus, the mitophagy
pathways are tightly regulated. However, there is evidence that a decrease in
mitophagy is associated with ageing (Zhou et al. 2017) and also with the pathogen-
esis of the CVD (Taneike et al. 2010), due to the accumulation of dysfunctional
mitochondrial which reduces the ability of the heart to adapt to stress. In patients
with the late stages of heart disease, a low number of autophagosomes is associated
with a poor prognosis (Saito et al. 2016). This accounts for the pathological changes
which are observed in the cardiac mitochondria of CVD patients, including the
presence of giant megamitochondria, the loss, reorientation, or change in the shape
of the cristae, formation of intramitochondrial rods and crystalloids (Hoppel et al.
2009).

In atherosclerosis, destabilisation of the atherosclerotic plaques has been associ-
ated with deficient mitophagy which in turn is linked to cell death, cell stress, and
ROS accumulation in the plaques (Madamanchi and Runge 2007; Grootaert et al.
2018). Various studies have shown that within atherosclerotic plaques from human
samples and mouse models, autophagy is either decreased or dysfunctional, shown
by reduced expression of autophagic markers p62 and LC3-II (Razani et al. 2012;
Sergin et al. 2016; Swaminathan et al. 2014). Activation of mitophagy has been
suggested as a possible mechanism to slow disease progression. Antioxidant thera-
peutic strategies, such as melatonin treatment (which has anti-inflammatory proper-
ties) (Ma et al. 2018), activate mitophagy and as a consequence stabilise
atherosclerotic plaques.

One important role of mitophagy is to suppress inflammation, which can lead to
myocardial damage and is described as a key feature of CVD. ROS excretion and
release of mtDNA from dysfunctional mitochondria activate the NLRP3
inflammasome (Nakahira et al. 2011; Heid et al. 2013) leading to inflammation in
the heart. However, mitophagy can remove these damaged mitochondria and thus
has an important role in suppressing inflammation. This was highlighted when
transgenic mice with cardiac-specific overexpression of Beclinl (a key regulator of
autophagy) were exposed to lipopolysaccharide-induced sepsis, and an activation of
the PINK1/Parkin mitophagy pathway was observed—this was noted alongside
reduced inflammation, fibrosis and improved cardiac function in the mice (Sun
et al. 2018).

Mouse models which are Parkin-deficient or overexpress Parkin have illustrated
that loss of mitophagy accelerates ageing in the heart (Kubli et al. 2013; Hoshino
et al. 2013) or that enhancement of mitophagy delays cardiac ageing (Hoshino et al.
2013; Gao et al. 2021), respectively, highlighting the benefits of promoting Parkin-
mediated mitophagy. Furthermore, following MI, cardiac-specific Parkin-deficient
mice show that mitophagy is essential to reduce cardiac injury. After MI, the Parkin-
deficient mice had reduced survival and developed larger infarcts: when compared to



4 Heart Disease and Ageing: The Roles of Senescence, Mitochondria, and. . . 61

the control mice, these infarcts had reduced mitophagy and increased dysfunctional
mitochondria in the border zone, accounting for the observed heart failure (Kubli
et al. 2013). Hence it has been demonstrated that loss of mitophagy exacerbates
cardiac injury, leading to reduced survival.

Myocardial IRI leads to mitochondrial damage accompanied by an initial adap-
tive autophagic response to cardiac injury (Gustafsson and Gottlieb 2009), which is
shown by an increase in mitophagy in both cardiomyocytes and platelets (Zhang
et al. 2018). However, this response may be short-lived: Billia and colleagues
showed that acute cardiac IRI ultimately leads to a reduction of autophagy flux, as
seen in heart tissue from patients with end-stage heart failure (Billia et al. 2011). In
the tissue, PINK1 protein levels were reduced compared to control samples, thus
leading to the accumulation of damaged mitochondria, severe oxidative stress and
apoptosis of cardiomyocytes (Campos et al. 2016). Studies from transgenic mouse
models illustrate the initial cardioprotective role of mitophagy. In one example,
cardiac-specific deletion of Drpl (a mitochondrial fission mediator) leads to an
accumulation of elongated and damaged mitochondria, and suppresses mitophagy,
thus promoting cardiac dysfunction and increasing susceptibility to IRI (Ikeda et al.
2015). An alternative mitophagy pathway is via the autophagy receptor Funl4
domain-containing protein 1 (FUNDCI1), which interacts directly with LC3. In
response to IRI-induced hypoxia, the Fundl knockout mouse model is unable to
protect the heart from IRI due to a lack of mitophagy specifically (Zhang et al. 2017).
It was later shown that general autophagy remained unchanged (Xu et al. 2022).
Similarly, PinkI-deficient mice are more susceptible to IRI (Siddall et al. 2013), a
phenotype which is rescued when Pinkl is overexpressed, as this reduces cell death
and decreases infarct size (Wang et al. 2015). Thus, it is the induction of mitophagy
that contributes to the cardioprotective effect of attenuating cardiac injury. This has
been proposed as a strategy to protect the cardiac environment in CVD, although this
needs to be carefully appraised as excessive mitochondrial removal in response to
IRI can increase cardiomyocyte death (Lesnefsky et al. 2017).

The association between mitophagy and senescence in CVD is evidenced by two
independent studies which demonstrated that restoration of mitophagy prevents
age-related CVDs by delaying cellular senescence. D-galactose-induced accelerated
ageing mice display a phenotype which, when untreated, leads to increased cardiac
cellular senescence and impaired cardiac function: mice were administered acacetin
(Cui et al. 2018) or Kanglexin (KLX) (Li et al. 2022) and both treatments improved
the cardiac function of these mice. In the former study, the authors found that the
underlying mechanism for this improvement was protection from cellular senes-
cence which was attributed to an upregulation of mitophagy (Hong et al. 2021).
After treatment with KLX, a similar increase in mitophagy is noted, specifically in
senescent cardiomyocytes, which was shown to be due to the enhanced stability of
Parkin (Li et al. 2022). Moreover, treatment of a mouse model of accelerated ageing
(caused by activation of the major proinflammatory NF-kB pathway) with
rapamycin (a known autophagy and mitophagy activator) reduced cellular senes-
cence, prevented age-related frailty and reduced histopathological evidence of
age-related disease in several organs including the heart (Correia-Melo et al.
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2019). Thus, enhancing mitophagy could represent a useful strategy for targeting
age/senescence-related CVD. Manipulation of mitophagy is an attractive model to
delay cardiac ageing and disease, however there are challenges as the level of
mitophagy must be tightly regulated and is dose-dependent. Increasing autophagy
excessively can lead to unnecessary degradation of cellular organelles and proteins
leading to counterproductive energy deficiency.

Accelerated Ageing and Cardiovascular Disease:
Chemotherapy-Induced Cardiotoxicity

Though cancer survival is improving globally, many anticancer interventions leave
survivors with lasting off-target effects. Though radiation therapy has been reported
to increase frailty, especially in the context of neurocognitive defects from cranial
radiotherapy (Armstrong et al. 2013), pharmacological approaches can also promote
an ageing phenotype in various organ systems. Given the increasing population of
cancer survivors, understanding the long-term impacts of these off-target effects is a
priority for clinicians, and chemotherapy-induced cardiotoxicity (CIC) is a major
player in the field, which plagues even newer-generation chemotherapies such as
tyrosine kinase inhibitors (Chaar et al. 2018). The anthracycline drug class, which
remains a cornerstone of anticancer treatment for countless patients globally, is one
of the most well-studied examples of CIC-inducing drugs. Most commonly used for
breast cancer and sarcoma treatments, these drugs have long been associated with
cardiovascular toxicity, most notoriously in a delayed symptomatic form, whereby
cardiovascular phenomena arise many years after therapy conclusion. Typically,
patients may present with arrhythmias, reduced LV function or fulminant heart
failure, and interventions at this late stage in the disease are often inefficient. In
the past, anthracycline-induced cardiotoxicity was categorised as either acute, early-
onset, or late-onset. More recently, however, studies by Cardinale et al. have pointed
towards anthracycline-induced cardiotoxicity (AIC) being one continuous phenom-
enon, with the temporal difference in presentation being perhaps due to patient risk
factors and cumulative anthracycline dosage (Cardinale et al. 2015). This paradigm
shift has facilitated a re-appraisal of how AIC may play out over time mechanisti-
cally, and this has allowed for more intuitive parallels to be drawn between progres-
sive AIC and an accelerated ageing phenotype in the cardiac environment (Mitry
et al. 2020; Maejima et al. 2008; Rebbaa et al. 2003). There is increasing interest in
the concept that anthracycline-induced senescence may contribute to the long-term
cardiotoxicity associated with these drugs (Saleh et al. 2020). Senescence induction
is a recognised response to chemotherapy (Perkins et al. 2020; Ewald et al. 2010;
Wang et al. 2020; Saleh et al. 2020; Wyld et al. 2020) and cancer survivors
demonstrate an accelerated ageing phenotype overall, including increased comor-
bidity manifesting as conditions usually associated with ageing, including increased
cardiac events, peripheral neuropathy, a decline in bone health and cognitive decline,
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all consistent with an increase in systemic senescence (Cupit-Link et al. 2017). With
regards to the heart, the commonly used anthracycline doxorubicin (DOX), for
which DNA damage is a primary therapeutic mechanism, can induce fibroblasts
and cardiomyocytes to senescence in vitro (Zhang et al. 2009; Maejima et al. 2008;
Fourie et al. 2019). Murine studies have also implicated the accumulation of
senescent cells within the heart as causal to AIC (Demaria et al. 2017). Using a
transgenic model that allows the identification and elimination of p16-expressing
senescent cells, Demaria et al. demonstrated that following exposure to DOX,
senescence is increased, and cardiac function is reduced (Demaria et al. 2017).
However, the elimination of senescent cells prevented the functional decline
(Demaria et al. 2017). Similarly, elimination of senescence with the senolytic
navitoclax reduced markers of cardiotoxicity and restored cardiac function in
DOX-treated mice (Lérida-Viso et al. 2022). These data suggest that senescence is
an active participant in the progression to myocardial dysfunction and not just a
passive bystander. Interestingly, first-generation TERT-knockout mice (which retain
long telomeres but lack the non-canonical activities of TERT) are more sensitive to
DOX-induced cardiotoxicity than littermates (Werner et al. 2008), further supporting
the notion that mitochondrial TERT is senoprotective. Moreover, cardiomyocyte-
specific overexpression of TERT also protects from DOX-induced cardiac dysfunc-
tion (Chatterjee et al. 2021). Upon DOX exposure, TERT overexpression enhances
TERT mitochondrial translocation, which protects against mitochondrial dysfunc-
tion and ROS generation (Chatterjee et al. 2021). While this study did not quantify
senescence, the obvious DNA-damaging properties of DOX coupled with mitochon-
drial dysfunction/ROS being drivers of cardiomyocyte senescence prompt the idea
that mitochondrial TERT may prevent or delay cardiomyocyte senescence,
preventing senescence-induced myocardial remodelling and cardiac dysfunction.
To date, most studies regarding CIC have focused on the anthracycline class of
drugs. However, due to aforementioned improvements in cancer survivorship, it is
now becoming evident that delayed and chronic cardiotoxicity may also be a factor
with other classes of chemotherapeutic agents (Florescu et al. 2013; Michel et al.
2019) Interestingly, chemotherapeutics including paclitaxel, temozolomide, and
cisplatin can induce senescence in murine skin (Demaria et al. 2017). Despite
these studies, it remains unknown if senescence induction underlies the
cardiotoxicity of these chemotherapies. Furthermore, as with ageing, interactions
between the senescent myocardium and the adaptive immune system may contribute
to CIC.

Figure 4.4 summarises how intrinsic and extrinsic stresses may drive mitochon-
drial dysfunction and oxidative stress leading senescence and CVD.
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Fig. 4.4 Intrinsic and extrinsic stresses drive mitochondrial dysfunction and oxidative stress. This
stress leads to increased TERT expression, which is senoprotective. If stress outweighs these
protective functions, DNA damage leads to p53 activation, which downregulates TERT expression,
and expression of p53 targets leads to senescence. Senescence drives local and systemic inflamma-
tion via the SASP, leading to age-related disease and a cascade of oxidative stress through a positive
feedback loop. Activation of mitochondrial TERT with TA65 or pharmacological elimination of
senescent cells reduces oxidative stress at a cellular- and organ-level, attenuating the cascade of
oxidative stress. DNA-damaging agents such as anthracyclines may directly induce cellular senes-
cence, contributing to increased systemic inflammation and oxidative stress through the same
mechanisms

Viral Infection, Inflammation, Senescence,
and Cardiovascular Disease

The presence of senescent immune cells can lead to a reduction in effective immu-
nity, enhanced inflammation (by driving the secretion of inflammatory cytokines via
the SASP), and as a result of endothelial and myocardial cell targeting through
cytotoxic, pro-apoptotic mediators (granzyme, perforin) as previously reviewed (Liu
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et al. 2020). Ageing is related to chronic low-grade sterile inflammation, increased
immunosenescence and a high risk for cardiovascular-related mortality. We have
observed that viral infection may accelerate immunosenescence as cytomegalovirus
(CMV)-seropositive patients demonstrate signs of accelerated immune ageing fol-
lowing myocardial infarction, that seem to link with impaired myocardial healing
(Spyridopoulos et al. 2009; Hoffmann et al. 2015). Importantly, in patients with
previous CMV infection, where there is a known abundance of virus-specific
cytotoxic T lymphocytes, we have found an (i) increased Thl proinflammatory
response, (ii) enhanced infiltration of the heart with T lymphocytes, and finally
(iii) adverse cardiac remodelling (Martin-Ruiz et al. 2020; Hoffmann et al. 2015;
Spyridopoulos et al. 2016; Spray et al. 2021). Accumulation of T-cell senescence is
associated with higher mortality, age-related myocardial decline and a predisposition
towards CVDs (Martin-Ruiz et al. 2020; Hoffmann et al. 2015; Spyridopoulos et al.
2016). Together, this suggests that CMV infection mediates immunosenescence, and
the associated immune cell dysregulation contributes to excessive inflammation and
thereby adverse remodelling following a myocardial infarction.

Acute cardiovascular complications are also associated with severe acute respi-
ratory syndrome coronavirus 2 (SARS-CoV-2) and it is established that age is the
greatest risk for mortality and morbidity post-infection (Xie et al. 2022). It is possible
that these associations are a result of viral induction of senescence: it has been
demonstrated that similar to CMV, albeit in a more acute setting, SARS-CoV-2
infection increases immune cell senescence, compromises cytotoxic T-cell activity,
and that the SASP has been implicated in contributing to cytokine storm in corona-
virus disease 2019 (COVID-19) patients (Lee et al. 2022). While the interaction
between SARS-CoV-2 and senescence is not yet fully understood, the best indica-
tion that senescence contributes to COVID-19 are studies which have shown that the
elimination of senescent cells improves the survival of aged mice against
-coronavirus infection (Camell et al. 2021), and those that show that senescence
elimination post SARS-CoV-2 infection reduced inflammation and mitigated a
COVID-19-reminiscent lung disease in both hamsters and mice (Lee et al. 2021).
Studies are underway to explore whether the senolytic Fisetin can reduce the
requirement for hospitalisation in a cohort of older COVID-19 patients (Camell
et al. 2021). Given the association between senescence and chronic diseases, includ-
ing those of the cardiovascular system, it is possible that SARS-CoV-2-induced
senescence may underlie several post-infection conditions, perhaps including
so-called “long-COVID”.
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