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Summary
An unprecedented increase in human life expectancy has
taken place over past centuries, thus raising the number
of elderly people globally. Despite advances in medicine,
cardiovascular disease remains the major cause of mortality and morbidity among elderly people and poses a
great burden to healthcare services. As aging is inevitable
and represents a risk factor for cardiovascular disease,
a better understanding of its underlying mechanism will
be crucial to designing tailored therapeutic options. Indeed, the dysregulation of aging and longevity genes has
been implicated in lifespan by regulating numerous cellular processes that alter both structural and functional aspects of the cardiovascular system. In this article, several
lifespan-determining genes are reviewed, in particular for
their involvement in regulating cardiovascular health via
inflammation and oxidative stress. Lastly, several promising prevention and treatment approaches such as an antiaging and age-associated cardiovascular disease intervention are also described.
Keywords: aging, aging and longevity genes, cardiovascular disease

Introduction
Aging is the most important determinant of cardiovascular
health and represents the main risk factor for cardiovascular disease [1]. Owing to advances in current medical
knowledge, treatment, and technology, average human
lifespan is increasing. According to the World Health Organization, the proportion of the worldwide population
over 60 years of age will grow exponentially from 12% in
2015 to 22% in 2050. This implies that the number of aged
individuals is expected to increase substantially, as well as
the number of aging-related diseases, such as diabetes, and
neurodegenerative and cardiovascular diseases [1, 2].
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Aging is a fundamental human biological process that
leads to a decline in biological function and increases the
risk of many diseases. Over the last decade, various aging
studies have demonstrated the role of genes governing the
aging process. Indeed, several genes have been recognised
to regulate molecular mechanisms in aging, thus determining lifespan [3]. Some of these genes are also critically
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involved in the development of cardiovascular diseases,
since the latter are mediated by similar molecular mechanisms to aging. Those mechanisms often involve increased
oxidative stress, chronic systemic inflammation and metabolic dysfunction [3, 4].
This review article summarises the implication of genes
regulating lifespan (i.e., longevity and aging genes) in agedependent cardiovascular disease via fundamental molecular mechanisms of aging. The importance of these genes in
cardiovascular disease will be drawn from previous animal
and clinical studies. Finally, their potential as therapeutic
targets for future intervention is also discussed.

Aging in the cardiovascular system
Cardiovascular aging is defined as an age-dependent progressive degeneration of the cardiovascular system resulting in a stress-susceptible heart and blood vessels [5, 6].
Several complex modifications occur in the aged heart and
vasculature, referred to as cardiovascular aging phenotype,
that cause the development of age-associated cardiovascular disease. In the aging heart, aging involves not only
cardiomyocytes, but also interstitial fibroblast and vascular cells, which will lead to chronic heart remodeling [5].
Meanwhile, arterial wall thickening and vascular stiffness
also take place in the vasculature during the aging process.
Vascular aging is characterised by molecular, structural
and physiological changes of the blood vessel, in which
vascular inflammation, oxidative stress and endothelial
dysfunction promote vascular aging [7]. Consequently, the
changes observed in the heart and vasculature contribute to
the increased risk of promoting cardiovascular disease, including heart failure, cardiac fibrosis, and stroke.

Molecular aspects of cardiovascular aging
Telomere shortening
Telomere shortening occurring with age is one of the hallmarks of molecular aging. Known as the biological clock,
telomeres are repetitive regions of nucleotide sequences
(TTAGGG) capping the end of chromosomes [8]. They
promote stability during cell replication by repairing and
protecting the genome from nucleolytic degradation and
interchromosomal fusion. Nonetheless, telomeres shorten
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at each DNA replication up to a critical length that leads to
genomic instability and induces chromosomal degradation,
senescence and cell death (fig. 1) [9].
Telomerase is the enzyme responsible for telomere maintenance and regulation by preserving telomere length. It
synthesises new telomeric DNAs to compensate for telomere loss during each cell division. Somatic cells have low
or undetectable levels of telomerase activity, resulting in
progressive telomere shortening and limited longevity. On
the other hand, telomerase is highly expressed in cancers
where tumour cells reactivate its activity to avoid replicative senescence and gain immortality [10].

Since telomere shortening is proposed as one of the causes
of physiological aging, its relevance in cardiovascular disease has been investigated in detail. In humans, telomere
length is measured systemically in circulating lymphocytes, referred to as leucocyte telomere length, which associates with vascular cell senescence, atherosclerosis, aortic valve stenosis and myocardial infarction [6, 11]. To
date, several hypotheses have been postulated, based on
numerous animal and epidemiological studies, to describe
the link between telomere attrition and cardiovascular disease. The first hypothesis defines the causal role of telomere length in cardiovascular disease. For instance, inherited
shorter telomeres may lead to atherosclerosis, and telomere

Figure 1: Telomere shortening in aging and cardiovascular disease. Telomeres shorten with each round of cell division. Critically short
telomeres lead to cellular senescence and dysfunction, contributing to reducing regenerative capacity in the cardiovascular system. As a consequence, it promotes cardiovascular aging and the development of cardiovascular diseases.
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attrition, either local (atherosclerotic lesions) or systemic,
which determines the onset of cardiovascular disease. On
the other hand, telomere shortening has also been proposed
as the consequence of atherosclerosis and cardiovascular
disease, and thus may act as a biomarker [12]. Despite
these hypotheses, epidemiological studies show a small effect size and the underlying mechanism remains unclear.
Therefore, further investigations are required to address
and verify the identified mechanistic insights.
Reactive oxygen species and oxidative stress
The free radical theory of aging was proposed in 1956 by
Dr D Harman. Since then, it has become the most widely
accepted theory to account for the mechanisms of aging in
which reactive oxygen species (ROS) play a crucial role as
the driving force of aging and determining lifespan [13].
According to this theory, ROS are produced during fundamental metabolic processes and accumulate with age, thus
leading to oxidative damage in cellular lipids, proteins and
DNA. In addition, previous aging studies reported an increase in ROS production by mitochondria and increased
damage to mitochondrial DNA by ROS. This finding confirms the contribution of a progressive accumulation of oxidative DNA damage in the aging process [14].
Several enzymatic sources of superoxide have been recognised, including NADPH oxidase (Nox), mitochondria, cytochrome p450 and uncoupled endothelial nitric oxide synthase (eNOS) [15]. Meanwhile, in physiological conditions
levels of intracellular ROS are kept low by enzymatic
and nonenzymatic antioxidants. To date, oxidative stress
is considered a key player in the development of cardiovascular pathologies. For instance, Nox has been associated with vascular diseases, shown by Nox-1 overexpression
in mice that develop increased blood pressure in response
to angiotensin II [16]. Superoxide anions (O2-) generated
by Nox will further promote eNOS uncoupling, thus causing blunted nitric oxide (NO) bioavailability, as well as increasing levels of ROS [16]. This process is observed in
human endothelial dysfunction and represents a characteristic feature of vascular aging. Furthermore, the production
of total antioxidants (i.e., superoxide dismutase, catalase
and glutathione) is decreased in aging, resulting in inadequate defense against the accumulated oxidants. Of note,
the accumulated O2- when binding to NO generates an additional toxic species, peroxynitrite (ONOO-), thus causing
disruption of mitochondrial activity and lipoprotein oxidation. Consequently, ROS accumulation in the cardiovascular system may lead to age-related arterial oxidative stress
(fig. 2) [4, 17, 18].

creased circulating C-reactive protein (CRP) and various
inflammatory cytokines (i.e., tumour necrosis factor-α, interleukin (IL)-6 and vascular cell adhesion molecule-1)
have been previously reported [17]. At the molecular level,
nuclear factor (NF)-κB is a crucial factor in the inflammatory process. This transcription factor upregulates the
expression of proinflammatory genes, chemokines and adhesion molecules, which have been linked with diverse
pathophysiological conditions such as atherosclerosis [21].
Interestingly, activation of the proinflammatory transcription factor NF-κB can also be triggered by increased ROS
production, implying an important link between ROS and
inflammation in aging [4]. Additionally, senescent cells exhibit a senescence-associated secretory phenotype (SASP),
including the release of a wide range of inflammatory
cytokines, chemokines, growth factors and proteases [22,
23]. By acting in a paracrine manner, the released secretory
molecules facilitate further cellular senescence, thus contributing to the fueling of inflammaging and age-related
pathologies (fig. 3) [24, 25].
The involvement of a chronic inflammatory state was investigated in various age-related diseases, such as atherosclerosis and hypertension. In such settings, the inflamFigure 2: Oxidative stress as the source of vascular disease
via endothelial dysfunction. The level of ROS in the vascular cell
is well maintained in physiological conditions. Nevertheless, an imbalance between oxidant and anti-oxidant production occurs in aging due to increased ROS production and less generated anti-oxidants. Consequently, endothelial dysfunction arises due to
vascular oxidative stress and further leads to vascular diseases.

Chronic low-grade inflammation: inflammaging
Inflammation is a crucial defense system of all living organisms against harmful agents, such as pathogens, allergens and toxins. Acute responses of the immune system
enable the repair of damaged tissue and pathogen elimination to maintain body homeostasis [19]. However, chronic inflammation is usually a deleterious process. During
aging, chronic inflammation typically manifests in a lowgrade manner for a prolonged period of time, a phenomenon known as “inflammaging”. [20]
Increased levels of circulating markers of inflammation
is a characteristic of age-related sterile inflammation. In-

Cardiovascular Medicine · PDF of the online version · www.cardiovascmed.ch
Published under the copyright license “Attribution – Non-Commercial – No Derivatives 4.0”.
No commercial reuse without permission. See http://emh.ch/en/services/permissions.html.

Page 3 of 10

Review article

Cardiovasc Med. 2021;24:w10055

matory process plays a deleterious role in promoting the
thrombotic complications of atherosclerosis, which underlie acute stroke and myocardial infarction [4, 26]. Indeed,
such inflammatory markers, in particular CRP, have become a predictive biomarker of cardiovascular disease.
CRP and IL-6 have also been correlated with impairment
of endothelial-dependent dilatation and stiffness of large
arteries [27, 28]. Meanwhile, IL-1β activity has been a crucial factor in the development of atherosclerosis as its signaling pathway determines atheroma formation [29]. Notably, the CANTOS trial showed a significant reduction of
recurrent cardiovascular events upon treatment with a human monoclonal anti-IL-1β antibody, canakinumab, in patients with previous myocardial infarction and increased
systemic inflammation [30].

Lifespan regulating genes: implications on the
cardiovascular aging
Adaptor protein p66shc
The adaptor protein p66shc is a key regulator of aging encoded by the SHC1 gene along with the other two isoforms, p46shc and p52shc [3, 8]. Despite their identical molecular structures, these three isoforms share functional
domains yet exert different functions. Compared with
p46shc and p52shc, p66shc protein has an additional collagen-homology domain (CH2) containing an important
phosphorylation site, serine 36 (S36). Once phosphorylated at S36, p66shc protein translocates from the cytosol to
the mitochondria, mediating the release of cytochrome C
into the cytoplasm, increased ROS production and, eventually, cell death via apoptosis [31]. Previous studies suggested the implication of p66shc in aging, as well as in regulating cellular redox state. p66shc-/- cells display a reduction
in intracellular free radicals [32]. At the same time, deletion of p66shc in mice results in a 30% prolonged life span,

increased resistance to oxidative stress-induced apoptosis
and decreased production of intracellular oxidants [33].
Increased ROS production taking place in aging vessels
leads to decreased NO bioavailability and impaired endothelial function [17]. Initially described for its role in
regulating the cellular redox state, p66shc mitochondrial
protein was considered to partake in age-dependent endothelial dysfunction. In fact, mice lacking p66shc are protected against endothelial dysfunction by means of a preserved endothelial NO bioavailability and decreased ROS
production [3]. Higher oxidative stress via p66shc activation is also induced by several risk factors. High levels of
blood glucose were shown to promote phosphorylation of
p66shc at S36, thus leading to increased ROS formation.
The link between this protein and hyperglycaemia in the
context of vascular function is also supported by evidence
from in vivo studies. The diabetic mouse model revealed a
reduction in aortic NO bioavailability mediated by p66shc
activation, whereas p66shc gene silencing restores endothelium-dependent relaxation, and suppresses ROS production and apoptosis [32, 34].
Notably, p66shc knockout mice are also protected against
age-associated endothelial dysfunction of the basilar
artery, indicating the relevance of this protein for cerebrovascular disease also [35]. In a recent study, we showed
that p66shc-/- mice display blunted cerebral ROS production
and a reduction in stroke size following ischaemia-reperfusion brain injury [6, 35, 36]. Also, in a clinically relevant
experimental setup whereby p66shc gene silencing was performed post-ischaemically to mimic a more relevant clinical setup, we showed an improved stroke outcome in mice,
mainly due to a preserved blood-brain barrier integrity. In
line with the above, we also described increased p66shc
gene expression in acute ischaemic stroke patients, where
the expression correlated with the patient’s short-term neurological outcome [36].

Figure 3: The vicious circle of immune alteration in aging. Deleterious alteration of immune response occurs in aged individuals. A reduction of functional immunity cells occurs (immunosenescence), which contributes to ineffective senescent cell removal. This counterproductive
condition causes an accumulation of senescent cells and eventually promotes systemic manifestation of senescence-associated secretory
phenotypes (SASP), including the release of various inflammatory cytokines. Consequently, chronic inflammation due to the SASP accumulation further promotes cellular senescence and age-associated pathology.
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Besides protection against aging and age-dependent endothelial dysfunction, a role for p66shc in the context of
atherosclerotic heart disease was also suggested, specifically in lesion formation and progression. Indeed, a lower
rate of early atherogenesis, including decreased accumulation of intimal foam cells, arterial oxidised low-density
lipoprotein (LDL) and systemic oxidative stress, was observed in mice lacking p66shc [37, 38]. Multiple clinical
studies have also shown the involvement of this protein in
coronary artery disease. In fact, coronary heart disease patients showed a significant increase of p66shc mRNA levels in peripheral blood mononuclear cells [39]. p66shc transcript levels are also higher in acute coronary syndrome
patients as compared with patients with stable coronary
artery disease and healthy controls, thus indicating a potential role for p66shc in myocardial infarction [40]. Nevertheless, the detrimental role of this gene in myocardial infarction is still controversial. Indeed, a recent study in which
transient ligation of the left anterior coronary artery was
performed in p66shc knockout mice reported larger myocardial injuries following a blunted activation of protective pathways, such as Akt and Stat3 [3].
Experimental and clinical data altogether strongly implicate the aging gene p66shc in the development of the agedependent cardiovascular pathologies, highlighting its potential as a valuable therapeutic target in the setting of
age-related cardiovascular disease.
Target of rapamycin / rapamycin
The target of rapamycin (TOR) is an evolutionarily conserved serine/threonine kinase that belongs to the phosphoinositide kinase-related family. It governs cell cycle progression and cell growth by integrating various nutrients
and growth factor signals [41]. TOR (mTOR in mammals)
is a catalytic subunit of two distinct complexes, namely mTOR complex 1 (mTORC1) and mTOR complex 2
(mTORC2). These two protein complexes have different
protein partners and substrates, and differ functionally in
regulation of downstream processes and in their sensitivity
to rapamycin. For instance, mTORC1 is involved in cell
growth, whereas mTORC2, which is less sensitive to rapamycin, plays a crucial role in cell architecture by regulating the actin cytoskeleton [41–43]. Given its multiple
functions, previous observations implicated mTOR in various aging-associated processes. Increased mTOR activity
correlates with senescence and autophagy deficiency, and
mTORC1 inhibition results in a prolonged lifespan. Hence,
dysregulation of mTOR signaling may lead to the development of several pathologies, including age-dependent cardiovascular diseases [3, 44].
The mTOR complex is an essential factor in the embryonic
development of the cardiovascular system as well as postnatal cardiovascular function. Systemic deletion of mTOR
in mice results in a high rate of embryonic lethality, with
multiple cardiac and vascular integrity disruptions. Similarly, adult mice with a cardiac-specific mTOR deletion
suffer from fatal cardiac dilation and heart failure [44]. On
the other hand, available evidence suggests cardioprotective effects of selective and partial inhibition of mTORC1
in aging, via activation of autophagy, and reduction in misfolded protein accumulation and energy expenditure. Pharmacological mTORC1 inhibition with rapamycin decreas-
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es heart-specific inflammation and fibrosis, leading to a
reduction in age-related cardiac abnormalities, including
cardiac hypertrophy and systolic dysfunction [44, 45].
In aging, vascular inflammation, endothelial dysfunction
and oxidative stress are closely connected and accelerate
the vascular aging process. In a recent study, Reho et al.
assessed the direct involvement of mTORC1 signaling in
regulating vascular endothelial function. They showed that
an increment of mTORC1 activity in the vasculature contributes to reducing endothelial-mediated vasorelaxation
by escalating ROS signaling [46]. Likewise, long-term
mTOR inhibition with rapamycin in mice enhances vasodilatory effects via a specific endothelial-dependent
mechanism [47]. In addition to its protective properties in
the setting of endothelial function, a beneficial effect of
rapamycin on arterial stiffness was also suggested, since
rapamycin-treated kidney transplant patients develop less
central arterial stiffness [48]. Additionally, long-term dietary supplementation with rapamycin in old mice showed
attenuation of age-related arterial stiffness by reducing aortic collagen content [17].
In summary, inhibition of mTOR signaling has shown
promising effects in improving and maintaining cardiovascular health during the aging process. Nevertheless, additional studies will be necessary to investigate the effect of
specific targets of mTOR signaling as a therapeutic strategy to improve cardiovascular health in the elderly.
Sirtuins
Sirtuins (silent information regulator 2 proteins) belong to
the class III histone deacetylase family characterised by a
nicotinamide adenine dinucleotide (NAD+)-dependent enzymatic activity. In mammals, there are seven different
members (SIRT1–7) of the sirtuin family, each with distinct subcellular localisation, cellular function and tissue
distribution [3, 8, 49]. Decreased sirtuin activity has been
observed with ascending age whereas sirtuin function has
been associated with numerous physiological and pathological processes linked to cardiovascular diseases (i.e.,
oxidative stress, inflammation, autophagy, cellular senescence and apoptosis) [49]. Thus, coinciding with a decline
of vascular NAD+ levels with aging, the implication of sirtuins in age-related cardiovascular disease is noteworthy.
To date, SIRT1 is one of the best characterised isoforms of
sirtuins. SIRT1 has been associated with a protective role
in atherosclerosis; SIRT1 overexpression shows atheroprotective effects in ApoE-/- mice fed with a high-fat diet by
decreasing endothelial ROS formation and blunting NF-κB
activity in endothelial cells [50–52]. Via the same pathway, SIRT1 also prevents vascular thrombosis by inhibiting tissue factor activation [50]. Besides the observations
linked to SIRT1, accelerated arterial thrombus formation
was also reported in SIRT3-/- animals, denoting the thrombo-protective effect of SIRT3. SIRT3 significance in arterial thrombosis is also supported by the clinical findings
that SIRT3 mRNA expression on human peripheral blood
CD14+ monocytes is lower in ST-elevation myocardial infarction patients than a healthy control group [53]. In addition, SIRT3 knockout mice fed a high cholesterol diet exhibit mild endothelial dysfunction paralleled by a higher
accumulation of mitochondrial superoxide [54]. Nevertheless, SIRT3 deficiency does not affect atherosclerosis, in
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terms of neither plaque burden nor plaque vulnerability
[55].
In addition to their atheroprotective properties, SIRTs also
preserve cardiac health. According to previous evidence,
both SIRT1 and SIRT3 mediate protection against ischaemia/reperfusion myocardial damage. Mice lacking
cardiac-specific SIRT1 suffer larger myocardial infarction
areas following left anterior descending artery (LAD) ligation, whereas overexpression of this protein results in a reduction of cardiac injury, thus denoting a protective role of
this enzyme against ischemic myocardial injury [56]. Similarly, more cardiac damage following ischaemia/reperfusion injury is also observed in SIRT3 deficient mice [57].
Located in the mitochondria, SIRT3 also preserves mitochondrial function. As such, it is crucial for the development of cardiac hypertrophy and heart failure as seen
in SIRT3 knockout mice, which exhibit a lower ejection
fraction than wild typemice following transverse aortic
constriction. Cardiac hyperthrophy and heart failure also
develope in SIRT6-deficient mice, whereas SIRT6 overexpression protects from hypertrophic stimuli [58, 59]
In addition to its cardiac protective effect, SIRT6 has also
been implicated in stroke [50, 60]. In a recent study reported by our group, mice lacking endothelial-specific SIRT6
developed larger cerebral infarct volumes following transient middle cerebral artery occlusion. The same mice also
showed a higher mortality rate compared with wild type
animals exposed to the same procedure. The detrimental
effect of SIRT6 deficiency is due to SIRT6’s role in preserving blood-brain barrier integrity, thus having a protective function in ischaemic stroke. Indeed, our team demonstrated a reduction in stroke size by 50% and improved
neurological outcomes on SIRT6-overexpressing mice as
compared with controls. The strong link between SIRT6
and ischaemic stroke was further supported by our findings
on SIRT6 expression measured in peripheral blood
mononuclear cells of stroke patients. In this recent study,
we showed that SIRT6 gene expression correlates with the
patient’s short-term neurological outcome [60].
On the contrary, SIRT5, which is mainly located in the
mitochondria, plays a detrimental role in ischaemia/reperfusion cerebral injury. We found that peripheral blood
mononuclear cells collected from acute ischaemic stroke
patients expressed a SIRT5 gene more highly than healthy
controls. Indeed, in vivo SIRT5 gene silencing results in reduced stroke size, improved stroke outcome and preserved
blood brain barrier permeability [61].
Accumulated evidence undoubtedly reveals the role of sirtuins in longevity and, particularly, in cardiovascular diseases. Although several sirtuins exhibit a deleterious role
against cardiovascular disease, the majority of sirtuin
members appear to have a protective function in cardiac remodeling, hypertension and stroke. Hence, sirtuin activator compounds, specifically for SIRT1, have emerged as a
promising therapeutic approach for cardiovascular disease.
However, more profound study is still required to elucidate
the specific actions of different sirtuins on cardiac and vascular cells, in order to unveil the potential of other sirtuins
as valuable therapeutic targets.
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Transcription factor JunD
Activating protein-1 (AP-1) is a heterodimeric transcription factor composed of three DNA-binding proteins: Jun,
Fos and ATF/CREB, which determine its activitiy based on
their composition [6, 62]. Multiple evidence indicates an
important role of the AP-1 associated transcription factor
JunD in age-related diseases, by regulating cell growth and
survival and modulating oxidative stress levels. A previous study by Lorent et al. showed that JunD-/- mice develop signs of premature aging, such as cataract, alopecia and
graying, despite a normal appearance at birth. The same
mice also have a lifespan reduced by 17% as compared
with wild type littermates [63].
Various evidence suggests the relevance of JunD in vascular aging, given that JunD knockout mice display premature features of vascular senescence. In fact, premature endothelial dysfunction is developed in the absence of JunD
via increased ROS production, whereas JunD overexpression is able to preserve endothelial function. Regulation
of JunD expression was also investigated in the setting
of aging where aged animals displayed downregulation of
JunD. Similarly, reduced expression of JunD was also detected in monocytes of elderly individuals as compared
with young healthy subjects [62]. It is reported that reduced expression of JunD, as observed with aging, alters
the equilibrium between oxidants (i.e., NADPH oxidase)
and scavenger enzymes (i.e., manganese superoxide dismutase and aldehyde dehydrogenase), and that this imbalance results in ROS accumulation, mitochondrial dysfunction and later endothelial dysfunction [62].
JunD also plays a role in ischaemia/reperfusionbrain injury. Our team previously showed that JunD knockout
mice suffer from larger-sized strokes and worsened neurological function following transient middle cerebral artery
occlusion. A closer investigation in this setting indicated
increased systemic inflammation, including higher IL-1β
levels in brain tissue. Interestingly, anti-IL-1β antibody
treatment upon reperfusion could rescue the deleterious effect of JunD silencing, suggesting the protective role of
AP-1 transcription factor JunD against neuronal damage
due to ischaemia/reperfusion-induced cerebral injury via
IL-1β suppression [64].
Klotho
In 1997, the KLOTHO gene was first identified by Kuro et
al. as an aging suppressor gene. The original study demonstrated that a defect in KLOTHO gene expression in mice
generates a series of phenotypes such as a short lifespan,
skin atrophy and aorta calcification that resemble human
aging [65]. Hence, as it is implicated in human longevity,
the Klotho protein is widely studied in multiple research
areas including in cardiovascular research.
Accumulating evidence associates cardiovascular disease
with soluble Klotho, which is released into the circulation
and acts as a humoral factor. Previous clinical studies reported an independent association between low levels of
circulating Klotho and the severity of coronary artery disease [66, 67]. Low levels of soluble Klotho were related
to ectopic calcifications of cardiac valves and the aorta
whereas increased levels were shown to alleviate cardiac
remodeling [68, 69].
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Emerging data have indicated the critical role of this
longevity gene in vascular health, given the fact that
Klotho knockout mice develop different vascular phenotypes. In fact, restoration of Klotho expression reverses
vascular aging phenotypes, including vascular calcification, endothelial dysfunction and atherosclerosis [70]. Protective effects of Klotho were also reported with respect to
endothelial homeostasis and vascular function. Impairment
of vascular vasodilatation was observed in Klotho deficient
mice which, interestingly, also showed decreased urinary
excretion of NO metabolites (NO2- and NO3-), indicating
lower vascular and systemic NO production [71]. Moreover, Klotho overexpression results in an upregulation of
mitochondrial antioxidant enzymes and decreased oxidative stress [70]. This finding suggests a role for Klotho in
blunting oxidative stress – a crucial factor in vascular disease development.
In 2016, Corsetti et al. reported for the first time the Klotho
expression on the human myocardium. Their study showed
that Klotho expression is down-regulated in high cardiovascular risk subjects parallel to the augmentation of oxidative stress, inflammation and fibrosis [72]. An in vitro
study demonstrated that recombinant Klotho treatment of
human cardiomyocytes results in higher cell viability and
improved cell metabolism, which is beneficial in the setting of ischaemia/reperfusion injury [73]. Interestingly, the
Klotho protein level is increased in cardiac tissue subjected
to ischaemic damage [73]. A similar trend was identified
in cardiac tissue of patients with cardiomyopathy in which
Klotho mRNA levels are upregulated simultaneously with
the upregulation of fibroblast growth factor-23 – a hormone linked to heart failure progression and cardiac remodeling [74]. To date, it is still not fully understood
whether this phenomenon represents a response to or a
cause of cardiac disease. Nevertheless, Klotho upregulation is postulated to be a compensatory mechanism in acute

injury and the chronic progression of the disease [73, 74].
Thus, further investigation is required in this regard.

Future perspective: aging and longevity genes
as therapeutic targets
Previous studies clearly point at oxidative stress as being
crucial in the pathogenesis of age-related diseases. Maintaining the balance between pro- and antioxidants was suggested as a plausible strategy to attain healthy aging.
Hence, natural or synthetic exogenous antioxidants were
investigated and developed in order to counterbalance oxidative stress. However, clinical studies on antioxidantbased therapy often show contrasting results. This discouraging outcome is frequently due to the nonspecific effects
of the antioxidants used. Besides, the effect of antioxidant
supplementation may also be influenced by different redox
states and the genetic background of each individual [75].
A large amount of experimental evidence indicates that aging and longevity genes are critical mediators of age-dependent cardiovascular disease, mainly via oxidative stress
and inflammation (fig. 4). Given the importance of aging
and longevity genes in lifespan determination, different approaches to modulating their activities have been assessed
as potential strategies to delay senescence process. In principle, these methods include dietary intervention and the
use of low molecular weight compounds.
Calorie restriction was shown to slow down aging and
prolong lifespan. To date, accumulating evidence demonstrates the protective effect of calorie restriction against
age-related cardiovascular diseases. Indeed, long-term
calorie restriction blunts age-related endothelial dysfunction by maintaining NO bioavailability and blunting arterial oxidative stress. This dietary intervention also shows
an impact on large elastic arteries in prevention of arterial
stiffening [76]. Even more, reduced myocardial fibrosis
and an improvement of cardiac function are mentioned as
other beneficial outcomes of calorie restriction [77]. Previ-

Figure 4: Lifespan-regulating genes in age-related cardiovascular disease. Lifespan-regulating genes play a critical pathophysiological
role in age-related cardiovascular disease, mediated by common underlying mechanisms: oxidative stress and inflammation.
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ous studies suggested that calorie restriction improves vascular health by modulating nutrient-sensing pathways that
are dysregulated with advancing age, namely mTOR, sirtuins and AMP-activated protein kinase. Because of the benefits of calorie restriction, pharmacological approaches targeting the same pathways are being developed, and thus
may also be effective in impeding cardiovascular aging.
The potential of the mTOR inhibitor, rapamycin, in treatment of age-related cardiovascular diseases has been studied extensively. Originally used as an immunosuppressant
drug, this compound was assessed in clinical trials for its
antiatherosclerotic and vasoprotective properties. In kidney transplant patients, rapamycin was reported to attenuate arterial stiffness and blood pressure [78]. Furthermore,
rapamycin administration in old mice results in improved
myocardial contractile function and decreased age-related
inflammation [79]. Nevertheless, rapamycin has serious
adverse effects (i.e., hyperlipidaemia, hyperglycaemia and
insulin resistance), which limit the broadening of its indications [78]. In this regard, further studies are required in
order to develop a safer rapamycin analogue to minimise
its adverse effects.
Modulating sirtuin pathways, especially SIRT1, is also an
alternative pharmacological strategy to promote healthy
aging. Several compounds have been used to modulate
SIRT1 activity, for instance, resveratrol and other sirtuinactivating compounds (STACs) [80]. Naturally present in
grapeskin and red wine, resveratrol is a potent SIRT1 activator and has shown vasoprotective effects in multiple
studies. Via the SIRT1 pathway, resveratrol induces protein
deacetylation and autophagy, which are beneficial in regulating oxidative stress, inflammation, cellular senescence
and endothelial dysfunction [80, 81]. Indeed, in rodents,
resveratrol promotes protections against hypertension, atherosclerosis and heart failure [77].
However, resveratrol is a nonspecific compound that targets various enzymes, receptors and kinases [82]. As a
consequence, the complex pharmacodynamics of resveratrol may complicate its application in the clinic. Besides, it
will be difficult to predict the tolerability of this compound
in a varied and large clinical setting. Therefore, nowadays, different small molecule activators of SIRT1 are developed due to the shortcoming. In fact, previous studies
show the beneficial effect of SRT1720 and SRT2104 in
extending healthspan and lifespan [80]. A SIRT1 activator compound, SRT3025, also has atheroprotective properties on ApoE knockout mice [83]. To date, several STACs
have undergone clinical trials for different indications, including cardiovascular disease, diabetes and cancer [84].
Therefore, due to their promising outcome, continued research and development of SIRT1 activators in the future
is strongly encouraged [85].

Conclusions
Recent advances in gerontology have contributed to a better understanding of aging and aging-related diseases. Various lifespan regulating genes have been identified and
demonstrated to be crucial for the pathophysiology of agedependent cardiovascular disease via oxidative stress and
inflammation. Indeed, several strategies modulating the
genes pathways and activities have been developed and
are currently under investigation. However, there are still
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significant knowledge gaps on this topic and many practical challenges in the clinic. Indeed, those strategies have
so far not been well translated into therapeutic or preventive strategies against age-dependent cardiovascular disease, despite promising results. In this respect, future and
ongoing investigations will be key in providing the missing
knowledge. New pharmacological agents and novel interventions to restore healthy aging are currently being tested
with the goal of blunting the incidence of age-dependent
cardiovascular disease and reducing mortality.
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