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Abstract

Ischemic heart disease and heart failure (HF) remain the leading causes of death worldwide. The inability of the
adult heart to regenerate itself following ischemic injury and subsequent scar formation may explain the poor
prognosis in these patients, especially when necrosis is extensive and leads to severe left ventricular dysfunction.
Under physiological conditions, the crosstalk between cardiomyocytes and cardiac interstitial/vascular cells plays
a pivotal role in cardiac processes by limiting ischemic damage or promoting repair processes, such as
angiogenesis, regulation of cardiac metabolism, and the release of soluble paracrine or endocrine factors.
Cardiovascular risk factors are the main cause of accelerated senescence of cardiomyocytes and cardiac stromal
cells (CSCs), causing the loss of their cardioprotective and repairing functions. CSCs are supportive cells found in
the heart. Among these, the pericytes/mural cells have the propensity to differentiate, under appropriate stimuli in
vitro, into adipocytes, smooth muscle cells, osteoblasts, and chondroblasts, as well as other cell types. They
contribute to normal cardiac function and have an antifibrotic effect after ischemia. Diabetes represents a condition
of accelerated senescence. Among the new pharmacological armamentarium with hypoglycemic effect, gliflozins
have been shown to reduce the incidence of HF and re-hospitalization, probably through the anti-remodeling and
anti-senescent effect on the heart, regardless of diabetes. Therefore, either reducing the senescence of CSC or
removing senescent cells from the infarcted heart could represent future antisenescence strategies capable of
preventing the deterioration of heart function leading to HF.
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INTRODUCTION

Ischemic heart disease (IHD) and heart failure (HF), which often occur secondarily to atherosclerosis, are
major causes of morbidity and mortality". They can in part derive from the reduced ability of the adult
heart to replace lost cardiomyocytes, occurring during and after a myocardial infarction and resulting in
adverse cardiac remodeling, scar formation, and dysfunction manifesting as HF. This requires bypass
surgery or angioplasty in approximately one million patients/year globally. Ischemic and non-ischemic HF,
which is the inability of the heart to carry enough blood to meet the body’s energy demands, is currently
classified according to the presence of reduced (HFrEF), preserved (HFpEF), or mid-range (HFmrEF) left
ventricular ejection fraction. HFrEF and HFpEF differ in terms of demographics, etiology, pathophysiology,
comorbidities, and response to therapy"”. HFrEF is classically associated with male sex and coronary artery
disease (CAD), while HFpEF is a more complex syndrome® characterized by several comorbidities such as
arterial hypertension, atrial fibrillation, diabetes mellitus, obesity, and metabolic syndrome". Besides
differences in cardiovascular structure, risk factors, and co-morbidities, aging is a major risk factor and
classically considered “not modifiable”, representing the common ground of all the different
etiopathogenetic forms of HF.

Aging is often associated with changes in the immune system, manifesting as chronic low-grade
inflammation*”. We refer the reader to more specialized reviews from our research group for an in-depth
discussion on immunity and cardiac disease!”. However, most experimental studies do not consider aging as
a variable when studying the molecular pathways in animal models of IHD. Likewise, the elderly are under-
represented in clinical studies, which is certainly related to the fact that the acute phase of CAD generally
develops in middle age. Hence, little is known about age-specific cellular mechanisms of cardiac disease and
possible cell rejuvenation strategies as a tool for treating IHD.

In the following, we provide an overview of the emerging age-related cellular mechanisms contributing to
IHD and provide an update on novel insights about cellular targets of aging in IHD. Emerging concepts to
target cardiac aging are also covered.

AGING AND SENESCENCE: THE DIFFERENCES

Aging can be defined as a physiological process that occurs over time, causing the cells to deteriorate. As
aging causes organ deterioration and dysfunction, aging is a risk factor for various diseases, including
cardiovascular disease, cancer, and dementia. Conversely, senescence is the process that recognizes aging
cells and directs them to cell arrest, limiting the proliferation of aged or damaged cells. Thus, senescence is
necessary for tissue homeostasis and acts as a protective mechanism to destroy aging cells, which could
otherwise lead to harmful outcomes such as cancer. The triggers of senescence are diverse and are not
limited to aging, as it occurs in three different scenarios: senescence due to normal aging, senescence due to
age-related diseases, and senescence due to therapy. The hallmarks of cellular senescence are growth arrest
and the production of secreted factors, called SASP (senescence-associated secretory proteins)”, which
include several factors such as proinflammatory cytokines, chemokines, growth factors, and proteases
[Figure 1]. Permanent cell growth arrest of senescent cells is enabled by specific alterations including
chromatin remodeling, metabolic reprogramming, increased autophagy, decreased telomerase reverse
transcriptase (TERT) activity and telomere shortening, and activation of p16INK4a/Rb and p53/p21CIP1
tumor suppressor networks™. Despite being a physiological mechanism of protection, senescence can
contribute to organ dysfunction and aging-associated diseases. Under normal conditions, senescent cells are
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Figure 1. The hallmarks of cellular senescence. Cellular senescence can be defined as the irreversible growth arrest that occurs when the
cells encounter a stressor. Senescent cells differ from other nondividing (quiescent, terminally differentiated) cells in several ways,
although no single feature of the senescent phenotype is exclusively specific. The hallmarks of senescent cells include an essentially
irreversible growth arrest; expression of senescence associated (SA)-B gal activity and p16INK4a; robust secretion of numerous growth
factors, cytokines, proteases, and other proteins (SASP); and nuclear foci containing damaged DNA. SASP: Senescence associated
secretory proteins; TERT: telomerase reverse transcriptase.

removed in the organs thanks to their clearance by the immune system, avoiding their accumulation.
However, if there is immune system dysfunction (aging is one of the causes of immune compromise) or
when tissue damage is excessive, the production of senescent cells exceeds the immune system’s ability to
remove them. The accumulation of senescent cells leads to inflammation (so-called inflamaging), organ
dysfunction, and aging-associated diseases.

AGING, SENESCENCE AND CELLULAR TARGETS IN ISCHEMIC AND NON-ISCHEMIC
HEART DISEASE

Aging alters the cytoarchitecture of cardiomyocytes by increasing their size, altering interorganellar
communication, and causing mitochondrial fragmentation and many other phenotipic changes [Table 1]
In THD, aging leads to the loss of cardiomyocytes and the progressive development of IHD, in part due to
impaired coupling of cardiomyocytes with blood vessels, due to impaired angiogenesis, which is normally
orchestrated by cardiac stromal cells (CSCs). CSCs are supportive cells found in the heart, including
fibroblasts, progenitor cells, pericytes, and fibrocytes"”. They are characterized by residual multipotency
toward mesenchymal lineages". Among these, pericytes/mural cells have the propensity to differentiate,
under appropriate stimuli in vitro, into adipocytes, smooth muscle cells, osteoblasts, and chondroblasts, as
well as other cell types; they contribute to normal cardiac function and play an antifibrotic effect after
ischemia. While collateral vessel formation, as alternative routes for blood supply, occurs in younger
patients, in the elderly many collateral vessels do not form vascular networks adequate to compensate for
the loss of the original blood supply. These deranged mechanisms may play a key role in altering
transcriptional regulatory networks, which trigger delayed recovery (stunning) and persistent
hypoperfusion (hibernation) and promote the transition from ischemia to necrosis and, later, to HF. In
addition, this interplay orchestrates the adaptive changes occurring in the myocardium not directly affected
by ischemia, which may undergo adaptive processes, such as hypertrophy, fibrosis, and dilatation,
eventually resulting in chronic HF"\
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Table 1. Phenotype of the aged cardiac cells

Main cellular and molecular changes Ref.
1 Cell size [45]
1 Number of nuclei [45]
| Cell number [45]
| Number of mithocondria [46]
1 Mithocondria fragmentation [46]
| Telomere lenght [47]
| TERT activity [47]
1 DNA damage [47]
1 Chromatin modification [47]
1 Cell cycle arrest [47]
1 p53 [48]
1 p16/INK4A [48]
1 ROS [49]
| HSP70 [49]
| Hemeoxygenase-1 [49]
| Mitochondrial respiratory chain [46]
| CM contractility [50]
| CM relaxation [50]
| Connexin 43 [51]
1 Connexin 43 lateralization [51]
| FA oxidation [52]
1 Secretion of SASP [53]
| Autophagy [54]

TERT: Telomerase reverse transcriptase; CM: cardiomyocyte; ROS: reactive oxygen species; FA: fatty acids; HSP: heat stress proteins; SASP:
senescence-associated secretory proteins.

Interstitial/vascular cells are involved in this degenerative process. Under physiological conditions, the
crosstalk between cardiomyocytes and interstitial/vascular cells, providing the scaffold for blood supply,
plays a pivotal role in a variety of cardiac processes (such as the regulation of cardiac metabolism, the
release of soluble paracrine or endocrine factors with pro-angiogenic activity, and the secretion of IL-6
which plays an important role during cardiac development and postnatally for cardiomyocyte growth and
survival). Thus, the CSC secretome is able to ultimately control angiogenesis, support the growth and
survival of cardiomyocyte, and provide cardioprotection">'*.. These processes require the presence of a
supportive “niche”, consisting of CSC, epicardium-derived soluble factors""?, and a defined extracellular
matrix?. CSC can be isolated from ventricle and auricle tissues. In culture, they adhere to the plastic and
migrate from tissue explants. On the basis of distinct cell surface markers, including alkaline phosphatase
(Alpl), stem cells antigen-1 (Sca1), platelet-derived growth factor receptor beta (PDGFRbeta), and neuron-
glial antigen 2 (NG2), various CSC have been isolated and tested for their paracrine effects to restore cardiac
function after ischemic injury"”. These include, among others, pericytes (mural cells) expressing Alpl,
PDGFRbeta, and NG2"¥ and the embryonic muscle pericyte (mesoangioblasts) that, when injected into the
ventricle after coronary artery ligation, resulted in a 50% recovery of cardiac function"”. CSCs also include
cells expressing mesenchymal surface markers (CD90, CD105, and CD73) and negative for hematopoietic
markers (CD34, CD11b, CD45, CD19, and HLA-DR), highlighting the complexity in the composition of the
cardiac stromal niche®. Thus, CSCs appear to contribute to cardiac healing after ischemic injury and lead
to improved heart function when tested in animal models of post-ischemic HF. They can undergo
adipogenic differentiation in the heart in some pathological conditions such as obesity”’ and
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arrhythmogenic cardiomyopathy (ACM)"***’\. In particular, in ACM, the mesenchymal component of CSCs
is believed to be the source of cardiac adipocytes”*). Human-derived CSCs have recently been shown to
express the ACE2 receptor and are susceptible to SARS-CoV-2 infection. As a result, CSCs act as
reservoirs for viral particles replication and trigger an intense proinflammatory and profibrotic response.
CSCs therefore participate in heart damage from SARS-CoV-2 through a double mechanism, direct
replication of the virus and the production of proinflammatory cytokine storms in heart tissue. Whatever
the mechanism leading to cardiac repair and the improvement of heart function, aging negatively impacts
on the healing potential of cardiac cells, including CSCs"*. Cardiovascular risk factors are the major cause
of accelerated senescence of cardiomyocytes and CSCs, causing loss of their cardioprotective and repairing
functions, which can ultimately lead to HF. With cellular aging, favored by exposure to cardiovascular risk
factors, comorbidities and various stressors, such as bouts of ischemia and/or ischemia-reperfusion, the
function and crosstalk of CSCs and parenchymal cells are diminished, hampering their cardioprotective
potential. Diabetes, mostly occurring on the background of the so-called metabolic syndrome, is one of the
most relevant of such comorbidities, since it can lead to left ventricular dysfunction even in the absence of
IHD. In addition, its presence worsens the prognosis after an ischemic event, doubling mortality after an
acute MI"". Diabetes causes accelerated senescence in systemic tissues and organs, including vessels and the
heart. Diabetes-induced cellular and molecular changes are largely comparable to those induced by aging,
with some specific expressional signatures not only playing an innocent bystander role but also causally
linked to diabetes-induced cellular senescence [Table 2],

HOW TO REJUVENATE THE AGING HEART

Although there is an increased incidence of HF in older age groups worldwide, the elderly are rarely
randomized in clinical trials"?. This implies that there is no scientific evidence to justify the efficacy or
toxicity of the therapies applied in older patients. There is a limited number of human studies that have
assessed whether age reduces the efficacy of ongoing anti-ischemic therapies and the evolution towards HF.
A retrospective analysis has shown how remote ischemic conditioning exerts cardioprotection in ST
elevation myocardial infarction (STEMI) patients regardless of age™. In contrast, a phase III study
demonstrated neutral effects of remote ischemic conditioning in STEMI patients regardless of age".
Among the treatments capable of modifying the natural history of HF, inhibitors of the sodium-glucose
transporter type 2 (SGLT2) (gliflozins)*** reduce the incidence of HF in patients with HFrEF and HFpEF,
regardless of the presence of diabetes. However, data on the effects of gliflozins in older age groups are
limited. A sub-analysis of the DECLARE-TIMI 58 trial examined the effects of dapagliflozin in diabetic
patients within age subgroups™. The study demonstrated the persistence of beneficial cardiovascular and
renal effects of dapagliflozin in a robust number of elderly and very elderly participants. A randomized,
double-blind study demonstrated the efficacy of dapagliflozin on various endpoints (reduction in blood
glucose, body weight, and blood pressure) in all patient groups regardless of age. The main limitation of this
study is the limited randomization of elderly patients"..

However, cellular and molecular mechanisms that confer protection from developing HF with these
pharmacological interventions are largely unknown. Consistent with the demonstration of the persistence of
beneficial effects even in older patients from the few clinical trials carried out, one hypothesis is that
gliflozins™' exert anti-senescence effects in the cardiovascular system. Our research group recently
demonstrated that empagliflozin improved cardiac dysfunction and reduced cardiac fibrosis and cellular
senescence in a mouse model of streptozotocin-induced type 1 diabetes (STZ)". At the cellular level, we
found that empagliflozin exerts antisenescence effects on CSCs"’. Mechanisms by which empagliflozin
reduces CSC senescence are likely multiple. First, we showed that empagliflozin restored PI3K/Akt

downregulation in cultured CSCs exposed to high glucose, suggesting a pro-survival effect of this drug"”.
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Table 2. Phenotype of the cardiac cells in diabetes

Specific molecular changes Ref.
1 Ceramide [55]
11GF-1 [56]
1 IGFBP5 [57]
1T HMGB1 [58]
I [59]
1IL-6 [59]
11L-8 [59]
1 MCP-1 [59]
1 PAI-T [60]
1 TGF-B [61]
1 VEGF (611
1iNOS [61]

IGF: Insulin growth factor; IGFBP5: IGF binding protein 5; HMGBI: high mobility group box 1; IL: interleukin; MCP-1: monocyte chemoattractant
protein-1; PAI-1: plasminogen activator inhibitor-1; TGF: tumor growth factors; VEGF: vascular endothelial growth factor; iNOS: inducible nitric
oxide synthase.

Table 3. Senotherapeutics in aging-associated cardiac diseases

Senolitic compound Effects Ref.
Desatinib 1 Vamotricity, | vascular calcification [62]
Quercitin 1 Vamotricity, | vascular calcification [63]
Navitoclax | Adverse myocardial remodeling [64]
Cardiac glycosides 1 Cardiac function [65]
HSP90 chaperone inhibitors | Atherosclerosis [66]
Resveratrol | Endothelial inflammation, | arterial stiffening [67]
SIRT1 specific activator | Arterial hypertension, | arterial stiffening [68]
Caloric restriction | Abdominal aortic aneurysm [69]
Pioglitazone 1 TERT activity in endothelial cells [701
Rapamycin | Atherosclerosis [71]
Statins | SASP [72]
Polyphenols | ROS [67]

SIRT: Sirtuin; HSP: heat shock protein; ROS: reactive oxygen species; SASP: senescence associated.

Secondly, one of the relevant components of CSCs, the cardiac fibroblasts, is known to express sodium-
hydrogen exchanger 1 (NHE-1)"", which is an established molecular target of SGLT2 inhibitors. This
suggest that empagliflozin may reduce senescence in CSCs exposed to high glucose through off-target
effects of SGLT2""!. These effects may explain the unexpected benefits of empagliflozin on cardiac function
in older diabetic patients. Diabetic patients thus appear to potentially benefit from therapies that would
revert senescence of myocardial and vascular cells, an approach referred to as “anti-senescence” or
“rejuvenating” therapies”**. Our research group demonstrated the ability to rejuvenate mesenchymal
stromal cells isolated from adipose tissue of old mice through the overexpression of two genes, telomerase
and myocardin"***", the first coding for the catalytic subunit of telomerase (i.e., TERT), which has anti-
senescence properties, the other encoding for myocardin, a nuclear transcription cofactor for myogenic
genes. This new approach would allow reconstituting aged adipose tissue by rejuvenating existing cells or by
injecting their angiogenic cell products into ischemic tissue™. An alternative approach is to eliminate
senescent cells through “senolytic” therapies***'. Table 3 summarizes the main senotherapeutics in aging-
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associated cardiovascular diseases. We refer the reader to more specialized reviews of our research group for
an in-depth discussion on senotherapy and cardiac diseases'*”. Either reducing CSC senescence or removing
senescent cells from the infarcted heart could represent future antisenescence strategies capable of
preventing the deterioration of heart function occurring in a diabetic animal model, leading to HF.

CONCLUSIONS

Cardiac aging has been shown to be associated with a higher incidence of IHD and a decrease in the
efficiency of anti-ischemic treatments. From a cellular point of view, the reasons linking cardiac aging with
cardiac dysfunction include cellular senescence of cardiomyocytes and the non-cardiomyocyte cell
population of the heart. Why older people have worse outcomes than younger patients is still unclear, and
targeted studies on animal models that take into account the comorbidities of found in the elderly would
allow understanding how aging impacts cardiac disease'*”. Future research could rely on an unbiased
approach based on metabolomics and proteomics data capable of identifying the signaling networks
activated by aging in the ischemic heart*”. The integration of different “omics” such as epigenomic,
proteomic, metabolomic, and transcriptomic analyses would allow identifying new therapeutic targets for
aging-associated IHD.
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