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Abstract

Cardiovascular diseases (CVDs) and cancer are the two leading causes of global mortality. Cancer treatments,
including radiotherapy and chemotherapy, can have severe cardiotoxic side effects, raising concerns for cancer
patients and increasing the financial burden on healthcare systems. Recent studies have shown a link between
cancer therapy-induced cardiotoxicity and cardiac senescence. Specifically, systemic cancer therapies are known
to induce cardiac senescence, which may directly result in cardiac dysfunction or enhance the vulnerability of the
heart to other stressors. Besides anthracyclines, newer, more targeted therapies such as tyrosine kinase inhibitors
(TKIs) have also been shown to induce cardiac senescence. Cellular senescence is triggered by DNA damage,
oncogene activation, reactive oxygen and nitrogen species, and other stressors, leading to the secretion of
proinflammatory factors, increased oxidative stress, and disruption of normal cellular functions. Understanding the
molecular mechanisms of cardiac senescence induced by cancer therapy is essential for attenuating or even
preventing clinically overt cardiotoxicity using senotherapies such as senolytics and senomorphics. In this review,
cancer therapies that are associated with CVDs are described with an emphasis on the potential role of cardiac
senescence in the disease progression. In addition, the known mechanisms by which anthracyclines, particularly
doxorubicin (DOX), radiotherapy, and TKls lead to cardiac senescence are highlighted. Finally, recent and novel
senotherapies for treating cellular senescence are discussed with a focus on targeting cardiac senescence following
cancer treatment. The field remains in its early stages, with further research required to clarify how cancer
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treatments contribute to cardiotoxicity. At the same time, identifying senotherapies that can be safely combined
with cancer drugs is essential for targeting cardiac senescence and protecting cardiac health in cancer patients.

Keywords: Cardiovascular senescence, cardiovascular diseases, cardiac senescence, cardiotoxicity, senotherapy,
senolytics, senomorphics

INTRODUCTION

Advances in cancer therapy, including the introduction of targeted treatments, have significantly improved
cancer outcomes and increased the number of long-term survivors. However, these therapies can lead to
serious cardiovascular side effects, which have become a major concern for cancer survivors'". In a United
States population-based study involving 3.2 million cancer patients, 38% died from cancer while 11% died
from cardiovascular diseases (CVDs), with the highest risk observed in the first year after diagnosis in
patients under 85 years of age, particularly among patients under 35 years old". Mostly affected were those
with breast and prostate cancers, which are among the most frequent types diagnosed. Cardiotoxicity from
cancer treatments can manifest years after treatment as hypertension, arrhythmias, coronary artery disease,
and heart failure (HF), amongst others"!. Commonly used agents, such as anthracyclines and tyrosine
kinase inhibitors (TKIs), significantly increase the risk of HF, while radiation therapy is linked to various
cardiovascular complications'”.

The mechanisms underlying cancer therapy-induced cardiotoxicity are complex and multifaceted. One
notable mechanism is cellular senescence, a state of permanent cell cycle arrest typical of aging, which can
be triggered by various cancer therapies”. Senescence can be initiated by DNA damage (from alkylating
agents or radiation), activation of oncogenes (such as Ras and Myc), reactive oxygen and nitrogen species
(ROS and RNS), and other stressors'. Senescent cells contribute to cardiotoxicity by secreting
proinflammatory factors, promoting oxidative stress, and disrupting normal cellular functions. In this
review, we examine the features and mechanisms of senescence in cardiovascular health and disease,
explore how cancer therapies induce cardiotoxicity through senescence, and discuss emerging anti-
senescent therapies with the potential to treat cardiotoxicity induced by cancer treatment.

HALLMARKS OF CELLULAR SENESCENCE

Cellular senescence is a biological process that leads to a halt in proliferative capacity while maintaining the
metabolic function of the cell in response to a variety of stressors”. It represents a double-edged sword
process, playing a vital role in embryogenesis, development, tissue regeneration, and repair, as well as being
a part of physiological aging. However, it is also a key mechanism in the development of many diseases'.
Based on the inducer, senescence can be categorized into three main types: replicative, stress-induced
premature senescence (SIPS), and oncogene-induced senescence (OIS)". Replicative senescence is a
hallmark of aging as it occurs due to telomere shortening and telomerase repression of somatic cells"”.
Telomeres, which are located at the ends of linear chromosomes, are crucial for genomic stability. In
vertebrates, they consist of 5-TTAGGG-3' repeats bound by proteins that prevent the activation of a DNA
damage response (DDR). However, since conventional DNA polymerases (such as Pol « and Pol ) cannot
fully replicate these ends without telomerase, telomeres shorten progressively with each cell division". Once
critically short, they lose sufficient capping proteins, exposing the DNA ends and activating DDR signaling
pathways".

Inducers and mediators of senescent cells in the heart
The heart accumulates senescent cells during aging, as most of the cells that make up the heart are mitotic
cells that are susceptible to replicative senescence'”. In contrast, cardiomyocytes have very limited
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proliferative potential and are considered post-mitotic. Nevertheless, they can undergo a form of senescence
called post-mitotic senescence!”. During aging, the rate of senescent cell formation increases, while their
clearance decreases, resulting in a significant accumulation of senescent cells'. Throughout aging, the heart
experiences specific physiological and molecular alterations, including cardiomyocyte hypertrophy and
fibrosis'*. Studies have shown a correlation between accumulating cardiac senescent cells and CVDs such as
atherosclerosis, ischemia, endothelial dysfunction, and vasomotor dysfunction'. Although replicative
senescence induced by telomere shortening represents a physiological process in aging, it also occurs
prematurely in patients suffering from CVDs due to several risk factors that induce SIPS. Sub-cytotoxic
stressors, including cancer therapies like radiotherapy and chemotherapy, can trigger SIPS, leading to
therapy-induced senescence, mitochondrial dysfunction, and immune dysregulation'. Those stressors
expose the cell to chemical and physical stress, inducing irreversible growth arrest. Similar to replicative
senescence, the accumulation of stress-induced senescent cells leads to CVDs, including HF, myocardial
infarction (MI), hypertrophic cardiomyopathy, and fibrosis""”. Additionally, OIS plays a significant role in
CVDs by accelerating cellular aging and promoting inflammatory responses within the cardiovascular
system. Aberrant activation of oncogenes and the downregulation of tumor suppressor genes such as p16
lead to a hyperproliferative state in cells, which results in proliferative exhaustion and growth arrest"".
Although the induction of OIS ultimately suppresses cell proliferation and may work against malignant
transformation, it can also promote cancer development. The net effect of OIS depends on the interplay of
downstream signaling and the interaction of senescent cells with their microenvironment"?.

Characteristics of senescent cells

Even though the three main types of senescence (replicative senescence, SIPS and OIS) are triggered by
different stimuli, they ultimately result in a common senescent phenotype. This phenotype is characterized
by morphological alterations, macromolecular damage, metabolic changes, and a modified secretory profile,
as depicted in Figure 1.

Morphological changes

A typical senescent cell shows an exceptionally flattened shape and enlarged morphology compared to a
dividing cell. The enlarged and irregular morphology of the cell is not only confined to the cytosol but can
also affect the nucleus. Senescent cells can also appear multinucleated, but more often, they exhibit an
enlarged nuclear morphology, supported by the loss of lamin B1, utilized as a senescent-associated
biomarker*'*. Lamins (lamin B1, B2, A, C) are components of the nuclear lamina, which consists of a
fibrillar network underlying the inner nuclear membrane responsible for maintaining nuclear stability and
chromatin organization"*'*. It has also been reported that downregulation of lamin B1 occurring in
senescent cells triggers senescence-associated heterochromatin foci (SAHFs) formation and dramatic
chromatin reorganization"”"*. The compromised integrity of the nuclear lamina in senescent cells upon
lamin B1 downregulation contributes to the formation of cytoplasmic chromatin fragments (CCF), which
are nuclear chromatin fragments that are shed into the cytoplasm"** and enriched in epigenetic markers
associated with an induction of the DDR through DNA damage!**’.

Macromolecular damage

DNA damage such as DNA double-strand breaks, induces the recruitment of ataxia telangiectasia mutated
(ATM) kinases to the DNA damage site®, which triggers the phosphorylation of y-H2A histone family
member X (y-H2AX) and thereby facilitates the recruitment of DNA damage repair factors including p53-
binding protein-1(53BP1) and mediator of DNA damage checkpoint 1 (MDC1)". 53BP1 and MDC1 are
two important DDR components, which protect the stability of the genome. Therefore, their malfunction
may contribute to the induction of tumorigenesis™.



Page 4 of 29 Alshoubaki et al. J Cardiovasc Aging 2024;4:23 | https://dx.doi.org/10.20517/jca.2024.14

Type of Inducers and mediators Macromolecular Metabolic
senescence of cellular senescence damage changes
{53BP1
W 2
Replicative W m
senescence L
1 Apoptosis
N Cdk4/6 resistance
Telomere shortening l m @
E ﬁ
Oncogene-induced /,/ \0\ ) + SA-B-
senescence - gal
cell cycle arrest i,::;
~ il - Sakh Mae -
;“g:; foi R & JCCFs 4ROS
5 fhe ‘ {:} dysfunction } o
D V > 1
L d
. Lo = O/
Stress-induced f.“.‘f“f!“:':"_"_a! tyshention__ T e S
senescence . nuclear size 1 S s .
& [ : e
. 1 o o
Radi Ch e . Larger cell { ®o0
adio emo P size [} sSASP
therapy therapy P 1 @
1
1
Morphological ! @ SASP Secretory
changes phenotype

Figure 1. Mechanisms of cellular senescence. Senescence can be divided into different types including replicative senescence, oncogene-
induced senescence, and stress-induced senescence. There are multiple different cellular inducers and mediators of senescence. The
induction of senescence in a cell activates multiple different signaling mechanisms as a result of a DNA damage response (DDR), which
inhibits cell cycle progression and results in a change in the morphology of the cell, as well as mitochondrial dysfunction, metabolic
changes, and a senescence-associated secretory phenotype (SASP). In the pathways presented in the figure, the red "play" button
indicates activation of the pathway. ETC: Electron transport chain; ROS: reactive oxygen species; ER: endoplasmic reticulum; SAHF:
senescence-associated heterochromatin foci; CCF: cytoplasmic chromatin fragments. Created with BioRender.com software.

Senescence entry occurs via this ATM-induced phosphorylation of transcription factor p53, which activates
p21“" upon ATM/ataxia telangiectasia and rad3-related protein (ATR) stimulation, leading to cell cycle
arrest or through p1e directly. p16™* maintains senescence by acting as a cyclin-dependent kinase (CDK)
4/6 inhibitor. It leads to retinoblastoma protein (RB) phosphorylation, causing the complex formation of
RB-E2F, which induces cell cycle arrest through inhibited transcription of cell cycle genes”***. Chromatin is
not the only macromolecule affected by senescence. Indeed, other organelles, such as endoplasmic
reticulum (ER) and mitochondria, involved in protein synthesis, stress sensing, and bioenergetics, are also
affected. In senescent cells, different types of stress can cause ER dysfunctions, which induce an unfolded
protein response (UPR). UPR is an adaptive response mechanism that reduces unfolded protein load to
maintain cell viability and function. However, ER stress and UPR could also contribute to senescence
through ER overactivity by the induction of oxidative stress. Oxidative stress and increased ROS production
represent a hallmark of senescence, irrespective of the type of senescence: SIPS**”, replicative
senescence™, and OIS”*. Similarly, mitochondrial dysfunction is a key feature of senescence and fuels
multiple feedback loops that are responsible for inducing and maintaining the cellular senescence state.
Mitochondrial dysfunction is defined as a decrease in the respiratory capacity per mitochondrion together
with a decreased mitochondrial membrane potential, which typically can lead to electron transport chain
(ETC) dysfunction and reduced nicotinamide adenine dinucleotide (NAD)"/NADH balance. Defects in the
oxidative phosphorylation function have also been reported to occur in several models of senescence'™.
Aging and senescence cause mitochondrial dysfunction through several mechanisms, including
mitochondrial DNA (mtDNA) mutations (genomic instability), mitochondrial turnover (defined as the
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ratio of mitochondrial biogenesis and mitophagy, associated with fusion and fission), nutrient signaling
through mammalian target of rapamycin (mTOR), the NAD'/NADH ratio imbalance, and Ca* fluxes,
resulting in mitochondrial Ca** overload"".

Metabolic changes

Senescent cells also undergo significant metabolic reprogramming, which includes changes in
mitochondrial function, lipid metabolism, and glucose metabolism. Key metabolic regulators, such as AMP-
activated protein kinase (AMPK), sirtuins (SIRT'1, SIRT2, SIRT3, SIRTs6, SIRT7), FOXOs, and mammalian
target of rapamycin (mTOR), play crucial roles in both driving and modulating senescence”™”. AMPK,
which regulates glucose and fatty acid metabolism, is often inhibited in senescent myocardial tissues.
However, its activation helps to maintain mitochondrial dynamics, alleviate ER stress and repress
cardiomyocyte senescence'™. Sirtuins, particularly SIRT2, regulate cardiomyocyte metabolism and reduce
hypertrophy by activating the LKB1-AMPK signaling pathway”\. In senescent cells, metabolic dysregulation
is driven by factors such as NAD" loss, excessive ROS production, mitochondrial dysfunction, and an
imbalance in the NAD*/NADH ratio®. Mitochondrial dysfunction contributes to the senescence-associated
phenotype, exacerbating pro-survival and anti-apoptotic pathways. These pro-survival mechanisms include
the upregulation of BCL-2 family proteins and p53 pathways, which protect senescent cells from
apoptosis®”. Moreover, lipid metabolism in senescent cells is altered, with increased sphingomyelin-
ceramide pathway activity and elevated levels of free polyunsaturated fatty acids. These are incorporated
into triglycerides and accumulate as lipid droplets, typical of the senescent phenotype™. The breakdown of
lipids and increased B-oxidation also play a role in maintaining cell cycle arrest®. Additionally,
dysregulated autophagy and lysosomal function are hallmarks of senescence, with senescence-associated
B-galactosidase (SA-B-gal) being a reliable marker of altered lysosomal activity in these cells®". Increased
lysosomal permeabilization and decreased acidity further support this phenotype, highlighting the profound
metabolic alterations that characterize senescent cells””. Overall, metabolic reprogramming in senescent
cells involves mitochondrial dysfunction, dysregulated lipid metabolism, and altered autophagy pathways,
driven by a variety of metabolic regulators. These processes collectively contribute to the persistence of the
senescent phenotype, which plays a significant role in age-related diseases and tissue dysfunction, including
the progression of cardiomyocyte senescence during aging and cardiac disorders.

Secretory phenotype

Senescent cells share a common secretory phenotype characterized by the release of several senescence-
associated secretory phenotype (SASP) factors that enhance the secretory profile of senescent cells. These
are mainly soluble factors (sSASP), including interleukins (IL) and cytokines, chemokines, growth factors,
and proteases, which promote the clearance of senescent cells and wound healing after injury”. In addition,
the release of bioactive lipids"™”, free non-coding nucleic acids***", and small extracellular vesicle SASP
(eSASP)!">#I factors has also been associated with senescent cells. However, the exact composition of SASP
factors varies by cell type, tissue, and stimulus and this process is dynamic and temporally related. The most
known components of the core secretome are: IL-1a, IL-1p, IL-6*"), chemokine IL-8, monocyte
chemoattractant protein 1 (MCP1; also known as CCL2)"***, matrix metalloproteinases 1 and 3 (MMP1
and MPP3)"", serine/cysteine proteinase inhibitors"®’, and tissue inhibitors of metalloproteinases™ .

Recently, it has been discovered that bioactive lipids"™”, small extracellular vesicles"*>**), and free non-
coding nucleic acids***" are also part of the SASP secretome!”. Since SASP factors do not only act in an
autocrine manner to enhance the senescent state, but also influence neighboring cells and organs through a
paracrine action, they have both beneficial and detrimental effects”””. In particular, the influence of
senescent cells on the heart can have serious consequences for cardiovascular health, as will be discussed in
the next sections.
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SENESCENCE IN CARDIOVASCULAR HEALTH AND DISEASE

Cardiac tissue is composed of a variety of cell types, with cardiomyocytes and non-myocytes (fibroblasts,
endothelial cells, and immune cells) playing distinct roles in cardiac function and pathogenesis™.
Cardiomyocytes are highly specialized cells and post-mitotic, meaning they do not readily divide, while
mitotic non-myocytes participate in tissue repair, extracellular matrix (ECM) maintenance, and immune
responses”’?. Senescence in cardiac cell types is associated with the development of various CVDs, including
MI and cardiac hypertrophy. In cardiomyocytes, senescence primarily impairs contractility and function in
the heart, reducing its ability to compensate for its impaired function upon injury or stress. This
dysfunction often results in maladaptive remodeling, contributing to hypertrophy - a compensatory
increase in heart size!”. In contrast, senescent non-myocytes such as fibroblasts can lead to excessive
fibrosis, vascular stiffening, and chronic inflammation, thereby exacerbating heart failure after MI. The
distinct contributions of these cell types underscore the complexity of senescence-driven CVDs!*®. Although
MI and hypertrophy are both linked to senescence, they represent different pathological processes. MI
typically involves acute ischemic damage, in which senescence halts tissue repair, leading to fibrosis and
chronic inflammation. Hypertrophy, on the other hand, stems from long-term mechanical stress, driving
compensatory growth that ultimately becomes maladaptive through senescence-induced tissue stiffening
and dysfunction®. Understanding these processes and the role of senescence in the different cardiac cell
types at molecular and cellular levels is critical to developing targeted therapies for senescence-related
CVDs.

Cardiomyocytes

Cardiomyocytes are known to be mostly fully differentiated and post-mitotic in the adult mammalian heart.
Consequently, cell cycle arrest is not a hallmark of senescence in this cell type"”. However, recent evidence
suggests that post-mitotic cells can also undergo senescence, contributing to tissue pathogenesis and
disease™. Cardiomyocyte senescence can occur in response to aging, oxidative damage, DNA damage, and
mitochondrial dysfunction - often triggered by distinct conditions such as MI or hypertrophic
cardiomyopathy”. In M1, cardiomyocytes experience ischemia-reperfusion injury, resulting in significant
mitochondrial damage and excessive production of ROS. This oxidative stress depletes cellular energy and
exacerbates mitochondrial dysfunction, triggering senescence pathways that involve p53 and p16™*“-Rb.
The decline in mitochondrial function leads to a reduction in critical enzymes, such as AMPK, further
contributing to maladaptive remodeling and cardiac dysfunction after MI"”7. In contrast, hypertrophy
involves the enlargement of cardiomyocytes in response to increased workload or stress, such as
hypertension. Hypertrophic growth of the heart, while initially adaptive, can lead to pathological
remodeling and cardiac dysfunction over time. In patients with hypertrophic or dilated cardiomyopathy
and in aged mice, cardiomyocytes have been shown to undergo telomere shortening, which induces
senescence and promotes maladaptive changes”. Unlike other cell types, senescent cardiomyocytes from
aged mice do not produce a classical SASP, but instead secrete factors such as endothelin 3, transforming
growth factor p2 (TGF-B2), and growth differentiation factor 15, which can reduce fibroblast proliferation
while activating myofibroblasts and promoting further cardiomyocyte hypertrophy™. The distinct
mechanisms of cardiomyocyte senescence in MI vs. hypertrophy underscore different pathways of cardiac
dysfunction, with mitochondrial damage and ROS signaling playing a larger role in MI, while telomere
shortening drives hypertrophic changes.

Fibroblasts and myofibroblasts

Cardiac fibroblasts constitute 40%-60% of the heart's cell population and are essential for producing and
maintaining the ECM. While fibroblast turnover in a fully developed adult heart is minimal, during MI,
fibroblasts differentiate into myofibroblasts in response to inflammatory mediators such as SASP factors
including TGF-B1, IL-1, IL-6, and tumor necrosis factor-o (TNF-a)”*. Myofibroblasts play a key role in
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stabilizing scar tissue by secreting ECM proteins and mediating inflammatory responses, aiding in short-
term repair by compensating for the loss of cardiomyocytes. However, the persistence of senescent
myofibroblasts leads to maladaptive remodeling and functional decline™’. For instance, while young mice
and rabbit hearts were shown to clear senescent cells post-MI, older rabbit hearts retain these cells longer,
driving inflammation, arrhythmias, and progressive cardiac dysfunction®*. This persistence is also
observed in elderly patients post-MI, further supporting the role of senescence in age-related
arrhythmogenesis™®'. Additionally, fibroblasts play a vital role in modulating hypertrophy by secreting
factors such as insulin-like growth factor 1 (IGF1), which promotes collagen synthesis and triggers cardiac
hypertrophy, as well as IL-33, which inhibits cardiomyocyte senescence in hypoxic or hypertrophic
environment"***!. The metabolic state of fibroblasts also significantly influences their function, particularly
in aging and remodeling. For example, AMPK activation enhances fibroblast migration and ECM
remodeling, while FOXO3A prevents oxidative stress in fibroblasts®**”. Furthermore, additional studies
suggest that manipulating senescence through SASP factor CCN1 could offer potential therapeutic benefits
by promoting repair and reducing fibrosis in the adult mouse heart post-MI"*. Together, these findings
underscore the crucial role of fibroblasts not only in ECM remodeling and scar tissue formation but also in
promoting hypertrophy and contributing to age-related arrhythmogenesis.

Immune cells

There is substantial evidence indicating that immune cells play a significant role in CVD initiated by
senescence™.. Indeed, the role of immune cells in the regulation and response to senescence in the heart is
very complex. Immune cells, such as neutrophils and macrophages, are known to clear senescent cells and
thus can be beneficial in preventing the pathogenesis of CVD induced by senescence'™. However, during
aging and the onset of CVD, immune cells can also become senescent, resulting in enhanced inflammation
and driving disease pathogenesis. Senescent macrophages, “foamy macrophages”, have been shown to
accumulate in the subendothelial space of arteries and drive plaque formation and atherosclerosis by
increasing the expression of SASP factors and proinflammatory cytokines and chemokines. As the plaque
advanced, the foamy macrophages increased the expression of MMPs linked to plaque destabilization and
rupture, indicating that senescent macrophages are key drivers of plaque formation, maturation, and
destabilization".

Additionally, like macrophages, T cell senescence plays a critical role in the development of aging-related
CVD®'. It has been shown that T cell senescence enhanced inflammation within plaques by promoting
interferon-y and TNF-a expression. This further exacerbated inflammation, thus promoting the
development of atherosclerosis®*”. Interestingly, researchers have demonstrated that transferring CD4" T
cells producing interferon-y from aged mice to young mice triggers an inflammatory response®. To
validate these findings, it was shown that patients with acute coronary syndromes had a significant increase
in senescent CD4" T cells producing interferon-y. Moreover, a high number of senescent CD8" T cells was
associated with short-term cardiovascular mortality in acute MI patients””. Likewise, patients with
hypertension expressed a high frequency of senescent CD8" T cells, suggesting that they drive
hypertension”. In an acute liver injury, neutrophils have been shown to transmit ROS when they infiltrate
tissue, which induces senescence in neighboring cells by targeting telomeres. Moreover, these effects were
accentuated in aging livers, further contributing to organ dysfunction. This study demonstrates how
neutrophils are drivers of senescence during chronic inflammation and aging and warrants further research
in cardiac-based models"”.

Endothelial cells
Endothelial dysfunction is considered a significant age-related arterial phenotype that plays a key role in
CVD among older adults and is mainly caused by endothelial cell senescence™. This dysfunction arises
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from decreased nitric oxide availability due to increased oxidative stress which leads to NF-«B activation, a
master regulator of inflammation. Through their SASP, endothelial cells upregulate chemokines and
cytokines that recruit and accumulate immune cells in the tissue. In general, the aging endothelium
develops a senescent phenotype that promotes oxidative stress, inflammation, and atherosclerosis,
potentially leading to MI"”. Following MI in patients, senescent endothelial cells have been shown to release
microparticles that lead to platelet aggregation and thrombogenicity"*. Interestingly, recent research has
demonstrated that older sedentary and not actively exercising adults exhibit greater levels of endothelial cell
senescence, which is inversely associated with a clinically relevant assessment of vascular endothelial
function. These results clearly demonstrate that endothelial cell senescence may contribute to impaired
vascular endothelial function in aging healthy adults"*".

Vascular smooth muscle cells

Vascular smooth muscle cells (VSMCs) work together with endothelial cells to regulate blood pressure,
vascular tone, and blood flow. Senescent VSMCs are significant contributors to atherosclerosis development
and plaque repair™. VSMCs in fibrous caps have been shown to undergo replicative senescence with
telomere shortening, which was further accelerated by oxidative stress"*'**. As VSMCs undergo senescence,
they promote the production of proinflammatory SASP mediators, which further drive immune cell
chemotaxis"*. Other than oxidative and inflammatory stress, it was shown that the renin-angiotensin-
aldosterone system is a key regulator of VSMC senescence, as enhanced levels of angiotensin II are
correlated with VSMC senescence*.

ASSOCIATION OF AGING, GENDER, SENESCENCE AND CANCER IN CVD

Chronic inflammation serves as a crucial pathophysiological link between CVD and cancer, contributing
significantly to atherosclerosis and carcinogenesis. This persistent proinflammatory state, often referred to
as "inflammaging", is associated with increased morbidity and mortality in older adults and is largely driven
by cellular senescence. The senescent microenvironment plays a critical role in promoting the emergence of
heterogeneous cancer stem-like cells, highlighting the complex interplay between aging, senescence, and
cancer. Aging leads to cellular senescence, which, while initially acting as a tumor-suppressive mechanism
by halting cell proliferation, paradoxically contributes to cancer progression through the SASP. SASP factors
induce deleterious inflammation, enhance cell plasticity, and increase the stemness potential in cancer cells,
thereby promoting tumorigenesis™”’. Moreover, the release of SASP factors by cancer cells could
theoretically induce senescence in neighboring organs, such as the heart, potentially leading to organ-
specific toxicities. However, the impact of cancer-induced senescence on adjacent organs, like the heart, has
yet to be explored.

S[107

Not only does aging lead to senescence, but cancer therapy also causes DNA damage, telomere shortening,
an increase in SASP factors, oxidative stress, and mitochondrial dysfunction, which have been shown to lead
to cardiac senescence and cardiotoxicity"™. Although knowledge about various cancer treatments is
increasing and cancer survival rates are improving, the incidence of cardiotoxicity leading to CVDs such as
cardiomyopathy and HF due to cancer therapy is on the rise".. Interestingly, children undergoing cancer
treatment are particularly susceptible to developing CVD due to cancer therapy-induced premature
senescence, which accelerates the onset of chronic diseases and increases mortality. For instance, a study
revealed that roughly 8% of children receiving high cumulative doses of doxorubicin (DOX) or
daunorubicin developed significant cardiomyopathy with congestive HF either during therapy or shortly
thereafter"*. Thus, it is becoming increasingly clear that not only is aging a risk factor for the onset of
cardiotoxicity associated with senescence, but cancer therapy is also a significant risk factor for premature
senescence, consequently affecting cardiovascular health®..
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In addition to age, sex-specific differences in cardiotoxicity, particularly with anthracyclines like DOX,
represent a critical factor in heart disease. However, the direct relationship between sex and senescence is
not yet fully understood. Studies have shown that female patients, particularly those treated during puberty
or adolescence, are more susceptible to chronic anthracycline cardiotoxicity than males'"*. This heightened
vulnerability could be due to slower drug clearance in females, resulting in higher anthracycline
concentrations in the heart. Hormonal influences may also play a role, as testosterone, a male androgen, has
been shown to have a protective effect against DOX-induced cardiac damage. In contrast, estrogen does not
appear to offer the same protection. While the exact connection between sex hormones and senescence
remains elusive, it has been shown that testosterone inhibits DOX-induced cardiomyocyte senescence,
pointing to a potential role of hormonal regulation in senescence pathways""'". These findings suggest that
the observed sex differences in cardiotoxicity could extend to senescence processes, however this area
remains under-investigated. Therefore, future studies should focus on exploring the molecular mechanisms
linking sex hormones, cardiotoxicity, and senescence to provide more personalized treatments.

CARDIOVASCULAR SENESCENCE IN RESPONSE TO CANCER TREATMENT

While various cancer therapies are associated with cardiotoxic effects, the direct role of cardiac senescence
in contributing to this toxicity is still an emerging area of research. One example is the monoclonal antibody
trastuzumab, which has been linked to cardiotoxicity; however, its role in triggering cardiac senescence
remains less understood""”. Similarly, treatments like hyperthermia and stem cell transplantation, often
used in combination with cancer therapies, may influence cardiovascular health"'>"'*. Yet, there is currently

a lack of substantial evidence directly connecting these therapies to senescence-driven cardiotoxicity.

In light of these gaps in knowledge, this review will focus on cancer therapies with well-established evidence
for inducing cardiovascular senescence and cardiotoxicity, specifically radiotherapy, anthracyclines, and
TKIs. Key mechanisms driving cancer therapy-associated cardiotoxicity will be highlighted, as illustrated in
Figure 2.

Radiotherapy

Ionizing radiotherapy (IR) plays a key role in medicine, especially in cancer treatment, in which roughly
50% of patients receive it for curative and/or supportive therapy during their treatment"'*""*. Despite its
effectiveness in tumor therapy, this method does not come without side effects. Although the high-energy
IR successtully kills cancer cells, it affects the heart and large arteries, resulting in secondary CVDs in cancer
survivors. While complications can occur at any dose, at high doses (above 30 Gy/m?), there is a causal
association between radiation exposure and CVDs, with a linear increase in the risk of developing
CVDs"”. The Life Span Study of Japanese atomic bomb survivors has shown evidence of an increased risk
of CVDs even at moderate (less than 5 Gy) and low doses (much less than 0.5 Gy)"'*"”.. Additionally, there
are indications of differences in risk between acute and chronic exposure that require further
investigation"*”. The first data showing radiation-induced heart disease came from studies of long-term
outcomes after IR for breast cancer, thoracic tumors, and Hodgkin’s lymphoma treatment"*". Different
mechanisms of radiation-induced CVD pathogenesis have been reported, such as premature senescence of
cardiomyocytes and endothelial cells, inflammation, increased ROS production, mitochondrial dysfunction,
and epigenetic modifications. Various downstream molecular pathways contribute to radiation-induced
CVDs, which can manifest as atherosclerosis including coronary artery disease and peripheral arterial
disease, fibrosis, valvular heart disease, pericarditis, cardiomyopathy and HF, arrhythmias, systemic and
pulmonary hypertension, or thromboembolic disease!"*>"*""***_ Aside from promoting cardiomyocyte
apoptosis, ionizing radiation causes calcium release from the ER, which affects mitochondrial capacity,
leading to calcium overload and subsequent swelling with the release of apoptotic proteins"*. Premature
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Figure 2. Mechanisms of cardiovascular senescence following cancer treatment with emphasis on doxorubicin. Radiotherapy,
anthracyclines [doxorubicin (DOX)] and tyrosine kinase inhibitors (TKls) are commonly used cancer therapies that impact multiple cell
types in the heart, including endothelial cells (ECs), vascular smooth muscle cells (VSMCs), immune cells, fibroblasts, and
cardiomyocytes. As a result, different pathways can be activated in response to cancer therapy. (A-D) The main pathways that are
activated in response to DOX treatment, although the pathways are also mostly common to other cancer therapies that cause
senescence. (A) DNA damage response (DDR) occurs with inhibition of binding of Topoisomerase to DNA, and activates multiple
pathways related to the upregulation of p16, ATM/ATR, PI3K, and p38MAPK, which all converge and inhibit cell cycle progression,
leading to senescence and release of senescence-associated secretory phenotype (SASP) factors. These are comprised of ILs, cytokines,
chemokines, extracellular vesicles, growth factors, bioactive lipids, proteases, and non-coding nucleic acids. (B) Increased production of
ROS through several different mechanisms, resulting in mitochondrial dysfunction and SIPS. (C) Telomere dysfunction occurring as a
result of decreased expression of TRF2, leading to senescence. (D) Epigenetic changes including DNA methylation, histone
modifications, chromatin remodeling and non-coding RNAs trigger and mediate cellular senescence. All these pathways are common to
senescent cells and get induced upon cancer therapy, leading to premature senescence in cardiac cells and, as a result, cardiotoxicity.
ETC: Electron transport chain; ROS: reactive oxygen species; ER: endoplasmic reticulum; Me: methyl. Created with BioRender.com
software.

senescence of endothelial cells is induced by a series of mechanisms such as the activation of ATM/p53/p21
and Akt/PI3K/mTOR; NF-«B, which leads to the secretion of IL-6, a controller of autocrine senescence,
telomere shortening accelerated by the oxidative altered state and mitochondrial dysfunction*. Chronic
vasoconstriction in CVD arises from endothelial nitric oxide synthase (eNOS) uncoupling and nitric oxide
(NO) inactivation by ROS. This diminishes vasodilation, which is further compounded by reduced NO
production and decreased eNOS activity in senescent endothelial cells"*"'*?. Furthermore, mitochondria are
extremely sensitive to radiation-induced damage for their reduced repair capacity due to the lack of
histones, the high exon/intron ratio, and the presence of the ETC"*. IR induces ROS production, which
directly damages the mitochondrion creating a forward feedback loop, which elevates ROS production.
Another mechanism of IR-associated CVDs is represented by the pro-coagulative and pro-thrombotic state
generated by stressed and/or damaged endothelial cells. Upon cytokine stimulation, these cells secrete
several factors, which, along with low NO availability, contribute to platelet aggregation and thrombus
formation"*”. Irradiated endothelial cells also release TGF-p, which activates the fibrotic program of
VSMCs!"”. Several studies reported that IR can cause alterations in DNA methylation that can still be
observed years after””. IR can cause both hypomethylation and hypermethylation of specific genes, with
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hypermethylation more frequently linked to CVDs!"*”.. While a relationship between IR and changes in
DNA methylation patterns has been established, it remains uncertain whether these changes follow a
universal pattern or vary depending on species, model, tissue type, or specific genes. Despite these
complexities, evidence suggests that IR can induce both global and gene-specific DNA methylation changes,
contributing to the long-term effects on cellular function and potentially promoting diseases like cancer and
CVDs".

Anthracyclines

Anthracyclines have evolved as one of the most effective and promising treatments for several types of
cancers and they are still broadly used to treat leukemia, lymphoma, sarcoma, and breast cancer. However,
anthracycline treatment is characterized by potentially severe side effects in various organs, including the
heart. Administration of anthracyclines can lead to dose-dependent cardiac toxicity, resulting in left
ventricular dysfunction and HF. Several anthracyclines, including DOX, daunorubicin'*, epirubicin"*",
and idarubicin), have been shown to reduce left ventricular ejection fraction to varying degrees, thereby
increasing the risk of congestive HF. DOX, the most prominent compound among anthracyclines, triggers
congestive HF in 5.1% of patients with breast and small cell lung cancer, with a predicted rate of 26% in
patients with a cumulative dose of equal or above 550 mg/m® Furthermore, more than 50% of these patients
developed a reduction in left ventricular ejection fraction to below 30%"*"\. Cardiotoxicity induced by DOX
is thought to be mainly caused by myocardial cell apoptosis"*?. However, varying concentrations play a
decisive role in the effect of DOX on cell fate. In treated human patients, the range of circulating DOX is
typically between 0.025 and 0.250 pmol/L"*”), while in in vitro experiments that show an association between
DOX and cardiac cell apoptosis, often much higher concentrations of DOX are used (> 1 pmol/L). In
rodents, the tolerance for DOX is much higher (0.7 to 2.1 pmol/L)"*%. It was shown that high concentrations
(1 pmol/L) of DOX induced neonatal rat cardiomyocyte death, whereas lower concentrations (0.1 pmol/L)
were linked to DOX-induced cardiomyocyte senescence!”>"*". Thus, further research is required to
investigate if the DOX-induced cardiotoxicity in human patients is only related to apoptosis or also to
senescence. In addition, numerous other studies have demonstrated DOX-mediated induction of a
senescent-like phenotype in various myocardial cell types, including fibroblasts, endothelial cells, and
cardiomyocytes"”"*l. The following sections address the different mechanisms of DOX-induced senescence
in the heart, including DNA damage, oxidative stress, telomere dysfunction, and epigenetic modifications.

Master regulatory pathways in DNA damage and senescence

DNA damage can manifest in several forms, such as chemical modifications to nucleotides, single- and
double-strand breaks, interstrand crosslinks, and substances directly interfering with DNA"". Cells have
evolved various mechanisms to limit and confine the DNA damage, including nucleotide and base excision
repair, non-homologous end-joining, and homologous recombination, which are employed differentially
according to the type of damage and the required accuracy and speed of repair"*’. All these mechanisms are
included in a unique cell program defined as the DDR"™"**"** Despite the evolution of these repair
mechanisms to address DNA damage, mutations continue to occur. The mutation rate was shown to be
increased through DOX by DNA interference directly and indirectly. DOX is an intercalating agent that
preferentially binds to the GC base pair-rich area and forms adducts, leading to supercoiled DNA,
replication stress, and DNA decondensation from nucleosomes"*"*. DOX’s classic antitumor effect is
primarily due to the inhibition of topoisomerase IIb (TOP2b)"*. This inhibition activates DDR and
apoptosis pathways, significantly altering the transcriptome to affect oxidative phosphorylation and
mitochondrial biogenesis in cardiomyocytes, leading to cardiotoxicity. Cardiomyocyte-specific deletion of
TOP2b was shown to prevent DOX-induced cardiotoxicity in mouse models"*’.
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DOX-dependent DNA damage can activate not only apoptosis but also cellular senescence'*. DOX-
associated senescence is mediated by activating p38 mitogen-activated protein kinase (MAPK)"*'*/. Once it
is activated, it regulates several downstream pathways, including p53, p21 in a p53-independent pathway,
p16, and NF-kB"*. p53 activation promotes cell cycle arrest and is rapidly ubiquitinated and degraded in
healthy cells. Once DNA damage occurs, the main proteins that initially take the stage and interact with
DNA are ATM and ATR, acting with checkpoint kinase 2 (ChK2) in case of double-strand breaks and
checkpoint kinase 1 (ChK1) in case of single-strand breaks, respectively. ATM-Chk2 and ATR-Chk1
stabilize p53 by phosphorylating p53 itself. Phosphorylated p53 can activate apoptosis via p53 upregulated
modulator of apoptosis (PUMA) and Phorbol-12-myristate-13-acetate-induced protein 1 (NOXA) or
senescence via p21, which in turn inhibits CDK2""**"**. Activation of NF-xB through p38MAPK leads to the
increased secretion of SASP factors (IL-1a, IL-1B, IL-6), antiproliferative proteins (p16, p19, p21, pRB),
MMPs, growth factors (TGF-B, GDF15), and MCP1, among others"*".

Another mediator of DOX-associated cellular senescence is p16, mainly referred to as a maintainer of
senescence in contrast to p21, which is reported to be an early activator. Through cyclin D-CDK4/6
complex inhibition and RB phosphorylation, p16 leads to RB-E2F complex formation, which in turn
inhibits the transcription of cell cycle genes™*. Since DOX treatment has been shown to regulate many
inducers of the DDR, including inhibition of TOP2b and mediators such as p38 and p1s, it can be assumed
that cardiac senescence associated with DOX is partially mediated by the DDR.

Oxidative stress and mitochondrial dysfunction

The heart is particularly vulnerable to oxidative stress, due to high metabolic activity, production of radicals
for signaling purposes, and low amounts of antioxidants and antioxidant enzymes"*****¥. DOX can cause
an increased production of ROS through several different mechanisms. Besides these downstream activated
pathways, DOX is a quinone molecule, which is rapidly and easily reduced to its free radical intermediate
semiquinone by several enzymes such as NADPH-dependent cytochrome P450 reductases, NADH
dehydrogenase (complex I), and cytosolic xanthine oxidase*”. In the presence of oxygen, semiquinone
undergoes redox cycling, leading to the production of ROS"*. Furthermore, due to its planar structure of
the anthracycline ring, DOX acts as an intercalating agent that forms adduct structures with DNA and
RNA!**) DOX can bind to nucleic acids regardless of their origin, and its interaction with mtDNA leads
to an increase in mutation rate. The mitochondria, having fewer repair mechanisms, cannot compensate
over time, resulting in further ROS production mediated by mitochondrial NADPH oxidase"*. This
ultimately leads to general mitochondrial dysfunction and oxidative SIPS"*****. The high presence of free
radicals and ROS can further cause lipid peroxidation, antioxidant depletion, and diffusion of radicals to the
neighboring organelles such as the ER". DOX can also accumulate in the mitochondria, and with its
cationic charge, it partially binds to cardiolipin, an anionic phospholipid that is an exclusive constituent of
the inner mitochondrial membrane. This interaction results in decreased membrane fluidity and disrupted
cristae organization, affecting the proper function of the ETC"**"*? It has also been shown that DOX
increases NF-«xB expression both in vitro in cultured cardiomyocytes*'” and in vivo"*”, leading to
oxidative and genotoxic stress, DDR activation"*, p53 upregulation"*, SA-B-gal expression, and SASP
production**'**),

DOX has been reported to affect various cell phenotypes within the heart, including cardiomyocytes,
fibroblasts, immune cells, VSMC, and endothelial cells, all of which can undergo DOX-induced senescence.
Endothelial cells, in particular, exhibit a unique senescence response to DOX. While they show typical
senescence markers such as SA-p-gal positivity and activation of p16 and p21, their secretory response
differs from the typical SASP. Specifically, they develop an acute stress-associated phenotype mediated by
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p38MAPK activation, independent of NF-«xB and PI3K/AKT/mTOR pathways"*. This demonstrates that
multiple pathways induced by DOX contribute to the oxidative stress burst, which, in turn, fuels
downstream pathways, creating a positive feedback loop that exacerbates cardiac senescence.

Telomere dysfunction

Telomere stability is upheld by various telomere-associated proteins collectively known as the shelterin
complex, which prevents telomere ends from being mistaken for double-strand breaks. A crucial protein
within this complex, telomeric repeat-binding factor 2 (TRF2), is essential for safeguarding telomeres.
Conditional deletion or the overexpression of mutated TRF2 leads to dysfunctional telomeres, telomere
fusions, and cell senescence. Telomeres also play a vital role in preventing genome instability, and their
impairment through stress stimuli, such as oxidative stress and mitochondrial dysfunction, can lead to
replicative senescence'™. Dysfunctional telomeres mediate senescence via activation of either p53 or p16™*-
mediated signaling pathways in human cells or via p53 alone in mouse cells"”"*). Low doses of DOX
treatment resulted in a decreased telomere length"*! and telomerase activity in neonatal rat cardiomyocytes
through p53 and MAPK signaling!”. In human primary VSMCs, low doses of DOX increased the
expression of p53 and p21 and decreased the expression of TRF2. This resulted in a reduced preventive
potential of TRF2 against DNA damage, leading to telomere dysfunction and senescence'*!. It was shown
that both SIPS and expression of mutant TRF2 not only induced senescence by persistent telomere damage
in the VSMCs, but also promoted inflammation linked to vascular diseases such as atherosclerosis.
Interestingly, DOX-induced senescence through TRF2 modulation was shown to be antagonized by
testosterone pre-treatment through PI3K/Akt""". Moreover, it was shown that clearance of the senescence
cells with senolytics reduced telomere associated foci-positive cells in the aorta and improved vascular
phenotypes in aged and hypercholesterolaemic mice"”". Thus, telomere dysfunction plays a critical role in
the onset of senescence and progression of DOX-associated CVDs, and targeting this phenomenon may be
a viable therapeutic intervention to improve cardiac health following cancer treatment.

Epigenetic modulation

Epigenetic changes, including chromatin remodeling, histone modification, DNA methylation and non-
coding RNAs, regulate genome stability and gene expression and have been shown to trigger and mediate
cellular senescence'””. Increased methylation of the DNA is associated with decreased gene expression and
aging””. DOX treatment was shown to downregulate DNA methyltransferase 1 and induce
hypomethylation in vitro in Hoc2 cells and in vivo in rat hearts"**”, DNA hypomethylation in late-
replicative genes and certain promoter-proximal regions is associated with cell cycle arrest in senescent
cells!"”. Histone modifications are closely associated with aging and senescence. During aging, reduced
histone levels can alter DNA packaging, thereby influencing gene expression. Notably, DOX has been
shown to impair this process by upregulating the level of histone deacetylase in cardiomyocytes” and
mouse hearts"””. In recent years, histone deacetylase inhibitors have attracted attention as anti-aging drugs
to extend lifespan through the maintenance of cellular histone levels"”. Epigenetic modulations during
aging or DOX treatment affect gene expression and metabolic activities. The decreased availability of
substrates such as ATP, NAD', and acetyl coenzyme A can lead to increased heterochromatin
formation"**"”\. In addition, decreased methylation and increased acetylation of peroxisome proliferator-
activated receptor gamma coactivator-1 alpha (PGC-10a) through downregulation of histone modifiers,
deacetylases, and methyltransferases, reduced the activity of PGC-10"*. PGC-1a, a crucial regulator of
mitochondrial biogenesis, has been implicated in DOX-induced cardiotoxicity due to disrupted
mitochondrial function, which is closely linked to vascular senescence"*". This impairment can be alleviated
by ferruginol, a natural phenol with both antitumor and cardioprotective properties"®. Although these
DOX-induced epigenetic modulations have not yet been directly linked to senescence, these findings
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suggest that DOX treatment may also influence cardiac senescence by affecting the epigenome, thereby
inducing cardiotoxicity.

Tyrosine kinase inhibitors

Molecular targeted agents, particularly TKIs, have emerged as promising candidates for cancer treatment
due to the lower expected toxicity compared to conventional cancer drugs. Nevertheless, even FDA-
approved TKIs have been shown to induce cardiovascular toxicity"*. TKI-induced cardiotoxicity is
associated with cardiac apoptosis and cell death, which have been shown to be mediated through different
mechanisms and cause upregulation of ER stress signaling pathways'*".

Axitinib, a TKI primarily used as a second-line treatment for metastatic renal cell carcinoma, targets
vascular endothelial growth factor receptors (VEGFR) 1, 2, and 3"*. It has been shown to increase ROS
production, which contributes to hypercontractility and vascular dysfunction in human VSMCs. This ROS
accumulation also induces endothelial senescence in human umbilical vein endothelial cells (HUVECs), as
evidenced by elevated SA-p-gal expression*. Additionally, axitinib promotes inflammation by
upregulating IL-1p and IL-6 mRNA levels, contributing to cardiac hypertension*”..

In contrast to that, it was shown that dasatinib (D), a second-generation TKI used to treat chronic myeloid
leukemia, attenuated cardiac fibrosis and reduced the expression of the senescence marker p16 in the heart
[188]

in obese, type 2 diabetic mice, suggesting an inhibitory effect in the senescence signaling pathway'"*.
Interestingly, D is currently used as a senolytic drug, especially in combination with quercetin (Q).

Ponatinib, a third-generation TKI used for treating chronic myeloid leukemia, is considered the most
cardiotoxic TKI approved by the FDA"*. It has been linked to increased endothelial senescence in the
human aorta, demonstrated by increased SA-B-gal activity upon ponatinib treatment, which was prevented
by sodium-glucose cotransporter type 2 inhibitors"*. Ponatinib-induced endothelial senescence was also
detected in HUVECs and was mediated by the Notch-1 signaling pathway"". Similar observations were
made in mice in vivo, as ponatinib induced cardiac senescence and cardiotoxicity via blocking Notch-1

signaling"*”..

Another multi-targeting TKI, sunitinib, was also linked to senescence in several cancer cell lines, including
murine breast cancer cells and renal cell carcinoma cells, through the activation of the p53 pathway both
in vitro and in vivo in mice. This was shown by upregulated SA-B-gal activity and increased expression of
proinflammatory cytokines such as IL-1a, IL-6, and IL-g"****.,

Although sunitinib was not directly linked to cardiovascular senescence yet, it was shown to induce
cardiotoxicity in 11% of the investigated patients with imatinib-resistant gastrointestinal stromal tumors'*.
Additionally, left ventricular ejection fraction was < 50% in 20% of the patients, troponin was increased in
18% of the patients, and 47% of the patients developed hypertension. Furthermore, sunitinib induced
abnormalities in mouse cardiomyocytes in vivo and apoptosis in cultured rat cardiomyocytes"*”. Therefore,
it would be crucial to investigate whether sunitinib also induces senescence in the heart to establish possible
treatment options using senotherapies.

The epidermal growth factor receptor (EGFR) inhibitor gefitinib is another TKI associated with
cardiotoxicity and senescence. Gefitinib is normally used to treat non-small cell lung cancers (NSCLCs). In
various NSCLC cell lines, high doses of gefitinib induced apoptosis, while lower, clinically relevant doses of

gefitinib induced premature senescence. This was accompanied by an increase in p16™*4, p21"**/“¥* and
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p27¥" levels causing G1 cell cycle arrest"*. Gefitinib was shown to cause cardiotoxicity in rats, which was
attenuated by pre-treatment with the glucagon-like peptide 1 receptor agonist liraglutide, normally used to
lower blood sugar levels"*. Interestingly, liraglutide demonstrated antioxidant properties by decreasing NF-
kB and activating survival pathways such as the MAPK and AKT pathways. As NF-«B is an important
regulator of aging, through its roles in cellular senescence and inflammatory pathways, it would be relevant
to investigate the role of senescence in gefitinib-induced cardiotoxicity"*". Further research on the
molecular mechanisms of TKI-induced cardiotoxicity is needed to unravel the mechanisms by which
targeted therapies also induce CVDs, and to develop more personalized senotherapeutics for TKI-induced
cardiotoxicity.

SENOTHERAPEUTICS FOR TARGETING SENESCENT CELLS

As cancer therapeutics lead to cardiovascular senescence, targeting senescent cells is a promising strategy to
alleviate senescence-induced CVD. Senescent cells have an active DDR, increased mitochondrial
dysfunction and membrane permeability, increased ROS production, and heightened metabolic flux, and
produce an inflammatory SASP, creating hostile internal and external microenvironments"””. Despite this,
senescent cells remain viable and accumulate in tissues with age, partly due to increased survival and
resistance to apoptosis. Thus, senotherapies that target senescent cells are being explored, such as senolytics
and senomorphics. Senolytics induce apoptosis specifically in senescent cells without affecting non-
senescent cells by targeting the survival pathways including B-cell lymphoma (BCL)-2 family members,
p53/p21°?, ephrins (EFNB1 or 3), PI3K, and PAI-1 and 2"**. On the other hand, senomorphics prevent the
development of the SASP, thereby decreasing the harmful effects of senescent cells on their environment
without necessarily eliminating the cells. Various senotherapeutics and their mechanisms are also illustrated
in Figure 3.

Senolytics

Navitoclax (ABT263) is a BH3-only protein mimetic that acts as a BCL-2 inhibitor. With its high affinity for
pro-survival BCL-2 family proteins such as BCL-X;, BCL-2, and BCL-W, it effectively induces apoptosis in
senescent cells"”.. Senolytic therapies that target tumor cells are heavily studied because tumor cells
generally also become senescent, and the success of anticancer treatments often hinges on the ability to
induce cancer cell death by apoptosis”’. Navitoclax has been investigated in many preclinical studies and
clinical trials for eliminating senescent cells”**. The most recent phase 2 clinical trial involving both
navitoclax and ruxolitinib was performed by AbbVie for the treatment of myelofibrosis, a rare and difficult-
to-treat blood cancer™. The findings of the trial showed symptomatic improvement in the cohort of
patients; however, the treatment led to adverse events in 97% of patients, with thrombocytopenia, anemia,
and neutropenia being the most prominent effects*””. While it is known for its use in the direct targeting of
tumor senescent cells, its role in targeting cardiac senescent cells is less studied. Studies have shown that
navitoclax reduced cardiotoxicity from treatments such as DOX by lowering senescence markers and

[204

restoring cardiac function in mice®. Further studies in cardiac models are required to further establish its
therapeutic benefit for eliminating cardiac senescence induced by cancer treatments. Moreover, it has been
shown that the two selective BCL-X, inhibitors A1331852 and A1155463 are also effective in clearing
senescent cells in vitro®™. As these agents do not target BCL-2 like navitoclax, they are believed to reduce
BCL-2-induced neutrophil toxicity™. However, these agents will need to be tested in preclinical models to
establish their senolytic and adverse effects. As such, there is a need for novel and improved senotherapeutic
drugs and combinatorial approaches to safely eliminate senescent cells from multiple organs or even within

a single tissue.
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Figure 3. Senotherapeutics for targeting cardiovascular senescence. The circular figure presents senolytics, which induce apoptosis
specifically in senescent cells by targeting several survival pathways, and senomorphics, which prevent the development of the SASP,
restoring the cell to a less agitated state. The molecules affected by each drug are presented in the figure and indicate the pathways
that are targeted in senescent cells. Created with BioRender.com software.

Dasatinib (D) and quercetin (Q) are TKIs that act as senolytics. D is known to interfere with EFNB-
dependent suppression of apoptosis and was shown to selectively reduce the viability of senescent human
preadipocytes, but it is less effective on senescent HUVECs. In contrast, Q, a natural flavonoid that inhibits
PI3K, selectively reduces the viability of senescent HUVECs more than proliferating cells but is less effective
on preadipocytes™. Studies showed that a combination of D and Q selectively targets both senescent
preadipocytes and endothelial cells more effectively than either agent alone™. The combination was tested
in a phase I clinical trial to target cellular senescence in Alzheimer’s disease, with the results demonstrating
the safety and tolerability of D and Q in older adults*””. The next clinical trials will assess the safety,
feasibility, and efficacy of the drug combination for targeting cellular senescence in patients.

Fisetin, another member of the flavonoid family, targets multiple signaling pathways, including PI3K/AKT,
NF-«B, p38MAPK, and BCL-2/BCL-XL". In vivo, fisetin effectively reduced cell cycle inhibitor p16™-
expressing cells, including T lymphocytes, natural killer, and endothelial cells, particularly in the
subcutaneous fat of aged mice. It also extended the health and lifespan of older animals, with no adverse
side effects even when used at high doses™. In vitro, fisetin was shown to inhibit the activity of several
proinflammatory cytokines secreted by SASP, including TNFa, IL-6, and the transcription factor NF-xB®.
Compared to other flavonoids, fisetin was the most potent in reducing senescence markers and SASP in
multiple cell types both in in vitro models including primary murine embryonic fibroblasts or human
fibroblasts, and in vivo in aged mice and sheep”'". Thus, given fisetin’s presence in common foods,
availability as a dietary supplement, and lack of reported adverse side effects, it holds promise for human
therapies, with phase II clinical trials currently testing whether fisetin improves physical function and frailty

[212,213]

in women who received chemotherapy for breast cancer .
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Targeting SASP with senomorphics

Senomorphic therapies, which aim to reduce or modify the synthesis of molecules contributing to SASP,
thereby suppressing the proinflammatory properties of senescent cells, are being explored as treatments to
mitigate cellular senescence. Senomorphic substances regulate biochemical pathways such as mTOR, p38-
MAPK, NF-«B, Janus kinases (JAK)/signal transducer and activator of transcription proteins (STAT), and
glucocorticoid receptors”*. Rapamycin, an FDA-approved anticancer drug, is an mTOR inhibitor that has
been shown to exert senomorphic properties by reducing senescence markers p16 and p21 in an Nrf2-
dependent manner. It has been shown to selectively inhibit the secretion of SASP components and reduce
the activation of the STAT3 pathway without affecting cell cycle arrest, both in vitro in human cells and
in vivo in mouse models”"*.. However, a clinical trial involving 13 patients did not conclusively determine
whether rapamycin affects senescence markers, and it showed no significant improvement in age-associated
phenotypes™. Similarly, metformin, also an FDA-approved drug for the treatment of type 2 diabetes, is
among the most extensively studied compounds in reducing cellular senescence for the purpose of anti-
aging research. Metformin is known to stimulate the AMPK, which downregulates mTOR and inhibits the
NF-kB pathway™”. As a result, metformin reduces expression levels of p16, p21, and various SASP
components such as IL-6, IL-8, and chemokine (C-X-C motif) ligands 1 and 2 (CXCL1, CXCL2).
Interestingly, metformin has been investigated in multiple clinical trials, with the findings overall presenting
improvement in the age-associated genotype and phenotypes”**', and with the largest 6-year trial
“Targeting Aging with Metformin” (TAME) currently underway"'”. The next-generation p38 inhibitor
BIRB-796 has been tested in clinical trials for inflammatory conditions and shown to effectively reduce IL-6
secretion in senescent human fibroblasts. However, further research is required to determine the safety and
efficacy of the inhibitor in vivo®?. Furthermore, most inducers of senescence, such as oxidative and
inflammatory stresses, activate NF-«xB signaling, triggering the expression of certain SASP cytokines,
including IL-1a, IL-1B, IL-6, IL-8, and TNF-a. SR12343, a novel small molecule that disrupts the association
between pathway modulators IKKp and NF-«B essential modulator (NEMO), was shown to inhibit NF-xB
activation and to reduce cellular senescence and SASP markers in multiple mouse and human models of
senescence. Thus, SR12343 and similar inhibitors targeting the IKK/NF-«B signaling pathway could extend
healthspan and mitigate the effects of cellular senescence”. The JAK/STAT pathway is another critical
regulator of cytokine production*. Studies have shown that older rats exhibit higher levels of activated
JAK1 and JAK2, correlating with increased numbers of senescent preadipocytes”. In vitro treatment of
senescent cells with JAK1 or JAK2 inhibitors markedly reduced expression levels of key SASP components,
and in vivo treatment of aged mice with the JAK1/2 inhibitor ruxolitinib decreased IL-6 and CXCL-1
cytokine expression typically associated with cellular senescence””’. Glucocorticoids, such as cortisol and
corticosterone, have also been shown to decrease the production and secretion of SASP components,
including IL-6, by downregulating IL-1a signaling and NF-«B transcriptional activity in vitro in human
fibroblasts, thus potentially identifying the glucocorticoid receptor as a new regulator of SASP"**.

Non-coding RNAs as senomorphics

Senomorphic compounds such as non-coding RNAs including micro RNAs (miRNAs) and long non-
coding RNAs (IncRNAs) can offer additional avenues for combatting cardiac senescence as they are known
to affect SASP expression and interfere with cell cycle pathways. Previous research has demonstrated that
extracellular miRNAs are part of the SASP, with miRNAs from senescent cells potentially playing a
significant role in disrupting tissue homeostasis during aging””””. The primary difference between miRNAs
and IncRNAs is that miRNAs are small, non-coding RNAs that regulate gene expression post-
transcriptionally by binding to messenger RNAs, whereas IncRNAs are longer non-coding RNAs that can
regulate gene expression through diverse mechanisms, including acting as scaffolds, decoys, or guides for
| While many non-coding RNAs have been
studied for their senotherapeutic potential, their benefits in reducing cardiovascular toxicity induced by

[228

protein complexes and influencing chromatin structure
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senescence have not been studied””. However, some miRNAs have been linked to cardiovascular aging and
could be considered as potential therapies for targeting cardiac senescence induced by cancer treatments.
For example, miR-34a, a key regulator of p66Shc”*'”, is promising as a therapeutic target, as the knockdown

>l and extend the lifespan of the animals by 30% ", as

of pe6Shc has been shown to prevent senescence
well as inhibit the formation of plaque™'’. miR-34a targets the pro-survival gene SIRT1, leading to a positive
feedback loop with the acetylation of p53 that promotes apoptosis through increased levels of pro-apoptotic
proteins™?. Interestingly, upregulated miR-34a expression was implicated in inducing cardiac senescence in
patients with type 2 diabetes by decreasing SIRT1 expression. Thus, inhibition of miR-34a was shown to
reduce deleterious effects in cardiomyocytes under high glucose conditions, suggesting potential benefits for
reducing cardiac senescence™. miR-17-3p is another miRNA that was shown to play a role in cardiac
senescence and aging. Studies demonstrated that aged mouse hearts downregulated miR-17-3p expression,
leading to an increase in its target protein prostate apoptosis response-4 (PAR-4)* PAR-4 is a pro-
apoptotic protein that, when expressed, downregulates the expression of the anti-apoptotic proteins
CCAAT/enhancer-binding protein beta (CEBPB) and focal adhesion kinase (FAK), and has been shown to
contribute to enhanced cellular senescence and apoptosis in mouse cardiac fibroblast cells***. As such, miR-
17-3p could be a target for cardiac senescence following cancer treatment in patients, but further research in
appropriate preclinical cancer models is required to validate the safety and potential efficacy of the
treatment. Lastly, an interesting miRNA to point out is miR-22, as it has been identified to have a role in
cardiac senescence and apoptosis™’. miR-22 targets osteoglycin, which was shown to have a
cardioprotective effect by reducing collagen production and fibrosis. Researchers show that osteoglycin is
downregulated with age, along with an upregulation of miR-22 expression in old mice models***”.
Moreover, patients with MI also showed an upregulation of circulating miR-22 expression levels, correlating
with increased fibrosis in the heart”. This suggests a possibility of using miR-22 as a potential biomarker
and therapeutic target for cardiac senescence and fibrosis as an outcome of cardiotoxicity. Furthermore, in a
recent study, researchers explored novel miRNAs that could be used as biomarkers for senescence. This
study provided evidence that miRNA expression patterns correlated with the increase of senescent cells in
the tissue, and proposed a selection of senomiRs as minimally invasive biomarkers of senescent cell load”'.
Overall, the field of miRNAs and their use for therapeutic intervention of senescence is still in its infancy;
however, these recent studies provide the basis for future investigation.

Unlike miRNAs that repress the translation of mRNA, IncRNAs can upregulate or downregulate gene
expression and have been implicated in senescence, with a few recent studies correlating their expression
with cardiac aging”. Interestingly, studies showed that the downregulation of IncRNA MALAT1
correlated with increased expression of miR-34a levels in aged mice. MALAT1 expression was shown to
control cell cycle progression, and its depletion was shown to lead to activation of p53 and its target genes.
Moreover, MALAT1-depleted cells showed enhanced SA-B-gal staining indicative of cellular senescence and
a change in cellular morphology to a flat-shaped cell®. Thus, it is very likely that MALAT1 is
downregulated, along with an upregulation of miR-34a, following cancer treatments that induce cardiac
senescence and cardiotoxicity. However, the role of MALAT1 in cardiac senescence needs to be further
investigated. Overall, the study of IncRNAs in the progression of CVDs is relatively recent and they are not
as thoroughly investigated as miRNAs"”"\. Unlike miRNAs, IncRNAs are not highly conserved, and since
most research is conducted on mouse models or in vitro, it remains uncertain whether IncRNAs will

function similarly in humans®*.

Other approaches to target senescent cells

Additionally, various other senolytic therapies have been explored for targeting cardiac senescence. One
example is a vaccine against glycoprotein nonmetastatic melanoma protein B (GPNMB), which is typically
enriched in senescent cells, as well as in vascular endothelial cells and leukocytes in both mice and humans
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with atherosclerosis. This vaccine has been shown to reduce the atherosclerotic burden in apolipoprotein E
knockout mice fed a high-fat diet”*. Furthermore, senescent cell accumulation in obese and atherosclerotic
mice was reduced by the inhibition of glutaminase 1 through BPTES [bis-2-(5-phenylacetamido-1,2,4-
thiadiazol-2-yl) ethyl sulfide]. Inhibition of glutaminase 1 inhibits the ammonia production induced by
glutaminolysis, which would otherwise improve the survival of the senescent cells. Therefore, glutaminolysis
serves as an interesting target for further senolytics***. Another interesting class of drugs are cardiac
glycosides, including digoxin. Digoxin inhibits the Na/K-ATPase pump, which unbalances the
electrochemical gradient and is normally used to treat HF and atrial fibrillation, but it also has senolytic
potential®***. Senescent cells are particularly susceptible to this, as they display a more polarized state than
healthy cells®*. Moreover, in a mouse model of lung fibrosis induced by the administration of senescent
human fibroblasts directly into the lungs, in vivo treatment with digoxin preferentially triggered cell death
in senescent cells and significantly reduced the extent of fibrosis®*. Thus, digoxin could serve as a
promising therapeutic intervention to target cardiac senescence. Another example of a senolytic
intervention is the use of chimeric antigen receptor T (CAR-T) cells, whereby due to the immunogenic
activity of senescent cells, senescent cell-specific antigens can be targeted. It was shown that CAR-T cells
specific for the urokinase-type plasminogen activator receptor (uPAR), a cell-surface protein induced
during senescence, ablated senescent cells in vitro and in vivo and reduced liver fibrosis, as well as extending
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the lifespan of mice”*”. Thus, this approach could be promising for targeting cardiac senescence induced by
cancer treatments. However, further research in a cancer model is required to test the safety of an

immunotherapy that targets senescence in a host already affected by cancer.

FUTURE DIRECTIONS AND CONCLUSION

Future research in the field of senotherapeutics should focus on refining existing therapies and developing
novel drugs to effectively target senescent cells and mitigate their adverse effects on cardiovascular health,
particularly in cancer patients. While most of the senotherapies discussed have not been investigated for
alleviating the cardiotoxic effects of cancer drugs, navitoclax is the only senolytic that has been tested in
preclinical trials for this purpose. However, navitoclax and selective BCL-XL inhibitors like A1331852 and
A1155463, while effective, have been shown to have serious side effects, including thrombocytopenia and
neutropenia, which are frequently present in cancer patients due to cancer therapy or hemato-oncological
disease itself. This raises an important question: at what cost do we treat one disease before potentially
causing another? Is there a drug with no side effects that can efficiently and safely mitigate cardiotoxicity
without causing other diseases? Among the promising candidates, fisetin has demonstrated significant
potential in reducing senescence markers and extending lifespan without major side effects. Given fisetin's
presence in common foods, availability as a dietary supplement, and lack of reported adverse side effects, it
holds promise for use in patients undergoing cancer therapies, especially young adults who are more prone
to develop premature senescence. Ongoing clinical trials testing fisetin’s impact on physical function and
frailty in chemotherapy-treated women may confirm its viability as a therapeutic option for reducing
cardiotoxicity””. Similarly, the combination of D and Q has shown efficacy in preclinical models and early
clinical trials for Alzheimer’s disease, suggesting that further trials targeting CVDs in cancer patients could
yield positive results”®”. The role of non-coding RNAs, particularly miR-34a and miR-17-3p, in cardiac
senescence requires further investigation, with a focus on developing cell-specific delivery systems to
minimize off-target effects. Long non-coding RNAs like MALAT?1 also hold therapeutic potential, and their
mechanisms and interactions with miRNAs should be explored in greater depth. Senomorphic approaches,
including SASP inhibitors like rapamycin and metformin, have shown promise, but their side effects
necessitate the search for novel compounds or combination therapies that offer similar benefits without
adverse reactions. Novel SASP inhibitors such as SR12343 and JAK/STAT pathway inhibitors like
ruxolitinib should be further validated in both preclinical and clinical settings for their potential to target



Page 20 of 29 Alshoubaki et al. J Cardiovasc Aging 2024;4:23 | https://dx.doi.org/10.20517/jca.2024.14

senescent cells, particularly cardiac senescence post-cancer treatment. Immunotherapies, including CAR-T
cells targeting senescent cell-specific antigens and vaccines against proteins like GPNMB, present innovative
solutions for selectively eliminating senescent cells. These strategies warrant further exploration, particularly
in addressing CVDs and cancer therapy-induced cardiotoxicity. A major concern in cancer patients are
drug interactions. Administering an anti-inflammatory agent could inadvertently nourish the tumor
environment. Thus, the use of anti-inflammatory therapeutics may not be a safe option for patients
undergoing cancer treatment or in remission.

In conclusion, the accumulation of senescent cells due to cancer therapies poses a significant challenge in
the progression of CVDs. While current senolytic and senomorphic therapies show promise, their clinical
application requires careful balancing of efficacy and safety to avoid adverse effects. Future research should
focus on developing targeted delivery mechanisms, particularly for non-coding RNA therapies, and refining
existing senolytics to minimize off-target effects. Through continued exploration and clinical validation, the
development of innovative therapies can ultimately improve the management of cardiotoxic side effects,
enhancing both cardiovascular health and overall patient outcomes. A comprehensive understanding and
targeted intervention in senescence pathways hold the key to mitigating the adverse effects of cancer
treatments and promoting healthier aging. Additionally, a more targeted release of therapies, rather than a
systemic delivery, could help localize the treatment and reduce systemic side effects, further optimizing
patient care.
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