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Abstract: Ageing constitutes the biggest risk factor for poor health and adversely affects the integrity
and function of all the cells, tissues, and organs in the human body. Vascular ageing, characterised
by vascular stiffness, endothelial dysfunction, increased oxidative stress, chronic low-grade inflam-
mation, and early-stage atherosclerosis, may trigger or exacerbate the development of age-related
vascular diseases, which each year contribute to more than 3.8 million deaths in Europe alone and
necessitate a better understanding of the mechanisms involved. To this end, a large number of recent
preclinical and clinical studies have focused on the exponential accumulation of senescent cells in the
vascular system and paid particular attention to the specific roles of senescence-associated secretory
phenotype, proteostasis dysfunction, age-mediated modulation of certain microRNA (miRNAs), and
the contribution of other major vascular risk factors, notably diabetes, hypertension, or smoking, to
vascular ageing in the elderly. The data generated paved the way for the development of various
senotherapeutic interventions, ranging from the application of synthetic or natural senolytics and
senomorphics to attempt to modify lifestyle, control diet, and restrict calorie intake. However, specific
guidelines, considering the severity and characteristics of vascular ageing, need to be established
before widespread use of these agents. This review briefly discusses the molecular and cellular
mechanisms of vascular ageing and summarises the efficacy of widely studied senotherapeutics in
the context of vascular ageing.
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1. Introduction

The world has officially entered an era of ageing. Data from the World Health Or-
ganisation indicate that the number of individuals aged ≥60 years reached 1.4 billion in
2020 and may exceed 2.1 billion by 2050 [1]. Age-related diseases (ARDs) already consti-
tute a public health and economic issue for most countries in the world and are likely to
become an even bigger issue in the not-too-distant future. Among all non-communicable
diseases, vascular diseases cause much of the mortality (~44%) in the elderly [2]. Vascular
events, including coronary heart disease, stroke, and heart failure, contribute to more than
3.8 million deaths in Europe alone, and 65% of these deaths occur in individuals who
are 75 years of age or older [3], implying that the understanding of age-related vascular
disease pathogenesis is of crucial importance for not only extending the lifespan but also
improving the healthspan of elderly populations. Vascular ageing makes up the biggest
pathological hallmark of many age-related vascular diseases and is characterised by ar-
terial and capillary stiffness, endothelial dysfunction, oxidative stress stemming from an
imbalance between generation and destruction of reactive oxygen species (ROS), impaired
angiogenesis capacity, the presence of early signs of atherosclerosis, and low-grade chronic
inflammation [4].

The mechanisms underlying vascular ageing are complex and multifactorial (Figure 1).
They include the accumulation of senescent cells in the vascular system, mitochondrial
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dysfunction, ROS overproduction, chronic inflammation, loss of proteostasis, exhaus-
tion and/or dysfunction of stem/progenitor cells, dysregulation of certain microRNAs
(miRNAs), and extracellular matrix remodelling. The determination of the relative con-
tributions of these mechanisms to age-related vascular disease represents an important
step in the development of anti-ageing strategies aiming to improve global health and
reduce healthcare-related costs. In this regard, modification of lifestyle, adoption of special
dietary patterns, use of synthetic or natural therapeutic agents, and miRNA supplements
have attracted much recent attention. Although a wealth of promising preclinical and
clinical data has thus far been generated, additional large-scale confirmatory studies are
desperately needed before approval of these agents and interventions as efficacious thera-
peutics to delay or modulate vascular ageing. In light of the above, this review discusses
the mechanisms involved in vascular ageing, highlights the interaction between vascular
ageing and other cardiovascular risk factors, and summarises the available data pertaining
to the anti-vascular ageing impact of lifestyle modification, diet, and synthetic or naturally
extracted components.
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 Figure 1. Mechanisms of vascular ageing. The presence of young and functional endothelial cells, vas-
cular smooth muscle cells (VSMCs), and endothelial progenitor cells (EPCs) ensures that angiogenesis,
vascular tone, coagulation, oxidative stress, vascular repair, and permeability are closely monitored
in young vasculature at all times. To this end, young endothelial cells express high levels of tight
junction proteins and low levels of adhesion molecules and secrete various vasoactive compounds
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with anti-inflammatory and vascular relaxant capacity, including prostaglandin (PGI2), acetylcholine
(Ach), endothelium-derived hyperpolarizing factor (EDHF), and notably the most prominent endoge-
nous vasodilator, nitric oxide (NO), through endothelial-type NO synthase (eNOS) activity. Young
VSMCs, on the other hand, secrete elastin and collagen in a stable ratio to help maintain normal vas-
cular tenacity, pliability, and contractility. In contrast, decreases in NO bioavailability, tight junction
protein expression, endothelial cell proliferation, and elastin-to-collagen ratio, as well as concurrent
increases in reactive oxygen species (ROS) production and adhesion molecule expression in aged ves-
sels, lead to impaired angiogenesis and vasodilation, oxidative stress, inflammation, thrombogenesis,
and vascular stiffening. Diminished availability or function of senescent EPCs and the secretion of
senescence-associated secretory phenotype (SASP) comprising matrix metalloproteinases (MMPs),
extracellular matrix components, growth factors, cytokines, etc. also contribute to the dysfunction
of aged vessels. VCAM: vascular cell adhesion molecule 1; ICAM: intracellular adhesion molecule
1; RNS: reactive nitrogen species; PAI-1: plasminogen activator inhibitor 1; IL: interleukin; MCP1:
monocyte chemoattractant protein 1; TNF: tumour necrosis factor; TGF: transforming growth factor;
VEGF: vascular endothelial growth factor; HGF: hepatocyte growth factor; DDR: DNA damage
response; SAHF: senescence-associated heterochromatin foci.

2. Mechanisms of Vascular Ageing
2.1. Cellular Senescence

Cellular senescence, characterised by an irreversible cell cycle arrest, represents the
fundamental physiological process of organismal ageing [5]. Even though senescent cells
can be detected in all organs at all ages, a substantially higher percentage of senescent cells,
straying from normal function and manifesting signs of oxidative stress and inflammatory
damage, are frequently observed in organs affected by ARDs compared to those from
young and healthy subjects [6]. As accumulation of senescent cells is associated with a
progressive loss of tissue structure and function, effective elimination of senescent cells and
thus blockage of their paracrine effect have been shown to extend a healthy lifespan [7–10].

The telomere attrition theory is regarded as one of the more widely accepted theories
of cellular senescence. Telomeres are repeated nucleotide sequences at each end of the
chromosomes that protect the DNA strands and prevent them from fusing with other
strands [11]. At each cell division, the telomeres shorten owing to the incomplete replica-
tion of the linear DNA molecules by the conventional DNA polymerases [12]. Although
the shelterin complex, a group of proteins that exists at the end of telomeres, recruits a
reverse transcriptase called telomerase to avoid this continuous telomeric loss by adding a
telomere repeat sequence to the 3′ end of telomeres, telomeres undergo a gradual short-
ening as a result of continuous cell division. When telomeres become too short, a DNA
damage response (DDR) is triggered, signalling the cell to undergo either senescence or
apoptosis [13]. DDR involves a group of genes that sense and react to specific types of
DNA damage, including specific apparatus modulating apoptosis, DNA repair, cell cycle
regulation, and replication stress responses [14]. Length-independent telomere dysfunction
also plays a significant role in cellular senescence. DNA-damage accumulation and DDR
activation with telomeric DNA are observed in senescent cells independently of telomere
attrition [15].

Exposure to different types of acute sub-lethal stresses, such as oxidative stress and
genotoxic agents, triggers cellular senescence in different cell types within a relatively short
period of time (days rather than months), with or without modest telomere shortening. This
type of senescence is termed as stress-induced premature senescence (SIPS). Induction of
SIPS is characterised by initial DNA damage and subsequent activation of DDR. Most of the
DNA damage is repaired within hours of exposure to stress. However, damage at telomeric
regions persists for months, suggesting that SIPS may also be regarded as a somewhat
telomere-dependent event [15,16]. Despite differences in the nature of stimuli, cell cycle
arrest in senescence is largely mediated by activation of either the p53/p21WAF1/CIP1
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or p16INK4A/retinoblastoma protein (RB) tumour suppressor pathways [17,18]. In brief,
they maintain the senescence state by evoking changes in the expression of many genes
through transcriptional regulators, p53 and RB. Furthermore, the cyclin-dependent kinase
inhibitor p21WAF1/CIP1 acts downstream of p53, and p16INK4A acts upstream of RB
and negatively regulates cell cycle progression (Figure 2). Although cellular senescence is
beneficial during embryogenesis and for wound healing, tumour suppression, and host
immunity throughout adult life [19], the slow but steady accumulation of senescent cells
with age overwhelms the elimination processes, triggers adverse effects in various tissues,
and ultimately promotes several ARDs [6,20].
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Figure 2. Triggers and general signalling pathways of cellular senescence. Telomere attrition, telom-
eric DNA damage, shelterin protein downregulation, and damages accumulated on non-telomeric
DNA from other stimuli collectively trigger the DNA damage response (DDR) and p16/pRb pathway,
resulting in either temporary cell cycle arrest for the DNA repair process or permanent cell cycle
arrest, known as cellular senescence. DDR involves a series of processes. While the MRN (MRE11-
RAD50-NBS1) complex, accompanied by activation of ataxia telangiectasia mutated (ATM)/Cell
Cycle Checkpoint kinase-2 (CHK2), is implicated in DNA double-strand breaks, the 9-1-1 (RAD9-
RAD1-HUS1) complex, leading to activation of ATM and rad3-related (ATR)/CHK1, is implicated in
DNA single-strand breaks. Once activated, checkpoint kinases CHK1 and CHK2 trigger cell cycle
arrest by inhibiting cyclin-dependent kinase 2 (CDK2) activation through the p53/p21 and CDC25
pathways. The accumulation of telomeric and non-telomeric DNA damage induces the expression
of p16INK4A. The P16 protein inhibits CDK 4/6, thereby suppressing Rb phosphorylation and the
release of E2F translation factor, which is crucial for cell cycle progression. RNF: ring finger containing
nuclear factor; 53BP1: P53-binding protein 1; BRCA1: breast cancer type 1; RPA: replication protein
A; ATRIP: ATR-interacting protein; TopBP1: DNA Topoisomerase II Binding protein 1; CDC: cell
division cycle; TIN: telomeric repeat binding factor 1/2-interacting nuclear factor 2; TRF: telomeric
repeat binding factor; RAP1: repressor/activator protein 1; POT1: protection of telomeres 1; TPP1:
POT1-interacting protein 1.

2.2. Impact of Cellular Senescence on the Vascular System

The accumulation of senescent endothelial cells, their progenitors (EPCs), vascu-
lar smooth muscle cells (VSMCs), and/or immunocytes represents an important mech-
anism in the process of vascular ageing and vascular disease. Endothelial cells and
VSMCs stained positive for SA-β-galactosidase and manifesting shortened telomeres
and p16/p21 activation are widely observed in atherosclerotic plaques of human arter-
ies [21]. Foamy macrophages with higher SA-β-galactosidase activity, p16INK4A ex-
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pression, and higher levels of senescence-associated secretory phenotype (SASP) factor,
matrix metalloproteinase-3 (MMP3), MMP-13, interleukin-1α (IL-1α), and tumour neurosis
factor-α (TNF-α) production are also commonly observed in the subendothelial space in
atherosclerotic mouse models [9]. The accumulation of senescent cells in the vasculature
appears to trigger atherosclerosis in both a direct and indirect fashion. Indeed, decreased ex-
pression of junction proteins and increased expression of adhesion molecules on senescent
endothelial cells facilitate monocyte migration, lipoprotein uptake, and macrophage/foam
cell accumulation. These and the elevated release of SASP factors, such as TNF-α, IL-6,
and IL-1β, aggravate vascular inflammation and accelerate atherosclerotic plaque forma-
tion [22–24]. By compromising NO production and vascular relaxation and also increasing
the collagen/elastin ratio, senescent cells in the vasculature contribute to the progression of
ARDs, notably hypertension, and, as a consequence, raise the risk of atherosclerosis [25–27].

2.3. Endothelial Cell Senescence and Dysfunction in Vascular Ageing

The endothelium, covering the entire inner surface of all blood vessels, represents a
vital organ that regulates a wide range of critical functions, including vascular tone and
inflammation, through the release of a wide range of vasoactive compounds such as prosta-
cyclin and endothelin-1 [28]. In the central nervous system, endothelial cells, the cellular
component of the endothelium, also form a mechanical barrier called the blood-brain bar-
rier (BBB) between the blood and the brain and regulate the selective passage of a variety
of cells, molecules, and metabolic waste between the two compartments. Inter-endothelial
cell tight junctions, formed largely by interactions between the junctional proteins occludin,
claudins, zonula occludens, and adhesion molecules, constitute the backbone of the BBB.
Compared to their younger counterparts, senescent endothelial cells express occludin,
claudins, and zonula occludens at considerably lower levels [29–31]. As demonstrated with
increased permeability, contact of senescent endothelial cells with young ones compromises
the overall barrier integrity [32]. The loss of endothelium integrity impacts the selective
permeability of the vascular wall and promotes the accumulation of oxidised low-density
lipoprotein cholesterol, inflammatory cytokines, and ROS in the subendothelial space [33].
Enhanced expression of vascular cell adhesion molecule-1 (VCAM-1) and intracellular ad-
hesion molecule-1 (ICAM-1) on senescent endothelial cell plasma membranes consequently
leads to an increased adhesive and prothrombotic propensity of the endothelium [24].

As briefly mentioned above, endothelial cells regulate vascular homeostasis by syn-
thesising and releasing a wide range of vasoconstrictors and vasodilators, as well as
pro- and anti-thrombogenic factors. Nitric oxide (NO) constitutes the most important
endothelium-derived agent that regulates vascular relaxation, coagulation, oxidative stress,
and inflammatory responses. Due to decreased endothelial NO synthase (eNOS) activ-
ity, senescent endothelial cells generate very limited amounts of NO and therefore elicit
significant impairments in all the aforementioned crucial functions and perturb vascular
homeostasis [26,34]. Compared to young endothelial cells, senescent endothelial cells
synthesise considerably lesser quantities of vasculoprotective acetylcholine, prostacyclin,
endothelium-derived hyperpolarizing factor, and thrombomodulin and greater quantities
of vasocontractile and inflammatory endothelin-1, angiotensin, ROS, reactive nitrogen
species, plasminogen activator inhibitor-1 (PAI-1), thromboxane A2, and von Willebrand
factor, which collectively further exacerbate the vascular damage [34,35]. The inability
of senescent endothelial cells to respond to vascular endothelial growth factor (VEGF)
and transforming growth factor-β (TGF-β) as effectively as their younger counterparts
adversely affects angiogenesis and adds to the extent of tissue/organ damage [36,37].
Specifically, in the central nervous system, cerebral endothelial cell (CEC) senescence com-
promises the integrity and function of the neurovascular unit and evokes BBB disruption,
neurovascular uncoupling, and neurodegeneration in addition to causing usual inflam-
matory, pro-coagulant, and pro-oxidant responses [38]. Here, while increased secretion
of pro-inflammatory SASP factors also contributes to age-related BBB breakdown, they,
along with diminished availability of low-density lipoprotein receptor-related protein-1,
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reduce the clearance of amyloid β from the brain [39,40]. Dysfunctional CECs with de-
creased NO production and impaired response to vasoactive factors perturb normal blood
flow and promote chronic cerebral hypoperfusion [41,42]. BBB breakdown and chronic
hypoperfusion contribute to the initiation and progression of vascular cognitive loss and
Alzheimer’s disease [43,44]. Taken together, these findings indicate that the progressive
accumulation of senescent endothelial cells in the vasculature may be a driving force for
vascular contractility, atherogenesis, inflammation, thrombosis, coagulation, cognition loss,
and impaired angiogenesis, irrespective of the tissue that they reside in.

2.4. Vascular Smooth Muscle Cell Senescence and Dysfunction in Vascular Ageing

VSMCs make up the main cellular component of the vascular wall (tunica media).
Their roles in ageing-related vascular diseases are complicated. Indeed, while the prolifer-
ation and migration of VSMCs may be beneficial for the maintenance of plaque stability
and repair of ruptured atherosclerotic plaque, their migration and accumulation in the
tunica intima led to arterial lumen narrowing [45,46]. VSMCs also contribute to the stability
of the extracellular matrix by secreting collagen, elastin, and MMPs [47]. An increased
collagen-to-elastin ratio, a crucial marker of age-related artery stiffness, is reported in the
aortas of old animals [25]. Despite possessing athero-protective and plaque-stabilising
capacity and displaying a contractile phenotype in a young and healthy vascular wall [48],
the VSMCs isolated from the aortas of aged rodents adopt a secretory phenotype and
release a diverse range of inflammatory elements, including IL-6, C-C motif chemokine
ligand-2 (CCL-2), adhesion molecule ICAM-1, and MMP-9 [49]. Once activated, MMP-9
degrades collagen and weakens atherosclerotic plaques [50]. Markedly reduced expres-
sion of the telomeric repeat-binding factor-2 (TRF2) has also been implicated in senescent
VSMC-mediated plaque vulnerability [51]. It is of note here that VSMCs obtained from
the fibrous cap of the atherosclerotic lesions manifest significantly shortened telomeres
compared to those from disease-free tunica media, and the degree of telomere shortening
correlates with the severity of atherosclerosis [52].

2.5. Senescence-Associated Secretory Phenotype (SASP) and Vascular Ageing

As mentioned above, despite their quiescence, senescent cells remain metabolically
active and secrete a large number of soluble or insoluble cytokines, chemokines, growth
factors, and MMPs that collectively make up SASP [53]. SASP has both beneficial and
deleterious effects. While the former effects include wound healing and tumour suppres-
sion, the latter effects include the promotion of certain cancers, atherosclerosis, insulin
resistance, endothelial dysfunction, chronic inflammatory reactions, and the induction and
reinforcement of cellular senescence by paracrine activity [54]. Persistent DDR initiates the
formation of SASP, whereas autocrine and paracrine effects amplify the signal and reinforce
the senescent state [55]. Ataxia-telangiectasia mutated (ATM) kinase, a core component of
DDR signalling, activates nuclear factor-κB (NF-κB) in response to genotoxic and oxidative
stress via post-translational modifications. NF-κB, an important transcription factor, in turn
regulates the expression of many genes responsible for both the innate and adaptive im-
mune responses, including those of several pro-inflammatory factors, including IL-6, IL-8,
and granulocyte macrophage colony-stimulating factor (GM-CSF), that make up SASP [56].
The suppression of the sirtuins (SIRT), a family of signalling proteins involved in metabolic
regulation, also contributes to the formation and modulation of SASP. Moreover, differences
in cellular origin and stimuli play pivotal roles in the expression of factors that make up
SASP. For instance, while replicative senescent endothelial cells were shown to produce
excessive quantities of monocyte chemotactic protein-1 (MCP-1), IL-1α, IL-6, and IL-8 [57],
senescent VSMC appeared to release mostly IL-1α, IL-6, IL-8, MMP-2, and MMP-9, where
the blockade of IL-1α dramatically reduced the expression of IL-6 and IL-8 [50].
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2.6. Stem Cell Dysfunction and Exhaustion in Vascular Ageing

The impaired function and exhaustion of stem/progenitor cells may in part account
for the decreased capacity of organ regeneration and damage repair during the process
of ageing [58]. Through maintaining the expression and activity of telomerase and sup-
pressing metabolic activity, stem/progenitor cells minimise the accumulation of replication-
associated DNA damage cells in younger populations. In contrast, considerably higher
levels of DNA damage and telomere attrition coupled with stem cell dysfunction are ob-
served in elderly individuals [59,60]. The presence of a sufficient number of functional
endothelial progenitor cells (EPCs) in circulation at all times is recognised as an important
prerequisite to maintaining vascular homeostasis characterised by vascular repair and re-
generation. As advanced age and major cardiovascular risk factors such as atherosclerosis,
smoking, and/or type 2 diabetes increase the preponderance of senescent EPCs in circula-
tion, they are inevitably associated with structural and functional vascular damage [61–64].
Decreases in SIRT-1 and in expression of nuclear factor-erythroid-2-related factor (Nrf2),
a transcription factor required for cell cycle progression and inhibition of apoptosis and
inflammation, appear also to contribute to decreased availability of EPCs and increased
vascular dysfunction in aged individuals [63,65–67].

2.7. Oxidative Stress

The balance between the synthesis and activities of NO and ROS is regarded as an
important determinant of vascular equilibrium. ROS, produced largely by nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase overactivity and mitochondrial dys-
function during the ageing process, accelerate telomere shortening, oxidise DNA bases,
breakdown DNA strands, and, as a consequence, potentiate DDR activity [68,69]. These
then activate a series of mechanisms leading to cellular senescence via activation of cell cy-
cle checkpoints and mitochondrial dysfunction, which reciprocally produce more ROS and
help maintain this vicious circle in an active state [70]. Air pollution, alcohol consumption,
tobacco smoking, infection, and radiation constitute the common sources of exogenous
ROS [71,72].

As a prominent vascular risk factor, ageing not only aggravates oxidative stress but also
impairs cellular resistance to oxidative stress through attenuation of antioxidant capacity
in the elderly by suppression of Nrf2, a ubiquitous transcription factor that responds to
oxidative stress and promotes the genes encoding antioxidant enzymes [73,74]. In addition
to its direct effects on vascular tone, the exaggerated availability of ROS compromises
vascular (endothelial) function by also scavenging NO and promoting a pro-inflammatory
environment [75]. In light of these findings, various natural and synthetic antioxidants,
including vitamins A, C, and E, coenzyme Q10, selenium, polyphenols, melatonin, and
fermented papaya preparations, have been tested as potential agents to ameliorate vascular
ageing [76]. Strategies associated with lifestyle changes, such as calorie restriction and
physical exercise, can also attenuate oxidative stress. Attenuation of the lifespan extension
in the eNOS knockout mouse model pinpoints the significance of the eNOS/NO pathway
in calorie restriction-mediated organismal benefits [77].

2.8. Immunosenescence and Vascular Ageing

The loss of normal innate and acquired immune function in older individuals is de-
scribed as immunosenescence. Ina addition to chronological ageing, persistent exposure
to viral infections can also induce premature senescence of immune cells by imposing a
great antigenic volume on the immune system and substantially depleting T cells [78].
However, decreases in absolute numbers of T cells, B cells, and the naïve subset may
also derive from degeneration of the thymus gland in aged individuals [79]. These de-
creases in the absolute number and function of immune cells during ageing may cause
impairments in efferocytosis and trigger chronic low-grade inflammation, tumour devel-
opment, and autoimmunity [80]. Advanced age affects the distribution of T-helper (Th)
lymphocyte subtypes Th1 and Th2 in a distinct manner in that increases in Th2 lympho-
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cyte numbers and associated pro-inflammatory responses appear to play a pivotal role
in atherosclerosis and atherothrombosis [81]. The innate immune responses dominated
by monocytes/macrophages also play a key role in determining the balance between the
progression and regression of atherosclerotic disease [82]. Natural killer (NK) cells and
cytotoxic T cells play crucial roles in the recognition and clearance of senescent cells and
damaged cells [83]. Despite an increase in NK cell numbers with age, the dysfunction of
NK cells, associated with reduced cytokine secretion, notably interferon-γ, and diminished
target cell cytotoxicity, is regarded as one of the key phenomena in age-related impairment
of immune function [84,85]. It is noteworthy here that age-related accumulation of NK cells
may contribute to chronic low-grade inflammation, or inflammaging [84]. A reduction in
the number of CD8+ T cells, a subset of major histocompatibility class I-restricted T cells
pre-programmed for cytotoxicity, constitutes a consistent marker of immunosenescence
in older adults [86]. Indeed, marked declines in the absolute number and cytotoxicity of
these cells in circulation are closely associated with the insufficient clearance of senescent
cells in the vascular system [87]. By accelerating cellular senescence and apoptosis, chronic
low-grade inflammation may promote tissue degeneration, plaque instability, and barrier
disruption and constitute a key factor for vascular remodelling [58].

2.9. Proteostasis and Vascular Ageing

Protein homeostasis, or proteostasis, is the process that controls proteins inside the cell
to preserve the health of both the cellular proteome and the organism itself. The process
involves a series of highly complex pathways that affect the fate of a protein throughout
its entire existence. These include the synthesis, folding, trafficking, disaggregation, and
degradation of proteins in the intracellular and extracellular matrices. The stability of
proteostasis is inevitably compromised during the process of physiological ageing, where
protein misfolding and autophagic dysregulation contribute to the development of ARDs.
Chaperones, the ubiquitin-proteasome, and the lysosome autophagy systems constitute the
three main constituents of the proteostasis network. Similar levels of heat shock protein 70
(HSP70), a seminal component of the chaperone family, were found in the cardiac tissue
of aged versus young mice [88]. Even so, the long-term administration of exogenous
HSP70 significantly extended the lifespan in the aged mouse model [89]. Aberrations
in ubiquitin-proteasome system (UPS) regulation lead to the accumulation of misfolded
proteins and, thus, abnormalities in proteasome content. Recent studies have shown a
potentially reciprocal relationship between increased activation of UPS and hypertension,
which may be extended to other ARDs [90,91]. The suppression of autophagy in the process
of vascular ageing is well-reported and ascribed to the upregulation of mammalian target
of rapamycin (mTOR) and phosphoinositide 3-kinase (PI3K) pathways and dysregulation
of AMPK and SIRT pathways. Spermidine, a food supplement with an autophagy-inducing
effect, has been shown to restore the expression of LC3-II, an autophagy marker, increase
the expression of the autophagy machinery protein Atg3, and ameliorate vascular ageing in
an aged mouse model. Spermidine has also decreased aortic pulse wave velocity, restored
NO-mediated endothelium-dependent dilation, and reduced oxidative stress in the old
mice compared to untreated matching controls [92]. The anti-ageing effects of calorie
restriction are, in part, also associated with the promotion of autophagy [93].

The endoplasmic reticulum (ER) plays an essential role in the synthesis, folding, and
structural maturation of proteins, the regulation of cellular Ca2+ uptake and signalling,
and the production of cellular lipid. Any phenomenon that disrupts ER homeostasis cre-
ates a state commonly known as “ER stress” and triggers the unfolded protein response
(UPR), which counteracts ER stress to maintain proteostasis. However, consistent UPR
activation may lead to maladaptive UPR. Excessive ER stress and maladaptive UPR ag-
gravate vascular disease, which reciprocally exacerbates ER stress [94]. For instance, bone
morphogenic protein-2 is reported to promote VSMC calcification via modulation of ER
stress [95]. The detection of higher quantities of ER stress markers, binding immunoglobu-
lin protein, and C/EBP homologous protein in human atherosclerotic lesions highlights
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the role of ER stress in vascular pathologies [96]. Indeed, inhibition of ER stress has
been shown to protect endothelial cells against H2O2-induced injury and cardiomyocytes
from hypoxia/reoxygenation injury, thereby proposing ER stress as a potential target for
vasculoprotective strategies [97,98].

2.10. MiRNAs and Vascular Ageing

MicroRNAs (miRNAs), small non-coding RNAs that participate in the regulation of
physiological processes through modulation of gene expression, are increasingly recognised
as important regulators of cellular senescence and vascular ageing [99,100]. Figure 3
illustrates the major miRNAs that have been implicated in vascular ageing. A study
aiming to explore the differences between the expression of miRNAs in young and aged
populations by screening over 800 different miRNAs has found significant downregulations
in the expression of nine miRNAs, namely miR-103, miR-107, miR-128, miR-130a, miR-155,
miR-24, miR-221, miR-496, and miR-1538, in aged individuals [101]. Some of these miRNAs
were shown to possess vascular protective effects. For example, the upregulation of miR-
107 increased the expression of tight junction protein in endothelial cells and maintained
the integrity of the BBB [102]. The lentiviral delivery of miR-128 was able to prevent intimal
hyperplasia in a carotid restenosis mouse model [103].
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Figure 3. MiRNAs modulate vascular ageing. MiRNAs regulate the process of senescence by
modulating gene expression. Some miRNAs promote vascular ageing (pink rectangles), while others
antagonise it (blue rectangles) through their specific effects on mRNAs of SRC kinase signalling
inhibitor 1 (SRCIN1), endothelial nitric oxide synthase (eNOS), sirtuin 1 (SIRT1), transcription factor
nuclear factor-kappa B (NF-κB), p53, and p21, which regulate inflammation, oxidative stress, vascular
tone, and vascular cell senescence. The accumulation of senescent cells in aged arteries leads to the
acquisition of the senescence-associated secretory phenotype (SASP).

An increasing number of studies have indicated that the supplementation or inhibition
of several miRNAs has anti-senescence and vasculoprotective effects [104–106]. The expres-
sion of miR-130a is downregulated in an ageing mouse model, and inhibition of miR-130a
in young endothelial cells accelerates cellular senescence and diminishes angiogenesis.
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Unsurprisingly, intramuscular injection of miR-130a mimic in older mice has improved
neovascularization during hindlimb ischemia [107]. Unfortunately, the enforced expression
of miR-130a has also been reported to promote tumour growth in a mouse model of breast
cancer [108]. Similar to miR-130a, downregulation of miRNA-199a-3p in hyperglycemic
conditions led to the induction of senescence in HUVECs, where the miR-199a-3p mimic
significantly decelerated this impact [109]. However, the inhibition of miR-199a-3p and
miR-199a-5p in HUVECs was found to increase NO production and eNOS activity in bovine
aortic endothelial cells [110]. Likewise, intramuscular injection of miR-150 mimics restored
blood flow and improved functional mobility in a mouse model of hindlimb ischemia [111].
The modulatory role of miRNAs in vascular ageing and ARDs provides a new dimension
for precision or personalised therapies. In this case, further pre-clinical research and clinical
trials are needed to evaluate the anti-ageing, vasculoprotective, and possible adverse effects
of miRNA supplements and inhibitors.

3. Vascular Risk Factors and Vascular Ageing

The progression of vascular ageing has a close association with several widely occur-
ring risk factors, including type 2 diabetes, hypertension, smoking, obesity, and dyslipi-
demia. The accumulation of senescent cells in different organs is thought to contribute to
the progression of multiple cardio-cerebral vascular risk factors, and the environmental
changes caused by these risk factors reciprocally accelerate vascular ageing. Hence, a
better understanding of the correlations between vascular ageing and the risk factors may
culminate in the development of novel and individualised treatment strategies targeting
senescent cells, SASP, or other senescence-associated dysfunction in elderly individuals as
part of the therapeutic strategy aiming to control or treat vascular diseases.

3.1. Hypertension

Vascular ageing and hypertension represent two causally related phenomena. Indeed,
hypertension is regarded as one of the most prominent ageing-related disorders. According
to recent data from the National Health and Nutrition Examination Survey by the American
Heart Association, over 70% of the older population (≥65 years old) and about 40% of the
young adults (≤45 years old) in the US are hypertensive [112]. Observation of an elevated
expression of p16INK4a and p38 MAPK, a regulator of SASP, in the ventricular artery tissue
of deoxycorticosterone acetate-salt-induced hypertensive rats indicates the role of cellular
senescence in the pathogenesis of hypertension [113]. Observation of oxidative stress,
chronic inflammation, vascular dysfunction, vasocontractile phenotype, and endothelial
permeability in individuals with advanced age confirms the causal relationship between
vascular ageing and hypertension [114,115]. Dramatic reductions in both systolic and
diastolic blood pressures in individuals taking quercetin, a widely investigated natural
senolytic, further corroborate this relationship [116].

3.2. Diabetes

Recent data from the International Diabetes Federation in 2021 estimate that about
537 million adults globally suffer from diabetes, of whom about 20% are above 65 years
of age and about 90% are type 2 diabetics [117]. The diabetic microenvironment predis-
poses the vasculature to the ageing process [118] and perturbs endothelial cell, VSMC, and
EPC function through activations of growth hormone/insulin-like growth factor-I and
SIRT1/dimethylarginine dimthylaminohydrolase/asymmetric dimethylarginine pathways,
which then systemically induce the process of vascular ageing [62,119]. Senescent cells can
directly cause insulin resistance and aggravate the burden of diabetes through SASP con-
taining MCP-1, insulin-like growth factor binding protein 3 (IGFBP-3), high mobility group
box 1 (HMGB-1), IL-6, and PAI-1 [120–122]. The vicious cycle between age-related diabetes
and vascular complications suggests that an effective therapeutic approach with senolytics
and senomorphics may help preserve vascular homeostasis and extend a healthy lifespan.
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3.3. Smoking

Smoking is widely regarded as a risk factor that accelerates the ageing of the res-
piratory, neurological, and vascular systems [123–125]. A cohort study looking into the
correlation between smoking and cardiovascular ageing has reported that the degree of
carotid plaques and vascular stiffness in current smokers is similar to those seen in their 20-
year-old non-smoking counterparts [125]. The percentage of senescent and dysfunctional
EPCs with impaired angiogenic function appears to be considerably higher in smokers
compared to non-smokers [64]. Furthermore, endothelial cells isolated from patients who
smoke go into stress-induced premature senescence at a significantly higher rate and faster
pace than those isolated from non-smoking counterparts, where oxidative stress appears to
play a seminal role [126]. Similar to cigarette smoking, exposure to cigarette smoke extract
also induces endothelial cell senescence, apoptosis, and dysfunction via ROS and mito-
chondrial dysfunction, which are repressed by ubiquinol and menaquinone-7 supplements
due largely to their antioxidant effects [127].

3.4. Virus Infection

Virus infection-related premature senescence was observed in patients with various
chronic virus infections, such as Human Immunodeficiency Virus (HIV), Hepatitis B/C/D
Virus (HBV/HCV/HDV), Epstein Barr Virus (EBV), Human Herpes Virus (HHV), Human
Papilloma Virus (HPV), and a strain of coronavirus, i.e., SARS-CoV-2 [78,128–130]. In pa-
tients with HIV infection, premature senescent stem cells, endothelial cells, and leukocytes
were observed. The premature senescence may be associated with the increased oxidative
stress and mitochondrial dysfunction induced by HIV proteins “tat” and “nef” [131]. SARS-
CoV-2 infection accelerates the process of endothelial cell senescence and evokes the release
of SASP. The conditioned medium (CM) obtained from SARS-CoV-2 spike-transfected cells
has been shown to induce endothelial cell senescence in a paracrine fashion, where in-
creases in the expression or release of HMGB1, IL-1α, IL-6, and MCP-1, ROS, and adhesion
molecules observed in the spike-CM-treated endothelial cells appeared to play pivotal
roles [129].

3.5. Other Metabolic Disorders

Due to age-dependent alterations in cholesterol metabolism, hypercholesterolemia
represents a major risk factor for vascular diseases in elderly [132]. Observation of key
features of accelerated cellular senescence and vascular dysfunction, including shortened
telomere length, increased p16 and p21 mRNA expression, and attenuated proliferation and
repair capacity of endothelial cells, EPCs, and hematopoietic stem cells in a diet-induced
mouse model of hypercholesterolemia, consolidates this notion. Excessive production of
ROS and activation of the Notch1 pathway are among the major mechanisms that account
for hypercholesterolemia-induced vascular ageing [133,134].

Hyperhomocysteinemia represents another important risk factor for vascular disease,
and the mechanisms underlying hyperhomocysteinemia-induced vascular disease remain
largely unknown. Even so, accumulating evidence bestows a role on oxidative stress in this
process. Hyperhomocysteinemia induced in rats by a diet rich in methionine increased the
expression of senescent markers SA-β-galactosidase, p53/p21, and p16 in VSMCs and ele-
vated pulse pressure and collagen fibre deposition [135]. Similarly, hyperhomocysteinemia
appeared to inactivate telomerase activity in endothelial cells and EPCs and accelerate their
senescence, in which oxidative stress coupled with diminished availability of NO were
instrumental [136]. PAI-1 is another important regulator of homocysteine-induced vascular
ageing. Indeed, the inhibition of PAI-1 abrogates the impact of hyperhomocysteinemia on
vasculature, negates reductions in the antioxidant enzyme catalase and antioxidant gene
regulator Nrf2, and delays endothelial cell senescence [137].
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4. Anti-Vascular Ageing Strategies

Anti-ageing strategies may be divided into two types according to the actual age and
health status of the individuals concerned. While individuals without ARDs and major
cardiovascular risk factors may benefit more from lifestyle modifications and food supple-
ments with anti-ageing potential, elderly individuals with ARDs and/or cardiovascular
risk factors may benefit from a more comprehensive strategy targeting both ageing-related
mechanisms and risk factors to gain optimal benefit. Although many synthetic and natural
agents with so-called anti-vascular-ageing potential have thus far been identified, changes
in lifestyle such as calorie restriction and physical exercise have been put forward to delay
the ageing process and improve the health and lifespan of the global population. In this
context, food supplements with anti-ageing effects have also received great attention in
recent years.

4.1. Senolytics and Senomorphics Related to Vascular Ageing

Given the crucial role of senescent cell accumulation in the pathogenesis of various
ARDs such as vascular diseases, cancer, and metabolic disorders, therapeutic strategies
targeting senescent cells have recently gained considerable importance. Since senescence
cannot be reversed by any of the current clinical interventions, present senotherapeu-
tics focus either on the removal of senescent cells (senolytics) or the modulation of their
secretome (senomorphics).

Senolytics selectively obliterate senescent cells [138] and are divided into seven cate-
gories as per their mechanism of action: tyrosine kinase inhibitors, heat shock protein 90
(HSP90) inhibitors, B-cell lymphoma 2 (BCL-2) family inhibitors, mouse double minute
2 (MDM2) inhibitors, Forkhead Box O4 (FOXO4) inhibitors, glutaminase inhibitors, and
histone deacetylase inhibitors [139]. Senomorphics modulate the function of senescent
cells, especially that of SASP, and are divided into nine categories as per the elements and
pathways involved in their mechanism of action: telomerase activators, sirtuin activators,
mTOR inhibitors, antioxidants, NF-κB inhibitors, ATM inhibitors, Janus kinase (JAK) in-
hibitors, signal transducer and activator of transcription proteins (STAT) inhibitors, and
p38 MAPK inhibitors [7,140]. Figure 4 summarises the current senotherapeutics. Although
many senotherapeutics exert anti-ageing activity, only those known to display anti-vascular
ageing are discussed in detail in this review.

As senolytics, tyrosine kinase inhibitors like dasatinib can influence many beneficial
effects, ranging from tumour suppression and immune system activation to the elimination
of senescent cells [141]. When combined with quercetin, a plant flavonol, dasatinib (D +
Q) markedly decreases the number of senescent cells in vitro with no deleterious effect
on young cells and extends the healthy lifespan in a mouse model [142]. Significant
increases in NO bioavailability and reductions in aortic calcification in old mice and
hypercholesterolemic mice prove the vascular protective effect of D + Q [143]. An open-
label, phase 1 clinical trial consolidates these findings by showing that 3 days of oral D
+ Q treatment can significantly decrease senescent cell burden, including the numbers of
p16INK4A+ cells, p21CIP1+ cells, and circulating SASP factors, in 55–79-year-old patients
with diabetic kidney disease without noticeable adverse effects [144]. Although another
clinical trial has also shown marked improvements in physical functions in 55–84-year-old
patients with idiopathic pulmonary fibrosis receiving D + Q treatment, it has also reported
some adverse events, including coughing, gastrointestinal discomfort, heartburn, and
headache in these patients [145].

HSPs stabilise unfolded or misfolded proteins and thus give cells time to repair dam-
aged proteins under stressful conditions such as heat shock or hypoxia. Downregulation of
the anti-apoptotic PI3K/AKT pathway is implicated in the senolytic function of inhibitors
targeting HSP90 at cellular and organismal levels [146]. Glutaminase is a mitochondrial
enzyme that metabolises glutamine to glutamate and ammonia [147]. There are two isoen-
zymes: kidney type (glutaminase-1) and liver type (glutaminase-2). These two isoenzymes
are expressed differently in different tissues and often display contrasting effects, notably
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on cancer growth [148]. Glutaminase inhibitors have been shown to rejuvenate human
skin via clearance of senescent cells in a study using a mouse/human chimeric model
where prominent decreases in various SASP elements, such as MMP-3, MMP-9, IL-1α, IL-6,
and TNF-α, were also observed [149]. Selective targeting of glutaminase 1 in old mice has
replicated these results and led to selective elimination of senescent cells and amelioration
of age-associated organ dysfunction [150].
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in the actions of senolytics and senomorphics. Currently known senolytics are categorised into seven
groups: tyrosine kinase inhibitors, heat shock protein 90 (HSP 90) inhibitors, B-cell lymphoma-2 (BCL-
2) family inhibitors, mouse double minute 2 (MDM2) inhibitors, Forkhead Box O4 (FOXO4) inhibitors,
glutaminase inhibitors, and histone deacetylase (HDAC) inhibitors. Currently known senomorphics
are categorised into nine groups: telomerase activators, sirtuin (SIRT) activators, mammalian target
of rapamycin (mTOR) inhibitors, antioxidants, nuclear factor-kappa B (NF-κB) inhibitors, ataxia
telangiectasia mutated (ATM) inhibitors, Janus kinase (JAK) inhibitors, signal transducer and activa-
tor of transcription proteins (STAT) inhibitors, and p38 mitogen-activated protein kinase (MAPK)
inhibitors. A series of downstream signalling pathways, enzymes, and environmental changes such
as phosphatidylinositol 3-kinase/protein kinase B (PI3K/Akt), senescence-associated secretory phe-
notype (SASP), endothelial nitric oxide synthase (eNOS), ATM and RAD3-related protein (ATR), and
oxidative stress accompanied by excessive release of reactive oxygen species (ROS) play pivotal roles
in the activity of senotherapeutics.

Sirtuins are a family of signalling proteins involved in metabolic regulation. They
modulate the activity of their targets by removing covalently attached acetyl groups and
are implicated in numerous biological pathways. Hence, they are recognised as highly
promising therapeutic targets. There are seven sirtuins in mammals: SIRT1–7. A grow-
ing body of evidence implicates that sirtuins function is crucial to vascular ageing [151].
Activation of SIRT1 in human EPCs with MHY2233 protects cells against both replicative
and oxidative stress-induced senescence and maintains normal function [35]. Resveratrol,
a type of natural phenol and a phytoalexin found in red grapes, berries, peanuts, and
tomatoes, also exerts its multiple anti-ageing effects, including its antioxidant and anti-
inflammatory roles, through the activation of SIRT1, AMP-activated protein kinase (AMPK),
and Nrf2 pathways, eNOS phosphorylation, and concomitant inhibition of mTOR and
NF-κB pathways [152–155]. Oral administration of resveratrol supplements has been found
to reduce the expression or availability of senescence biomarkers and preserve arterial
function against the effects of vascular ageing in aged mice and rodent models. Animals
that received resveratrol had a lower level of media thickness in the aorta, less inflamma-
tion, fibrosis, and oxidative stress, and displayed increased aerobic capacity and exercise
tolerance [155,156]. The findings of a double-blind, randomised, placebo-controlled clinical
trial conducted with type 2 diabetes patients receiving 100 mg/day resveratrol for 12 weeks
supported these findings and revealed significantly lower systolic BP, cardio-ankle vas-
cular index, oxidative stress, and arterial stiffness compared to the placebo group [157].
Similarly, another parallel-design, double-blind, randomised clinical trial revealed that
older patients with peripheral artery disease on a lower dose (125 mg/day) resveratrol
supplement achieved greater 6-min walk improvement than the ones in the placebo group
or on a higher dose (500 mg/day) resveratrol supplement [158].

As a widely investigated senomorphic, the mTOR pathway inhibitor rapamycin has
been shown to extend both the median and maximal lifespan in mouse models. The mTOR
pathway is a central regulator of mammalian metabolism and physiology, with important
roles in cell growth and proliferation, angiogenesis, cell survival via DNA repair, and
suppression of autophagy, as well as apoptosis and bioenergetics through augmenting
metabolism and nutrient availability. Indeed, increasing evidence attributes the anti-ageing
effects of rapamycin to its ability to regulate translation and induce autophagy. However,
rapamycin has also been shown to negate the deleterious effects of oxidative stress on
vascular tone through, in part, maintenance of stem cell function and anti-inflammatory
effects [159,160]. Despite these experimental findings, due to its substantial adverse effects,
including suppression of the immune system, anaemia, and renal toxicity, rapamycin
has not been tested in clinical settings other than transplant surgery and renal cell carci-
noma [161,162].

Several epidemiological studies have demonstrated that metformin reduces the inci-
dence of various ARDs and all-cause mortality in both diabetic and non-diabetic patients.
Findings of a randomised, double-blind, placebo-controlled, crossover trial exhibit that
metformin regulates both metabolic and non-metabolic pathways associated with ageing
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in the elderly, providing good evidence for the anti-ageing impact of metformin [163].
Preclinical data showing that metformin extends the lifespan of Caenorhabditis elegans
and mice further supports this notion. Increases in AMP-activated protein kinase activity
and concurrent activation of Nrf2-dependent antioxidant responses leading to suppression
of oxidative stress and inflammatory responses may be involved in the beneficial effects of
metformin [10].

Considering that senescent cells mediate both autocrine and paracrine effects through
SASP, modulation of SASP is considered an important therapeutic strategy. In this re-
gard, p38MAPK, a major transducer of stress stimuli that is activated in response to
diverse cellular and environmental stresses such as DNA damage, oxidative stress, and
pro-inflammatory cytokines, attracts much attention. P38MAPK mediates various events,
including cell proliferation, cell cycle progression, and apoptosis [164]. Inhibition of
p38MAPK suppresses the secretion of many SASP factors such as IL-1α, IL-1β, IL-6, IL-8,
and GM-CSF and delays senescence in different cell lines, e.g., fibroblasts and bone pri-
mary cells subjected to repetitive passage, lipopolysaccharides, or oncogenes [165–167].
Doramapimod, a p38MAPK inhibitor, has proven to be particularly efficacious in delaying
senescence and upregulating tight junction protein expressions in brain microvascular
endothelial cells to restore BBB integrity [30]. SB203580, another p38MAPK inhibitor, has
been shown to alleviate vascular stiffness in Angiotensin II-infused hypertensive mice by
normalising the elastin structure [168].

4.2. Lifestyle Modification

Lifestyle modification involves changing long-term habits, typically of eating or physi-
cal activity, and maintaining the newly acquired behaviour for months or years. Lifestyle
modification may be effective in treating a range of diseases and pathological phenomena,
including obesity and age-related cellular senescence.

4.2.1. Exercise

Being physically active slows the ageing process and helps people live healthier and
more vigorous lives. Reduced bioavailability of NO and chronic inflammation triggered
by oxidative stress are among the key mechanisms that induce endothelial dysfunction
and vascular disease and, as a consequence, accelerate vascular ageing [27]. Substantial
increases in antioxidant glutathione and decreases in pro-oxidant superoxide anion and
acute phase reactant C-reactive protein levels in human subjects immediately after physical
exercise confirm the presence of a link between exercise and oxidative stress [169,170].
Amelioration of arterial remodelling through maintenance of NO-dependent vascular
relaxation and reduction of overall inflammation by long-term exercise in individuals with
cardiovascular disease corroborate this link further and highlight the importance of regular
exercise in the delay of vascular disease and ageing [171]. Contrary to the increases in
older populations and young sedentary adults, observation of significantly lower levels of
senescence biomarkers p53, p16, and p21 in endothelial cells across different age groups of
habitually exercising adults confirms this notion [172]. In addition to its effect on ageing,
even a relatively short period of aerobic exercise (12 weeks) also improves both physical
and mental performance in older adults [173]. This is further supported by the results of a
randomised clinical trial (RCT) demonstrating that 16 weeks of endurance exercise training
peaks exercise oxygen consumption by enhancing skeletal muscle perfusion and oxygen
utilisation without improving endothelial function or arterial stiffness in elderly patients
with heart failure [174]. Another RCT study focusing on the beneficial effects of exercise
in prehypertensive or hypertensive patients suggests that all types of physical exercise,
including aerobic exercise training, resistance training, and combined training, significantly
reduce both systolic and diastolic blood pressures and improve endothelial function, as
evidenced by increased artery flow-mediated dilation [175].
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4.2.2. Calorie Restriction

A guided reduction in food intake or calorie restriction constitutes another lifestyle
modification-mediated anti-ageing intervention. By diminishing both the age-related
decline in physiological fitness and the risk of ARD development, calorie restriction extends
the healthy lifespan [176,177] in that increases in telomerase activity and SIRT1 and SIRT6
expressions appear to play critical roles [178,179]. Results of a two-year clinical trial
conducted with healthy and non-obese individuals show that calorie restriction may also
improve overall health and wellbeing by significantly attenuating oxidative stress [180].
Elevations in the expression of chaperones and cellular autophagy markers in healthy
volunteers, crucial factors for proteostasis stability, may also account for the beneficial
effects of calorie restriction [181].

4.3. Dietary Modulation

Dietary modulation, including alteration of food composition and intake of food
supplements, may be efficacious in controlling vascular risk factors and vascular age-
ing [182,183]. Healthy dietary patterns can not only provide better control of several
vascular risk factors but can also independently delay vascular ageing and vascular disease
development in healthy elderly populations. The dietary guidelines of the American Heart
Association recommend the consumption of whole grain foods and products, healthy
sources of protein (mostly plants, fish, seafood, low-fat dairy, and lean, unprocessed meat
if desired), and liquid plant oils for the improvement of cardiovascular health. It also
recommends controlling energy intake to maintain a healthy body weight and minimising
the intake of added sugar, salt, ultra-processed foods, and alcohol [184]. In line with these
general principles, several existing dietary patterns are known to have vasculoprotective
effects. The traditional Mediterranean diet (MedDiet), a diet rich in vegetables, fruits,
olive oil, cereals, legumes, fish, and seafood, stands out as an important dietary pattern
in this regard. Indeed, MedDiet has been shown to reduce oxidative stress and systemic
inflammation and augment circulating EPC numbers, which in turn are associated with the
reduced prevalence of ageing-related risk factors and prolonged longevity in the elderly
population in multiple trials [185–188]. Other dietary approaches, such as those aiming to
stop hypertension (DASH), reduce serum cholesterol (the portfolio diet), and the Okinawan
diet, which is low in calories and fat but high in carbohydrates, have also been effective in
prolonging health span [182].

As discussed above, diets based on low calorie intake, in general, positively correlate
with healthy ageing and lifespan. MedDiet appears to be an exception to this rule [189].
The results of a RCT comparing the cardiovascular disease preventive effects of MedDiet
and a low-fat diet with no restriction on calorie intake indicate the superiority of MedDiet
in preventing major cardiovascular events such as myocardial infarction, stroke, and
peripheral artery disease [190]. In addition to being a low-cholesterol and low-energy-
dense diet, the abundance of specific bioactive molecules, such as oleic acid and phenolic
components from olive oil, omega-3 fatty acids from fish, and resveratrol from grapes, helps
explain the vasculoprotective effects of MedDiet. Similarly, the traditional Okinawan diet,
containing huge quantities of vegetables, soybean products, herbs, and spices alongside
moderate amounts of fish and lean meat, has many vasculoprotective effects, which are
in part attributed to significant increases in circulating EPC counts even after 2 weeks of
dietary intervention [191]. It is anticipated that successful identification of the components
in these dietary patterns can eventually lead to the development of food supplements with
vascular protective and anti-ageing effects.

4.4. Food and Food Supplements with Anti-Vascular Ageing Effects
4.4.1. Olive Oil and Its Extracts

Since individuals on MedDiet supplemented with extra-virgin olive oil develop lower
incidences of stroke, myocardial infarction, and vascular dysfunction-related death com-
pared to those who consume nuts and a reduced-fat diet as part of their MedDiet [186],
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it is reasonable to suggest that virgin olive oil phenolic extract (OOPE) has significant
anti-ageing, vascular protective, and neuroprotective effects. The discovery of the anti-
inflammatory, lipid peroxidation inhibitory, and glutathione restoration activities of OOPE
supports this hypothesis [192,193]. Mitigation of oxidative stress-induced nuclear DNA
damage in HeLa cells and peripheral blood mononuclear cells by OOPE also demonstrates
its antioxidant effects [194,195]. Preclinical studies showing a markedly lower level of
DNA damage and telomere attrition in ageing animals fed with olive oil rather than other
fat sources corroborate this finding [196,197]. A cohort study with 3349 middle-aged to
elderly participants from the Mediterranean countries investigating the anti-ageing effects
of olive oil and other dietary fats has revealed that exclusive consumption of olive oil is
better associated with the “successful ageing index”, a quantifiable score to describe the
psychological, clinical, and social ability of the elderly individuals [198].

4.4.2. Long-Chain Omega-3 Fatty Acids

Omega-3 fatty acids (O3FAs) are polyunsaturated fatty acids. They are important
constituents of animal lipid metabolism, and they play a crucial role in the human diet.
A-linolenic acid (ALA), eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA)
make up the three O3FAs involved in human physiology. While ALA is found in plants,
DHA and EPA are found in fish. Since humans cannot synthesise ALA, they need to
obtain it through diet. Although humans can form EPA and DHA using ALA, the capacity
to form longer O3FAs is impaired during ageing [199]. Due to the high consumption
of fish, traditional MedDiet is considered a long-chain O3FA-rich diet. A double-blind
RCT study exploring the effects of DHA, EPA, or fish oil (containing EPA and DHA in
a ratio of 2:1) supplements on vascular inflammation and atherosclerosis has reported
that supplements of O3FAs significantly increased the EPA and DHA levels in the blood
without elevating cholesterol levels. The subsequent in vitro and in vivo experiments to
this trial demonstrated that supplementation with EPA significantly reduced the expression
of SASP factors, IL-1β, CCL2, ICAM-1, and vascular cell adhesion molecule-1 (VCAM-1)
in endothelial cells exposed to TNF-α and in the vascular wall of mice fed an atherogenic
diet [200]. Another RCT determined that supplements with fish oil (containing EPA and
DHA) in middle-aged individuals significantly decreased the markers of aortic stiffness,
aortic pulse pressure, and aortic augmentation pressure [201]. In addition to its physical
effects, decreased availability of DHA in the ageing brain is also associated with cognitive
decline [202]. O3FA supplements have been shown to raise the DHA level in the brains of
aged animals and improve recognition memory [203].

4.4.3. Curcumin

Curcumin is a phenolic component extracted from the roots of Curcuma longa, which is
usually used for seasoning food and as part of traditional medicine in Asia. The capacity of
curcumin to act as a prominent antioxidant through activation of the Nrf2 pathway and sup-
press inflammation through regulation of the NF-κB pathway has been proposed to account
for its anti-ageing effects [204]. However, a RCT studying the impact of 12-week curcumin
supplementation in middle-aged and elderly individuals has reported improvements in
resistance and conduit artery endothelial function through an elevation in NO bioavailability
without affecting the level of antioxidants and inflammatory markers in the circulation [205].

4.4.4. Resveratrol

As discussed above, low doses of resveratrol supplements revealed both anti-ageing
and vascular protective effects in both translational and clinical studies. However, the data
regarding the optimal dose and possible adverse effects of resveratrol need further clarifica-
tion before it can safely be used as a pharmaceutical supplement in the general population.
Under these circumstances, increasing the intake of foods rich in resveratrol, such as grapes,
blueberries, raspberries, and peanuts, remains a safe and beneficial option [206].



Int. J. Mol. Sci. 2023, 24, 11538 18 of 27

5. Discussion and Future Perspectives

The elucidation of various mechanisms involved in physiological and pathological
vascular ageing has led to the discovery of a series of agents that may be utilised to delay
the ageing process and improve lifelong health and wellbeing [207]. It is possible that
some of the mechanisms outlined in the review for vascular ageing can also play crucial
roles in the physiological and premature ageing processes of other systems. Similarly, the
therapeutic strategies discussed may be equally efficacious to delay or control the ageing
process of other systems too.

Individuals who present a significant loss of arterial elasticity and reduced arterial
compliance due to accelerated mechanical and structural changes in the vascular wall are
thought to have premature vascular ageing compared to the general population of similar
age. Vascular ageing is a chronic, systemic, progressive process that affects everybody,
although its characteristics and severity are dictated by the individual’s chronological age,
genetics, the presence of risk factors, and their lifestyle choices. For example, physical
exercise produces better anti-ageing and vascular protective effects in patients with hyper-
tension than in those with heart failure [174,175], while O3FA supplements may provide
superior benefits for elder individuals with dyslipidemia. Despite an increased understand-
ing of mechanisms associated with vascular ageing, a series of major challenges continue
to hinder person-specific interventions. Firstly, the absence of specific, standardised, and
easily detectable biomarkers makes it extremely difficult to detect and monitor the status of
vascular ageing in physiological and pathological settings. Secondly, the presently scant
data on the possible side effects of anti-ageing interventions, especially in the healthy
elderly, necessitates the performance of well-designed comprehensive studies to assess the
feasibility, safety, and efficacy of treatments with different anti-ageing agents in the elderly
with and without overt vascular diseases. Finally, the impact of lifestyle modifications and
food supplements as well as their interaction with so-called pharmacological interventions
deserve special attention.

Author Contributions: J.Y. searched the literature and prepared the first draft of the manuscript. U.B.
designed and supervised the study and edited and prepared the final version of the manuscript. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analysed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. World Health Organisation. Ageing and Health. Available online: https://www.who.int/news-room/fact-sheets/detail/ageing-

and-health (accessed on 12 February 2023).
2. World Health Organisation. World Health Statistics 2022. Available online: https://cdn.who.int/media/docs/default-source/gho-

documents/world-health-statistic-reports/worldhealthstatistics_2022.pdf?sfvrsn=6fbb4d17_3/ (accessed on 12 February 2023).
3. Townsend, N.; Kazakiewicz, D.; Lucy Wright, F.; Timmis, A.; Huculeci, R.; Torbica, A.; Gale, C.P.; Achenbach, S.; Weidinger, F.;

Vardas, P. Epidemiology of cardiovascular disease in Europe. Nat. Rev. Cardiol. 2022, 19, 133–143. [CrossRef]
4. Ghebre, Y.T.; Yakubov, E.; Wong, W.T.; Krishnamurthy, P.; Sayed, N.; Sikora, A.G.; Bonnen, M.D. Vascular Aging: Implications for

Cardiovascular Disease and Therapy. Transl. Med. 2016, 6, 1000183. [CrossRef]
5. Huzen, J.; Wong, L.S.; van Veldhuisen, D.J.; Samani, N.J.; Zwinderman, A.H.; Codd, V.; Cawthon, R.M.; Benus, G.F.; van der Horst,

I.C.; Navis, G.; et al. Telomere length loss due to smoking and metabolic traits. J. Intern. Med. 2014, 275, 155–163. [CrossRef]
[PubMed]

6. Di Micco, R.; Krizhanovsky, V.; Baker, D.; d’Adda di Fagagna, F. Cellular senescence in ageing: From mechanisms to therapeutic
opportunities. Nat. Rev. Mol. Cell Biol. 2021, 22, 75–95. [CrossRef]

7. Kim, E.C.; Kim, J.R. Senotherapeutics: Emerging strategy for healthy aging and age-related disease. BMB Rep. 2019, 52, 47–55.
[CrossRef] [PubMed]

https://www.who.int/news-room/fact-sheets/detail/ageing-and-health
https://www.who.int/news-room/fact-sheets/detail/ageing-and-health
https://cdn.who.int/media/docs/default-source/gho-documents/world-health-statistic-reports/worldhealthstatistics_2022.pdf?sfvrsn=6fbb4d17_3/
https://cdn.who.int/media/docs/default-source/gho-documents/world-health-statistic-reports/worldhealthstatistics_2022.pdf?sfvrsn=6fbb4d17_3/
https://doi.org/10.1038/s41569-021-00607-3
https://doi.org/10.4172/2161-1025.1000183
https://doi.org/10.1111/joim.12149
https://www.ncbi.nlm.nih.gov/pubmed/24118582
https://doi.org/10.1038/s41580-020-00314-w
https://doi.org/10.5483/BMBRep.2019.52.1.293
https://www.ncbi.nlm.nih.gov/pubmed/30526770


Int. J. Mol. Sci. 2023, 24, 11538 19 of 27

8. Baker, D.J.; Wijshake, T.; Tchkonia, T.; LeBrasseur, N.K.; Childs, B.G.; van de Sluis, B.; Kirkland, J.L.; van Deursen, J.M. Clearance
of p16Ink4a-positive senescent cells delays ageing-associated disorders. Nature 2011, 479, 232–236. [CrossRef]

9. Childs, B.G.; Baker, D.J.; Wijshake, T.; Conover, C.A.; Campisi, J.; van Deursen, J.M. Senescent intimal foam cells are deleterious at
all stages of atherosclerosis. Science 2016, 354, 472–477. [CrossRef] [PubMed]

10. Martin-Montalvo, A.; Mercken, E.M.; Mitchell, S.J.; Palacios, H.H.; Mote, P.L.; Scheibye-Knudsen, M.; Gomes, A.P.; Ward, T.M.;
Minor, R.K.; Blouin, M.J.; et al. Metformin improves healthspan and lifespan in mice. Nat. Commun. 2013, 4, 2192. [CrossRef]

11. Gottschling, D.E.; Stoddard, B. Telomeres: Structure of a chromosome’s aglet. Curr. Biol. 1999, 9, R164–R167. [CrossRef] [PubMed]
12. Makarov, V.L.; Hirose, Y.; Langmore, J.P. Long G tails at both ends of human chromosomes suggest a C strand degradation

mechanism for telomere shortening. Cell 1997, 88, 657–666. [CrossRef]
13. Childs, B.G.; Baker, D.J.; Kirkland, J.L.; Campisi, J.; van Deursen, J.M. Senescence and apoptosis: Dueling or complementary cell

fates? EMBO Rep. 2014, 15, 1139–1153. [CrossRef]
14. Pilie, P.G.; Tang, C.; Mills, G.B.; Yap, T.A. State-of-the-art strategies for targeting the DNA damage response in cancer. Nat. Rev.

Clin. Oncol. 2019, 16, 81–104. [CrossRef] [PubMed]
15. Fumagalli, M.; Rossiello, F.; Clerici, M.; Barozzi, S.; Cittaro, D.; Kaplunov, J.M.; Bucci, G.; Dobreva, M.; Matti, V.; Beausejour,

C.M.; et al. Telomeric DNA damage is irreparable and causes persistent DNA-damage-response activation. Nat. Cell Biol. 2012,
14, 355–365. [CrossRef]

16. Zhao, Z.; Dong, Q.; Liu, X.; Wei, L.; Liu, L.; Li, Y.; Wang, X. Dynamic transcriptome profiling in DNA damage-induced cellular
senescence and transient cell-cycle arrest. Genomics 2020, 112, 1309–1317. [CrossRef]

17. Korotchkina, L.G.; Leontieva, O.V.; Bukreeva, E.I.; Demidenko, Z.N.; Gudkov, A.V.; Blagosklonny, M.V. The choice between
p53-induced senescence and quiescence is determined in part by the mTOR pathway. Aging 2010, 2, 344–352. [CrossRef]

18. Liu, X.; Wan, M. A tale of the good and bad: Cell senescence in bone homeostasis and disease. Int. Rev. Cell Mol. Biol. 2019,
346, 97–128. [CrossRef] [PubMed]

19. Avelar, R.A.; Ortega, J.G.; Tacutu, R.; Tyler, E.J.; Bennett, D.; Binetti, P.; Budovsky, A.; Chatsirisupachai, K.; Johnson, E.; Murray,
A.; et al. A multidimensional systems biology analysis of cellular senescence in aging and disease. Genome Biol. 2020, 21, 91.
[CrossRef] [PubMed]

20. Barnes, P.J.; Baker, J.; Donnelly, L.E. Cellular Senescence as a Mechanism and Target in Chronic Lung Diseases. Am. J. Respir. Crit.
Care Med. 2019, 200, 556–564. [CrossRef]

21. Holdt, L.M.; Sass, K.; Gabel, G.; Bergert, H.; Thiery, J.; Teupser, D. Expression of Chr9p21 genes CDKN2B (p15(INK4b)), CDKN2A
(p16(INK4a), p14(ARF)) and MTAP in human atherosclerotic plaque. Atherosclerosis 2011, 214, 264–270. [CrossRef]

22. Wang, J.C.; Bennett, M. Aging and atherosclerosis: Mechanisms, functional consequences, and potential therapeutics for cellular
senescence. Circ. Res. 2012, 111, 245–259. [CrossRef]

23. Krouwer, V.J.; Hekking, L.H.; Langelaar-Makkinje, M.; Regan-Klapisz, E.; Post, J.A. Endothelial cell senescence is associated with
disrupted cell-cell junctions and increased monolayer permeability. Vasc. Cell 2012, 4, 12. [CrossRef] [PubMed]

24. Salmon, E.E.; Breithaupt, J.J.; Truskey, G.A. Application of Oxidative Stress to a Tissue-Engineered Vascular Aging Model Induces
Endothelial Cell Senescence and Activation. Cells 2020, 9, 1292. [CrossRef]

25. Zhang, J.; Zhao, X.; Vatner, D.E.; McNulty, T.; Bishop, S.; Sun, Z.; Shen, Y.T.; Chen, L.; Meininger, G.A.; Vatner, S.F. Extracellular
Matrix Disarray as a Mechanism for Greater Abdominal Versus Thoracic Aortic Stiffness With Aging in Primates. Arterioscler.
Thromb. Vasc. Biol. 2016, 36, 700–706. [CrossRef]

26. Ungvari, Z.; Tarantini, S.; Kiss, T.; Wren, J.D.; Giles, C.B.; Griffin, C.T.; Murfee, W.L.; Pacher, P.; Csiszar, A. Endothelial dysfunction
and angiogenesis impairment in the ageing vasculature. Nat. Rev. Cardiol. 2018, 15, 555–565. [CrossRef] [PubMed]

27. El Assar, M.; Alvarez-Bustos, A.; Sosa, P.; Angulo, J.; Rodriguez-Manas, L. Effect of Physical Activity/Exercise on Oxidative Stress
and Inflammation in Muscle and Vascular Aging. Int. J. Mol. Sci. 2022, 23, 8713. [CrossRef]

28. Bayraktutan, U. Coronary microvascular endothelial cell growth regulates expression of the gene encoding p22-phox. Free Radic.
Biol. Med. 2005, 39, 1342–1352. [CrossRef] [PubMed]

29. Cong, X.; Kong, W. Endothelial tight junctions and their regulatory signaling pathways in vascular homeostasis and disease. Cell
Signal 2020, 66, 109485. [CrossRef]

30. Ya, J.; Kadir, R.R.A.; Bayraktutan, U. Delay of endothelial cell senescence protects cerebral barrier against age-related dysfunction:
Role of senolytics and senomorphics. Tissue Barriers 2022, 2103353. [CrossRef]

31. Bayraktutan, U. Endothelial progenitor cells: Potential novel therapeutics for ischaemic stroke. Pharmacol. Res. 2019, 144, 181–191.
[CrossRef]

32. Kadir, R.R.A.; Alwjwaj, M.; Bayraktutan, U. Treatment with outgrowth endothelial cells protects cerebral barrier against ischemic
injury. Cytotherapy 2022, 24, 489–499. [CrossRef]

33. Fledderus, J.; Vanchin, B.; Rots, M.G.; Krenning, G. The Endothelium as a Target for Anti-Atherogenic Therapy: A Focus on the
Epigenetic Enzymes EZH2 and SIRT1. J. Pers. Med. 2021, 11, 103. [CrossRef]

https://doi.org/10.1038/nature10600
https://doi.org/10.1126/science.aaf6659
https://www.ncbi.nlm.nih.gov/pubmed/27789842
https://doi.org/10.1038/ncomms3192
https://doi.org/10.1016/S0960-9822(99)80103-1
https://www.ncbi.nlm.nih.gov/pubmed/10074444
https://doi.org/10.1016/S0092-8674(00)81908-X
https://doi.org/10.15252/embr.201439245
https://doi.org/10.1038/s41571-018-0114-z
https://www.ncbi.nlm.nih.gov/pubmed/30356138
https://doi.org/10.1038/ncb2466
https://doi.org/10.1016/j.ygeno.2019.07.020
https://doi.org/10.18632/aging.100160
https://doi.org/10.1016/bs.ircmb.2019.03.005
https://www.ncbi.nlm.nih.gov/pubmed/31122396
https://doi.org/10.1186/s13059-020-01990-9
https://www.ncbi.nlm.nih.gov/pubmed/32264951
https://doi.org/10.1164/rccm.201810-1975TR
https://doi.org/10.1016/j.atherosclerosis.2010.06.029
https://doi.org/10.1161/CIRCRESAHA.111.261388
https://doi.org/10.1186/2045-824X-4-12
https://www.ncbi.nlm.nih.gov/pubmed/22929066
https://doi.org/10.3390/cells9051292
https://doi.org/10.1161/ATVBAHA.115.306563
https://doi.org/10.1038/s41569-018-0030-z
https://www.ncbi.nlm.nih.gov/pubmed/29795441
https://doi.org/10.3390/ijms23158713
https://doi.org/10.1016/j.freeradbiomed.2005.06.016
https://www.ncbi.nlm.nih.gov/pubmed/16257643
https://doi.org/10.1016/j.cellsig.2019.109485
https://doi.org/10.1080/21688370.2022.2103353
https://doi.org/10.1016/j.phrs.2019.04.017
https://doi.org/10.1016/j.jcyt.2021.11.005
https://doi.org/10.3390/jpm11020103


Int. J. Mol. Sci. 2023, 24, 11538 20 of 27

34. Bochenek, M.L.; Schutz, E.; Schafer, K. Endothelial cell senescence and thrombosis: Ageing clots. Thromb. Res. 2016, 147, 36–45.
[CrossRef] [PubMed]

35. Lamichane, S.; Baek, S.H.; Kim, Y.J.; Park, J.H.; Dahal Lamichane, B.; Jang, W.B.; Ji, S.; Lee, N.K.; Dehua, L.; Kim, D.Y.; et al.
MHY2233 Attenuates Replicative Cellular Senescence in Human Endothelial Progenitor Cells via SIRT1 Signaling. Oxid. Med.
Cell. Longev. 2019, 2019, 6492029. [CrossRef] [PubMed]

36. Korybalska, K.; Kawka, E.; Kusch, A.; Aregger, F.; Dragun, D.; Jorres, A.; Breborowicz, A.; Witowski, J. Recovery of senescent
endothelial cells from injury. J. Gerontol. A Biol. Sci. Med. Sci. 2013, 68, 250–257. [CrossRef]

37. Berenjabad, N.J.; Nejati, V.; Rezaie, J. Angiogenic ability of human endothelial cells was decreased following senescence induction
with hydrogen peroxide: Possible role of vegfr-2/akt-1 signaling pathway. BMC Mol. Cell Biol. 2022, 23, 31. [CrossRef] [PubMed]

38. Propson, N.E.; Roy, E.R.; Litvinchuk, A.; Kohl, J.; Zheng, H. Endothelial C3a receptor mediates vascular inflammation and
blood-brain barrier permeability during aging. J. Clin. Invest 2021, 131, e140966. [CrossRef]

39. Storck, S.E.; Meister, S.; Nahrath, J.; Meissner, J.N.; Schubert, N.; Di Spiezio, A.; Baches, S.; Vandenbroucke, R.E.; Bouter, Y.;
Prikulis, I.; et al. Endothelial LRP1 transports amyloid-beta(1-42) across the blood-brain barrier. J. Clin. Invest 2016, 126, 123–136.
[CrossRef]

40. Chakraborty, A.; de Wit, N.M.; van der Flier, W.M.; de Vries, H.E. The blood brain barrier in Alzheimer’s disease. Vascul Pharmacol.
2017, 89, 12–18. [CrossRef]

41. Graves, S.I.; Baker, D.J. Implicating endothelial cell senescence to dysfunction in the ageing and diseased brain. Basic. Clin.
Pharmacol. Toxicol. 2020, 127, 102–110. [CrossRef]

42. Yamazaki, Y.; Kanekiyo, T. Blood-Brain Barrier Dysfunction and the Pathogenesis of Alzheimer’s Disease. Int. J. Mol. Sci. 2017,
18, 1965. [CrossRef]

43. Rajeev, V.; Fann, D.Y.; Dinh, Q.N.; Kim, H.A.; De Silva, T.M.; Lai, M.K.P.; Chen, C.L.; Drummond, G.R.; Sobey, C.G.; Arumugam,
T.V. Pathophysiology of blood brain barrier dysfunction during chronic cerebral hypoperfusion in vascular cognitive impairment.
Theranostics 2022, 12, 1639–1658. [CrossRef] [PubMed]

44. Bomboi, G.; Castello, L.; Cosentino, F.; Giubilei, F.; Orzi, F.; Volpe, M. Alzheimer’s disease and endothelial dysfunction. Neurol.
Sci. 2010, 31, 1–8. [CrossRef]

45. Milutinovic, A.; Suput, D.; Zorc-Pleskovic, R. Pathogenesis of atherosclerosis in the tunica intima, media, and adventitia of
coronary arteries: An updated review. Bosn. J. Basic. Med. Sci. 2020, 20, 21–30. [CrossRef] [PubMed]

46. Jaminon, A.; Reesink, K.; Kroon, A.; Schurgers, L. The Role of Vascular Smooth Muscle Cells in Arterial Remodeling: Focus on
Calcification-Related Processes. Int. J. Mol. Sci. 2019, 20, 5694. [CrossRef] [PubMed]

47. Cao, G.; Xuan, X.; Hu, J.; Zhang, R.; Jin, H.; Dong, H. How vascular smooth muscle cell phenotype switching contributes to
vascular disease. Cell Commun. Signal 2022, 20, 180. [CrossRef]

48. Alexander, M.R.; Moehle, C.W.; Johnson, J.L.; Yang, Z.; Lee, J.K.; Jackson, C.L.; Owens, G.K. Genetic inactivation of IL-1 signaling
enhances atherosclerotic plaque instability and reduces outward vessel remodeling in advanced atherosclerosis in mice. J. Clin.
Invest. 2012, 122, 70–79. [CrossRef]

49. Song, Y.; Shen, H.; Schenten, D.; Shan, P.; Lee, P.J.; Goldstein, D.R. Aging enhances the basal production of IL-6 and CCL2 in
vascular smooth muscle cells. Arterioscler. Thromb. Vasc. Biol. 2012, 32, 103–109. [CrossRef]

50. Gardner, S.E.; Humphry, M.; Bennett, M.R.; Clarke, M.C. Senescent Vascular Smooth Muscle Cells Drive Inflammation Through
an Interleukin-1alpha-Dependent Senescence-Associated Secretory Phenotype. Arterioscler. Thromb. Vasc. Biol. 2015, 35, 1963–1974.
[CrossRef]

51. Wang, J.; Uryga, A.K.; Reinhold, J.; Figg, N.; Baker, L.; Finigan, A.; Gray, K.; Kumar, S.; Clarke, M.; Bennett, M. Vascular
Smooth Muscle Cell Senescence Promotes Atherosclerosis and Features of Plaque Vulnerability. Circulation 2015, 132, 1909–1919.
[CrossRef]

52. Matthews, C.; Gorenne, I.; Scott, S.; Figg, N.; Kirkpatrick, P.; Ritchie, A.; Goddard, M.; Bennett, M. Vascular smooth muscle
cells undergo telomere-based senescence in human atherosclerosis: Effects of telomerase and oxidative stress. Circ. Res. 2006,
99, 156–164. [CrossRef]

53. Chen, H.; Ruiz, P.D.; McKimpson, W.M.; Novikov, L.; Kitsis, R.N.; Gamble, M.J. MacroH2A1 and ATM Play Opposing Roles in
Paracrine Senescence and the Senescence-Associated Secretory Phenotype. Mol. Cell 2015, 59, 719–731. [CrossRef] [PubMed]

54. Ritschka, B.; Storer, M.; Mas, A.; Heinzmann, F.; Ortells, M.C.; Morton, J.P.; Sansom, O.J.; Zender, L.; Keyes, W.M. The senescence-
associated secretory phenotype induces cellular plasticity and tissue regeneration. Genes. Dev. 2017, 31, 172–183. [CrossRef]

55. Davalos, A.R.; Coppe, J.P.; Campisi, J.; Desprez, P.Y. Senescent cells as a source of inflammatory factors for tumor progression.
Cancer Metastasis Rev. 2010, 29, 273–283. [CrossRef] [PubMed]

56. Cuollo, L.; Antonangeli, F.; Santoni, A.; Soriani, A. The Senescence-Associated Secretory Phenotype (SASP) in the Challenging
Future of Cancer Therapy and Age-Related Diseases. Biology 2020, 9, 485. [CrossRef] [PubMed]

57. Hampel, B.; Fortschegger, K.; Ressler, S.; Chang, M.W.; Unterluggauer, H.; Breitwieser, A.; Sommergruber, W.; Fitzky, B.;
Lepperdinger, G.; Jansen-Durr, P.; et al. Increased expression of extracellular proteins as a hallmark of human endothelial cell
in vitro senescence. Exp. Gerontol. 2006, 41, 474–481. [CrossRef]

https://doi.org/10.1016/j.thromres.2016.09.019
https://www.ncbi.nlm.nih.gov/pubmed/27669126
https://doi.org/10.1155/2019/6492029
https://www.ncbi.nlm.nih.gov/pubmed/31223423
https://doi.org/10.1093/gerona/gls169
https://doi.org/10.1186/s12860-022-00435-4
https://www.ncbi.nlm.nih.gov/pubmed/35879650
https://doi.org/10.1172/JCI140966
https://doi.org/10.1172/JCI81108
https://doi.org/10.1016/j.vph.2016.11.008
https://doi.org/10.1111/bcpt.13403
https://doi.org/10.3390/ijms18091965
https://doi.org/10.7150/thno.68304
https://www.ncbi.nlm.nih.gov/pubmed/35198062
https://doi.org/10.1007/s10072-009-0151-6
https://doi.org/10.17305/bjbms.2019.4320
https://www.ncbi.nlm.nih.gov/pubmed/31465719
https://doi.org/10.3390/ijms20225694
https://www.ncbi.nlm.nih.gov/pubmed/31739395
https://doi.org/10.1186/s12964-022-00993-2
https://doi.org/10.1172/JCI43713
https://doi.org/10.1161/ATVBAHA.111.236349
https://doi.org/10.1161/ATVBAHA.115.305896
https://doi.org/10.1161/CIRCULATIONAHA.115.016457
https://doi.org/10.1161/01.RES.0000233315.38086.bc
https://doi.org/10.1016/j.molcel.2015.07.011
https://www.ncbi.nlm.nih.gov/pubmed/26300260
https://doi.org/10.1101/gad.290635.116
https://doi.org/10.1007/s10555-010-9220-9
https://www.ncbi.nlm.nih.gov/pubmed/20390322
https://doi.org/10.3390/biology9120485
https://www.ncbi.nlm.nih.gov/pubmed/33371508
https://doi.org/10.1016/j.exger.2006.03.001


Int. J. Mol. Sci. 2023, 24, 11538 21 of 27

58. Ungvari, Z.; Tarantini, S.; Donato, A.J.; Galvan, V.; Csiszar, A. Mechanisms of Vascular Aging. Circ. Res. 2018, 123, 849–867.
[CrossRef]

59. Ermolaeva, M.; Neri, F.; Ori, A.; Rudolph, K.L. Cellular and epigenetic drivers of stem cell ageing. Nat. Rev. Mol. Cell Biol. 2018,
19, 594–610. [CrossRef]

60. Schultz, M.B.; Sinclair, D.A. When stem cells grow old: Phenotypes and mechanisms of stem cell aging. Development 2016,
143, 3–14. [CrossRef]

61. Fadini, G.P.; Miorin, M.; Facco, M.; Bonamico, S.; Baesso, I.; Grego, F.; Menegolo, M.; de Kreutzenberg, S.V.; Tiengo, A.; Agostini,
C.; et al. Circulating endothelial progenitor cells are reduced in peripheral vascular complications of type 2 diabetes mellitus.
J. Am. Coll. Cardiol. 2005, 45, 1449–1457. [CrossRef]

62. Kang, H.; Ma, X.; Liu, J.; Fan, Y.; Deng, X. High glucose-induced endothelial progenitor cell dysfunction. Diab Vasc. Dis. Res. 2017,
14, 381–394. [CrossRef]

63. Kaur, I.; Rawal, P.; Rohilla, S.; Bhat, M.H.; Sharma, P.; Siddiqui, H.; Kaur, S. Endothelial progenitor cells from aged subjects display
decreased expression of sirtuin 1, angiogenic functions, and increased senescence. Cell Biol. Int. 2018, 42, 1212–1220. [CrossRef]

64. Kumboyono, K.; Chomsy, I.N.; Nurwidyaningtyas, W.; Cesa, F.Y.; Tjahjono, C.T.; Wihastuti, T.A. Differences in senescence of late
Endothelial Progenitor Cells in non-smokers and smokers. Tob. Induc. Dis. 2021, 19, 10. [CrossRef] [PubMed]

65. D’Apolito, M.; Colia, A.L.; Lasalvia, M.; Capozzi, V.; Falcone, M.P.; Pettoello-Mantovani, M.; Brownlee, M.; Maffione, A.B.;
Giardino, I. Urea-induced ROS accelerate senescence in endothelial progenitor cells. Atherosclerosis 2017, 263, 127–136. [CrossRef]
[PubMed]

66. Wang, R.Y.; Liu, L.H.; Liu, H.; Wu, K.F.; An, J.; Wang, Q.; Liu, Y.; Bai, L.J.; Qi, B.M.; Qi, B.L.; et al. Nrf2 protects against diabetic
dysfunction of endothelial progenitor cells via regulating cell senescence. Int. J. Mol. Med. 2018, 42, 1327–1340. [CrossRef]
[PubMed]

67. Wang, C.; Wang, F.; Li, Z.; Cao, Q.; Huang, L.; Chen, S. MeCP2-mediated epigenetic regulation in senescent endothelial progenitor
cells. Stem Cell Res. Ther. 2018, 9, 87. [CrossRef] [PubMed]

68. Kowalska, M.; Piekut, T.; Prendecki, M.; Sodel, A.; Kozubski, W.; Dorszewska, J. Mitochondrial and Nuclear DNA Oxidative
Damage in Physiological and Pathological Aging. DNA Cell Biol. 2020, 39, 1410–1420. [CrossRef]

69. Oudot, A.; Martin, C.; Busseuil, D.; Vergely, C.; Demaison, L.; Rochette, L. NADPH oxidases are in part responsible for increased
cardiovascular superoxide production during aging. Free Radic. Biol. Med. 2006, 40, 2214–2222. [CrossRef]

70. Passos, J.F.; Nelson, G.; Wang, C.; Richter, T.; Simillion, C.; Proctor, C.J.; Miwa, S.; Olijslagers, S.; Hallinan, J.; Wipat, A.; et al.
Feedback between p21 and reactive oxygen production is necessary for cell senescence. Mol. Syst. Biol. 2010, 6, 347. [CrossRef]

71. Chellappan, D.K.; Paudel, K.R.; Tan, N.W.; Cheong, K.S.; Khoo, S.S.Q.; Seow, S.M.; Chellian, J.; Candasamy, M.; Patel, V.K.; Arora,
P.; et al. Targeting the mitochondria in chronic respiratory diseases. Mitochondrion 2022, 67, 15–37. [CrossRef]

72. Gao, X.; Huang, J.; Cardenas, A.; Zhao, Y.; Sun, Y.; Wang, J.; Xue, L.; Baccarelli, A.A.; Guo, X.; Zhang, L.; et al. Short-Term
Exposure of PM2.5 and Epigenetic Aging: A Quasi-Experimental Study. Environ. Sci. Technol. 2022, 56, 14690–14700. [CrossRef]

73. Ungvari, Z.; Tarantini, S.; Nyul-Toth, A.; Kiss, T.; Yabluchanskiy, A.; Csipo, T.; Balasubramanian, P.; Lipecz, A.; Benyo, Z.; Csiszar,
A. Nrf2 dysfunction and impaired cellular resilience to oxidative stressors in the aged vasculature: From increased cellular
senescence to the pathogenesis of age-related vascular diseases. Geroscience 2019, 41, 727–738. [CrossRef] [PubMed]

74. Vomhof-Dekrey, E.E.; Picklo, M.J., Sr. The Nrf2-antioxidant response element pathway: A target for regulating energy metabolism.
J. Nutr. Biochem. 2012, 23, 1201–1206. [CrossRef] [PubMed]

75. El Assar, M.; Angulo, J.; Rodriguez-Manas, L. Oxidative stress and vascular inflammation in aging. Free Radic. Biol. Med. 2013,
65, 380–401. [CrossRef]

76. Liguori, I.; Russo, G.; Curcio, F.; Bulli, G.; Aran, L.; Della-Morte, D.; Gargiulo, G.; Testa, G.; Cacciatore, F.; Bonaduce, D.; et al.
Oxidative stress, aging, and diseases. Clin. Interv. Aging 2018, 13, 757–772. [CrossRef] [PubMed]

77. Nisoli, E.; Tonello, C.; Cardile, A.; Cozzi, V.; Bracale, R.; Tedesco, L.; Falcone, S.; Valerio, A.; Cantoni, O.; Clementi, E.; et al.
Calorie restriction promotes mitochondrial biogenesis by inducing the expression of eNOS. Science 2005, 310, 314–317. [CrossRef]
[PubMed]

78. Bellon, M.; Nicot, C. Telomere Dynamics in Immune Senescence and Exhaustion Triggered by Chronic Viral Infection. Viruses
2017, 9, 289. [CrossRef]

79. Koch, S.; Larbi, A.; Derhovanessian, E.; Ozcelik, D.; Naumova, E.; Pawelec, G. Multiparameter flow cytometric analysis of CD4
and CD8 T cell subsets in young and old people. Immun. Ageing 2008, 5, 6. [CrossRef]

80. Sadighi Akha, A.A. Aging and the immune system: An overview. J. Immunol. Methods 2018, 463, 21–26. [CrossRef] [PubMed]
81. Michaud, M.; Balardy, L.; Moulis, G.; Gaudin, C.; Peyrot, C.; Vellas, B.; Cesari, M.; Nourhashemi, F. Proinflammatory cytokines,

aging, and age-related diseases. J. Am. Med. Dir. Assoc. 2013, 14, 877–882. [CrossRef] [PubMed]
82. Fulop, T.; Dupuis, G.; Witkowski, J.M.; Larbi, A. The Role of Immunosenescence in the Development of Age-Related Diseases.

Rev. Invest. Clin. 2016, 68, 84–91.
83. Elder, S.S.; Emmerson, E. Senescent cells and macrophages: Key players for regeneration? Open Biol. 2020, 10, 200309. [CrossRef]

[PubMed]
84. Antonangeli, F.; Zingoni, A.; Soriani, A.; Santoni, A. Senescent cells: Living or dying is a matter of NK cells. J. Leukoc. Biol. 2019,

105, 1275–1283. [CrossRef] [PubMed]

https://doi.org/10.1161/CIRCRESAHA.118.311378
https://doi.org/10.1038/s41580-018-0020-3
https://doi.org/10.1242/dev.130633
https://doi.org/10.1016/j.jacc.2004.11.067
https://doi.org/10.1177/1479164117719058
https://doi.org/10.1002/cbin.10999
https://doi.org/10.18332/tid/135320
https://www.ncbi.nlm.nih.gov/pubmed/34131419
https://doi.org/10.1016/j.atherosclerosis.2017.06.028
https://www.ncbi.nlm.nih.gov/pubmed/28641152
https://doi.org/10.3892/ijmm.2018.3727
https://www.ncbi.nlm.nih.gov/pubmed/29901179
https://doi.org/10.1186/s13287-018-0828-y
https://www.ncbi.nlm.nih.gov/pubmed/29615114
https://doi.org/10.1089/dna.2019.5347
https://doi.org/10.1016/j.freeradbiomed.2006.02.020
https://doi.org/10.1038/msb.2010.5
https://doi.org/10.1016/j.mito.2022.09.003
https://doi.org/10.1021/acs.est.2c05534
https://doi.org/10.1007/s11357-019-00107-w
https://www.ncbi.nlm.nih.gov/pubmed/31655958
https://doi.org/10.1016/j.jnutbio.2012.03.005
https://www.ncbi.nlm.nih.gov/pubmed/22819548
https://doi.org/10.1016/j.freeradbiomed.2013.07.003
https://doi.org/10.2147/CIA.S158513
https://www.ncbi.nlm.nih.gov/pubmed/29731617
https://doi.org/10.1126/science.1117728
https://www.ncbi.nlm.nih.gov/pubmed/16224023
https://doi.org/10.3390/v9100289
https://doi.org/10.1186/1742-4933-5-6
https://doi.org/10.1016/j.jim.2018.08.005
https://www.ncbi.nlm.nih.gov/pubmed/30114401
https://doi.org/10.1016/j.jamda.2013.05.009
https://www.ncbi.nlm.nih.gov/pubmed/23792036
https://doi.org/10.1098/rsob.200309
https://www.ncbi.nlm.nih.gov/pubmed/33352064
https://doi.org/10.1002/JLB.MR0718-299R
https://www.ncbi.nlm.nih.gov/pubmed/30811627


Int. J. Mol. Sci. 2023, 24, 11538 22 of 27

85. Brauning, A.; Rae, M.; Zhu, G.; Fulton, E.; Admasu, T.D.; Stolzing, A.; Sharma, A. Aging of the Immune System: Focus on Natural
Killer Cells Phenotype and Functions. Cells 2022, 11, 1017. [CrossRef] [PubMed]

86. Whiting, C.C.; Siebert, J.; Newman, A.M.; Du, H.W.; Alizadeh, A.A.; Goronzy, J.; Weyand, C.M.; Krishnan, E.; Fathman, C.G.;
Maecker, H.T. Large-Scale and Comprehensive Immune Profiling and Functional Analysis of Normal Human Aging. PLoS ONE
2015, 10, e0133627. [CrossRef]

87. Wang, Y.; Dong, C.; Han, Y.; Gu, Z.; Sun, C. Immunosenescence, aging and successful aging. Front. Immunol. 2022, 13, 942796.
[CrossRef]

88. de Toda, I.M.; Vida, C.; Ortega, E.; De La Fuente, M. Hsp70 basal levels, a tissue marker of the rate of aging and longevity in mice.
Exp. Gerontol. 2016, 84, 21–28. [CrossRef]

89. Bobkova, N.V.; Evgen’ev, M.; Garbuz, D.G.; Kulikov, A.M.; Morozov, A.; Samokhin, A.; Velmeshev, D.; Medvinskaya, N.;
Nesterova, I.; Pollock, A.; et al. Exogenous Hsp70 delays senescence and improves cognitive function in aging mice. Proc. Natl.
Acad. Sci. USA 2015, 112, 16006–16011. [CrossRef] [PubMed]

90. Teixeira, M.; Trindade, D.; Gouveia, M.; Eller-Borges, R.; Magalhaes, S.; Duarte, A.; Ferreira, M.; Simoes, M.I.; Conceicao, M.;
Nunes, A.; et al. Proteostasis Response to Protein Misfolding in Controlled Hypertension. Cells 2022, 11, 1686. [CrossRef]

91. Keller, J.N.; Hanni, K.B.; Markesbery, W.R. Possible involvement of proteasome inhibition in aging: Implications for oxidative
stress. Mech. Ageing Dev. 2000, 113, 61–70. [CrossRef]

92. LaRocca, T.J.; Gioscia-Ryan, R.A.; Hearon, C.M., Jr.; Seals, D.R. The autophagy enhancer spermidine reverses arterial aging. Mech.
Ageing Dev. 2013, 134, 314–320. [CrossRef]

93. Bagherniya, M.; Butler, A.E.; Barreto, G.E.; Sahebkar, A. The effect of fasting or calorie restriction on autophagy induction: A
review of the literature. Ageing Res. Rev. 2018, 47, 183–197. [CrossRef] [PubMed]

94. Ren, J.; Bi, Y.; Sowers, J.R.; Hetz, C.; Zhang, Y. Endoplasmic reticulum stress and unfolded protein response in cardiovascular
diseases. Nat. Rev. Cardiol. 2021, 18, 499–521. [CrossRef] [PubMed]

95. Lee, S.J.; Lee, I.K.; Jeon, J.H. Vascular Calcification-New Insights Into Its Mechanism. Int. J. Mol. Sci. 2020, 21, 2685. [CrossRef]
96. Myoishi, M.; Hao, H.; Minamino, T.; Watanabe, K.; Nishihira, K.; Hatakeyama, K.; Asada, Y.; Okada, K.; Ishibashi-Ueda, H.;

Gabbiani, G.; et al. Increased endoplasmic reticulum stress in atherosclerotic plaques associated with acute coronary syndrome.
Circulation 2007, 116, 1226–1233. [CrossRef]

97. Li, Y.P.; Wang, S.L.; Liu, B.; Tang, L.; Kuang, R.R.; Wang, X.B.; Zhao, C.; Song, X.D.; Cao, X.M.; Wu, X.; et al. Sulforaphane prevents
rat cardiomyocytes from hypoxia/reoxygenation injury in vitro via activating SIRT1 and subsequently inhibiting ER stress. Acta
Pharmacol. Sin. 2016, 37, 344–353. [CrossRef]

98. Wang, F.Y.; Jia, J.; Song, H.H.; Jia, C.M.; Chen, C.B.; Ma, J. Icariin protects vascular endothelial cells from oxidative stress through
inhibiting endoplasmic reticulum stress. J. Integr. Med. 2019, 17, 205–212. [CrossRef]

99. Kadir, R.R.A.; Alwjwaj, M.; Bayraktutan, U. MicroRNA: An Emerging Predictive, Diagnostic, Prognostic and Therapeutic Strategy
in Ischaemic Stroke. Cell Mol. Neurobiol. 2020, 42, 1301–1319. [CrossRef]

100. Xu, F.; Zhong, J.Y.; Lin, X.; Shan, S.K.; Guo, B.; Zheng, M.H.; Wang, Y.; Li, F.; Cui, R.R.; Wu, F.; et al. Melatonin alleviates
vascular calcification and ageing through exosomal miR-204/miR-211 cluster in a paracrine manner. J. Pineal Res. 2020, 68, e12631.
[CrossRef] [PubMed]

101. Noren Hooten, N.; Abdelmohsen, K.; Gorospe, M.; Ejiogu, N.; Zonderman, A.B.; Evans, M.K. microRNA expression patterns
reveal differential expression of target genes with age. PLoS ONE 2010, 5, e10724. [CrossRef]

102. Liu, W.; Cai, H.; Lin, M.; Zhu, L.; Gao, L.; Zhong, R.; Bi, S.; Xue, Y.; Shang, X. MicroRNA-107 prevents amyloid-beta induced
blood-brain barrier disruption and endothelial cell dysfunction by targeting Endophilin-1. Exp. Cell Res. 2016, 343, 248–257.
[CrossRef]

103. Farina, F.M.; Hall, I.F.; Serio, S.; Zani, S.; Climent, M.; Salvarani, N.; Carullo, P.; Civilini, E.; Condorelli, G.; Elia, L.; et al.
miR-128-3p Is a Novel Regulator of Vascular Smooth Muscle Cell Phenotypic Switch and Vascular Diseases. Circ. Res. 2020,
126, e120–e135. [CrossRef]

104. Kumar, M.; Lu, Z.; Takwi, A.A.; Chen, W.; Callander, N.S.; Ramos, K.S.; Young, K.H.; Li, Y. Negative regulation of the tumor
suppressor p53 gene by microRNAs. Oncogene 2011, 30, 843–853. [CrossRef]

105. Lal, A.; Kim, H.H.; Abdelmohsen, K.; Kuwano, Y.; Pullmann, R., Jr.; Srikantan, S.; Subrahmanyam, R.; Martindale, J.L.; Yang, X.;
Ahmed, F.; et al. p16(INK4a) translation suppressed by miR-24. PLoS ONE 2008, 3, e1864. [CrossRef] [PubMed]

106. Lang, A.; Grether-Beck, S.; Singh, M.; Kuck, F.; Jakob, S.; Kefalas, A.; Altinoluk-Hambuchen, S.; Graffmann, N.; Schneider, M.;
Lindecke, A.; et al. MicroRNA-15b regulates mitochondrial ROS production and the senescence-associated secretory phenotype
through sirtuin 4/SIRT4. Aging 2016, 8, 484–505. [CrossRef] [PubMed]

107. Dhahri, W.; Dussault, S.; Legare, E.; Rivard, F.; Desjarlais, M.; Mathieu, R.; Rivard, A. Reduced expression of microRNA-
130a promotes endothelial cell senescence and age-dependent impairment of neovascularization. Aging 2020, 12, 10180–10193.
[CrossRef]

108. Wei, H.; Cui, R.; Bahr, J.; Zanesi, N.; Luo, Z.; Meng, W.; Liang, G.; Croce, C.M. miR-130a Deregulates PTEN and Stimulates Tumor
Growth. Cancer Res. 2017, 77, 6168–6178. [CrossRef]

109. Yan, L.; Xie, X.; Niu, B.X.; Wu, M.T.; Tong, W.Q.; He, S.Y.; Huang, C.Y.; Zhao, W.C.; Li, G.; Li, N.S.; et al. Involvement of
miR-199a-3p/DDR1 in vascular endothelial cell senescence in diabetes. Eur. J. Pharmacol. 2021, 908, 174317. [CrossRef]

https://doi.org/10.3390/cells11061017
https://www.ncbi.nlm.nih.gov/pubmed/35326467
https://doi.org/10.1371/journal.pone.0133627
https://doi.org/10.3389/fimmu.2022.942796
https://doi.org/10.1016/j.exger.2016.08.013
https://doi.org/10.1073/pnas.1516131112
https://www.ncbi.nlm.nih.gov/pubmed/26668376
https://doi.org/10.3390/cells11101686
https://doi.org/10.1016/S0047-6374(99)00101-3
https://doi.org/10.1016/j.mad.2013.04.004
https://doi.org/10.1016/j.arr.2018.08.004
https://www.ncbi.nlm.nih.gov/pubmed/30172870
https://doi.org/10.1038/s41569-021-00511-w
https://www.ncbi.nlm.nih.gov/pubmed/33619348
https://doi.org/10.3390/ijms21082685
https://doi.org/10.1161/CIRCULATIONAHA.106.682054
https://doi.org/10.1038/aps.2015.130
https://doi.org/10.1016/j.joim.2019.01.011
https://doi.org/10.1007/s10571-020-01028-5
https://doi.org/10.1111/jpi.12631
https://www.ncbi.nlm.nih.gov/pubmed/31943334
https://doi.org/10.1371/journal.pone.0010724
https://doi.org/10.1016/j.yexcr.2016.03.026
https://doi.org/10.1161/CIRCRESAHA.120.316489
https://doi.org/10.1038/onc.2010.457
https://doi.org/10.1371/journal.pone.0001864
https://www.ncbi.nlm.nih.gov/pubmed/18365017
https://doi.org/10.18632/aging.100905
https://www.ncbi.nlm.nih.gov/pubmed/26959556
https://doi.org/10.18632/aging.103340
https://doi.org/10.1158/0008-5472.CAN-17-0530
https://doi.org/10.1016/j.ejphar.2021.174317


Int. J. Mol. Sci. 2023, 24, 11538 23 of 27

110. Joris, V.; Gomez, E.L.; Menchi, L.; Lobysheva, I.; Di Mauro, V.; Esfahani, H.; Condorelli, G.; Balligand, J.L.; Catalucci, D.; Dessy, C.
MicroRNA-199a-3p and MicroRNA-199a-5p Take Part to a Redundant Network of Regulation of the NOS (NO Synthase)/NO
Pathway in the Endothelium. Arterioscler. Thromb. Vasc. Biol. 2018, 38, 2345–2357. [CrossRef] [PubMed]

111. Desjarlais, M.; Dussault, S.; Dhahri, W.; Mathieu, R.; Rivard, A. MicroRNA-150 Modulates Ischemia-Induced Neovascularization
in Atherosclerotic Conditions. Arterioscler. Thromb. Vasc. Biol. 2017, 37, 900–908. [CrossRef]

112. Virani, S.S.; Alonso, A.; Benjamin, E.J.; Bittencourt, M.S.; Callaway, C.W.; Carson, A.P.; Chamberlain, A.M.; Chang, A.R.; Cheng, S.;
Delling, F.N.; et al. Heart Disease and Stroke Statistics-2020 Update: A Report From the American Heart Association. Circulation
2020, 141, e139–e596. [CrossRef]

113. Westhoff, J.H.; Hilgers, K.F.; Steinbach, M.P.; Hartner, A.; Klanke, B.; Amann, K.; Melk, A. Hypertension induces somatic cellular
senescence in rats and humans by induction of cell cycle inhibitor p16INK4a. Hypertension 2008, 52, 123–129. [CrossRef] [PubMed]

114. Kovalenko, E.I.; Boyko, A.A.; Semenkov, V.F.; Lutsenko, G.V.; Grechikhina, M.V.; Kanevskiy, L.M.; Azhikina, T.L.; Telford, W.G.;
Sapozhnikov, A.M. ROS production, intracellular HSP70 levels and their relationship in human neutrophils: Effects of age.
Oncotarget 2014, 5, 11800–11812. [CrossRef] [PubMed]

115. Guzik, T.J.; Touyz, R.M. Oxidative Stress, Inflammation, and Vascular Aging in Hypertension. Hypertension 2017, 70, 660–667.
[CrossRef] [PubMed]

116. Huang, H.; Liao, D.; Dong, Y.; Pu, R. Effect of quercetin supplementation on plasma lipid profiles, blood pressure, and glucose
levels: A systematic review and meta-analysis. Nutr. Rev. 2020, 78, 615–626. [CrossRef]

117. International Diabetes Federation. IDF Diabetes Atlas, 10th ed.; International Diabetes Federation: Brussels, Belgium, 2021.
118. Yokoi, T.; Fukuo, K.; Yasuda, O.; Hotta, M.; Miyazaki, J.; Takemura, Y.; Kawamoto, H.; Ichijo, H.; Ogihara, T. Apoptosis signal-

regulating kinase 1 mediates cellular senescence induced by high glucose in endothelial cells. Diabetes 2006, 55, 1660–1665.
[CrossRef]

119. Shakeri, H.; Lemmens, K.; Gevaert, A.B.; De Meyer, G.R.Y.; Segers, V.F.M. Cellular senescence links aging and diabetes in
cardiovascular disease. Am. J. Physiol. Heart Circ. Physiol. 2018, 315, H448–H462. [CrossRef]

120. Kanda, H.; Tateya, S.; Tamori, Y.; Kotani, K.; Hiasa, K.; Kitazawa, R.; Kitazawa, S.; Miyachi, H.; Maeda, S.; Egashira, K.; et al.
MCP-1 contributes to macrophage infiltration into adipose tissue, insulin resistance, and hepatic steatosis in obesity. J. Clin. Invest.
2006, 116, 1494–1505. [CrossRef]

121. Al-Wakeel, D.E.; El-Kashef, D.H.; Nader, M.A. Renoprotective effect of empagliflozin in cafeteria diet-induced insulin resistance
in rats: Modulation of HMGB-1/TLR-4/NF-kappaB axis. Life Sci. 2022, 301, 120633. [CrossRef]

122. Palmer, A.K.; Tchkonia, T.; LeBrasseur, N.K.; Chini, E.N.; Xu, M.; Kirkland, J.L. Cellular Senescence in Type 2 Diabetes: A
Therapeutic Opportunity. Diabetes 2015, 64, 2289–2298. [CrossRef]

123. Kondo, T.; Nakano, Y.; Adachi, S.; Murohara, T. Effects of Tobacco Smoking on Cardiovascular Disease. Circ. J. 2019, 83, 1980–1985.
[CrossRef]

124. Linli, Z.; Feng, J.; Zhao, W.; Guo, S. Associations between smoking and accelerated brain ageing. Prog. Neuropsychopharmacol. Biol.
Psychiatry 2022, 113, 110471. [CrossRef]

125. Rastogi, T.; Girerd, N.; Lamiral, Z.; Bresso, E.; Bozec, E.; Boivin, J.M.; Rossignol, P.; Zannad, F.; Ferreira, J.P. Impact of smoking on
cardiovascular risk and premature ageing: Findings from the STANISLAS cohort. Atherosclerosis 2022, 346, 1–9. [CrossRef]

126. Farhat, N.; Thorin-Trescases, N.; Voghel, G.; Villeneuve, L.; Mamarbachi, M.; Perrault, L.P.; Carrier, M.; Thorin, E. Stress-induced
senescence predominates in endothelial cells isolated from atherosclerotic chronic smokers. Can. J. Physiol. Pharmacol. 2008,
86, 761–769. [CrossRef]

127. Cirilli, I.; Orlando, P.; Marcheggiani, F.; Dludla, P.V.; Silvestri, S.; Damiani, E.; Tiano, L. The Protective Role of Bioactive Quinones
in Stress-induced Senescence Phenotype of Endothelial Cells Exposed to Cigarette Smoke Extract. Antioxidants 2020, 9, 1008.
[CrossRef] [PubMed]

128. Tachtatzis, P.M.; Marshall, A.; Arvinthan, A.; Verma, S.; Penrhyn-Lowe, S.; Mela, M.; Scarpini, C.; Davies, S.E.; Coleman, N.;
Alexander, G.J. Chronic Hepatitis B Virus Infection: The Relation between Hepatitis B Antigen Expression, Telomere Length,
Senescence, Inflammation and Fibrosis. PLoS ONE 2015, 10, e0127511. [CrossRef]

129. Meyer, K.; Patra, T.; Vijayamahantesh; Ray, R. SARS-CoV-2 Spike Protein Induces Paracrine Senescence and Leukocyte Adhesion
in Endothelial Cells. J. Virol. 2021, 95, e0079421. [CrossRef] [PubMed]

130. Sfera, A.; Osorio, C.; Zapata Martin Del Campo, C.M.; Pereida, S.; Maurer, S.; Maldonado, J.C.; Kozlakidis, Z. Endothelial
Senescence and Chronic Fatigue Syndrome, a COVID-19 Based Hypothesis. Front. Cell. Neurosci. 2021, 15, 673217. [CrossRef]
[PubMed]

131. Pathai, S.; Lawn, S.D.; Shiels, P.G.; Weiss, H.A.; Cook, C.; Wood, R.; Gilbert, C.E. Corneal endothelial cells provide evidence of
accelerated cellular senescence associated with HIV infection: A case-control study. PLoS ONE 2013, 8, e57422. [CrossRef]

132. Bertolotti, M.; Lancellotti, G.; Mussi, C. Management of high cholesterol levels in older people. Geriatr. Gerontol. Int. 2019,
19, 375–383. [CrossRef]

133. Tie, G.; Messina, K.E.; Yan, J.; Messina, J.A.; Messina, L.M. Hypercholesterolemia induces oxidant stress that accelerates the
ageing of hematopoietic stem cells. J. Am. Heart Assoc. 2014, 3, e000241. [CrossRef]

134. Liang, J.; Ke, X.; Yang, R.; Wang, X.; Du, Z.; Hu, C. Notch pathway activation mediated the senescence of endothelial progenitor
cells in hypercholesterolemic mice. J. Bioenerg. Biomembr. 2020, 52, 431–440. [CrossRef] [PubMed]

https://doi.org/10.1161/ATVBAHA.118.311145
https://www.ncbi.nlm.nih.gov/pubmed/29976767
https://doi.org/10.1161/ATVBAHA.117.309189
https://doi.org/10.1161/CIR.0000000000000757
https://doi.org/10.1161/HYPERTENSIONAHA.107.099432
https://www.ncbi.nlm.nih.gov/pubmed/18504326
https://doi.org/10.18632/oncotarget.2856
https://www.ncbi.nlm.nih.gov/pubmed/25514461
https://doi.org/10.1161/HYPERTENSIONAHA.117.07802
https://www.ncbi.nlm.nih.gov/pubmed/28784646
https://doi.org/10.1093/nutrit/nuz071
https://doi.org/10.2337/db05-1607
https://doi.org/10.1152/ajpheart.00287.2018
https://doi.org/10.1172/JCI26498
https://doi.org/10.1016/j.lfs.2022.120633
https://doi.org/10.2337/db14-1820
https://doi.org/10.1253/circj.CJ-19-0323
https://doi.org/10.1016/j.pnpbp.2021.110471
https://doi.org/10.1016/j.atherosclerosis.2022.02.017
https://doi.org/10.1139/Y08-082
https://doi.org/10.3390/antiox9101008
https://www.ncbi.nlm.nih.gov/pubmed/33081423
https://doi.org/10.1371/journal.pone.0127511
https://doi.org/10.1128/JVI.00794-21
https://www.ncbi.nlm.nih.gov/pubmed/34160250
https://doi.org/10.3389/fncel.2021.673217
https://www.ncbi.nlm.nih.gov/pubmed/34248502
https://doi.org/10.1371/journal.pone.0057422
https://doi.org/10.1111/ggi.13647
https://doi.org/10.1161/JAHA.113.000241
https://doi.org/10.1007/s10863-020-09853-5
https://www.ncbi.nlm.nih.gov/pubmed/32940860


Int. J. Mol. Sci. 2023, 24, 11538 24 of 27

135. Yan, W.; Cao, Y.; Zhen, P.; Ji, D.; Chai, J.; Xue, K.; Dai, H.; Wang, W. Decreased autophagy of vascular smooth muscle cells
was involved in hyperhomocysteinemia-induced vascular ageing. Clin. Exp. Pharmacol. Physiol. 2021, 48, 524–533. [CrossRef]
[PubMed]

136. Zhang, D.; Sun, X.; Liu, J.; Xie, X.; Cui, W.; Zhu, Y. Homocysteine accelerates senescence of endothelial cells via DNA hypomethy-
lation of human telomerase reverse transcriptase. Arterioscler. Thromb. Vasc. Biol. 2015, 35, 71–78. [CrossRef] [PubMed]

137. Sun, T.; Ghosh, A.K.; Eren, M.; Miyata, T.; Vaughan, D.E. PAI-1 contributes to homocysteine-induced cellular senescence. Cell
Signal 2019, 64, 109394. [CrossRef]

138. Kirkland, J.L.; Tchkonia, T. Senolytic drugs: From discovery to translation. J. Intern. Med. 2020, 288, 518–536. [CrossRef]
139. Ge, M.; Hu, L.; Ao, H.; Zi, M.; Kong, Q.; He, Y. Senolytic targets and new strategies for clearing senescent cells. Mech. Ageing Dev.

2021, 195, 111468. [CrossRef] [PubMed]
140. Knoppert, S.N.; Valentijn, F.A.; Nguyen, T.Q.; Goldschmeding, R.; Falke, L.L. Cellular Senescence and the Kidney: Potential

Therapeutic Targets and Tools. Front. Pharmacol. 2019, 10, 770. [CrossRef] [PubMed]
141. Rivera-Torres, J.; San Jose, E. Src Tyrosine Kinase Inhibitors: New Perspectives on Their Immune, Antiviral, and Senotherapeutic

Potential. Front. Pharmacol. 2019, 10, 1011. [CrossRef]
142. Xu, M.; Pirtskhalava, T.; Farr, J.N.; Weigand, B.M.; Palmer, A.K.; Weivoda, M.M.; Inman, C.L.; Ogrodnik, M.B.; Hachfeld, C.M.;

Fraser, D.G.; et al. Senolytics improve physical function and increase lifespan in old age. Nat. Med. 2018, 24, 1246–1256. [CrossRef]
143. Roos, C.M.; Zhang, B.; Palmer, A.K.; Ogrodnik, M.B.; Pirtskhalava, T.; Thalji, N.M.; Hagler, M.; Jurk, D.; Smith, L.A.; Casaclang-

Verzosa, G.; et al. Chronic senolytic treatment alleviates established vasomotor dysfunction in aged or atherosclerotic mice. Aging
Cell 2016, 15, 973–977. [CrossRef]

144. Hickson, L.J.; Langhi Prata, L.G.P.; Bobart, S.A.; Evans, T.K.; Giorgadze, N.; Hashmi, S.K.; Herrmann, S.M.; Jensen, M.D.; Jia,
Q.; Jordan, K.L.; et al. Senolytics decrease senescent cells in humans: Preliminary report from a clinical trial of Dasatinib plus
Quercetin in individuals with diabetic kidney disease. EBioMedicine 2019, 47, 446–456. [CrossRef]

145. Justice, J.N.; Nambiar, A.M.; Tchkonia, T.; LeBrasseur, N.K.; Pascual, R.; Hashmi, S.K.; Prata, L.; Masternak, M.M.; Kritchevsky, S.B.;
Musi, N.; et al. Senolytics in idiopathic pulmonary fibrosis: Results from a first-in-human, open-label, pilot study. EBioMedicine
2019, 40, 554–563. [CrossRef] [PubMed]

146. Fuhrmann-Stroissnigg, H.; Ling, Y.Y.; Zhao, J.; McGowan, S.J.; Zhu, Y.; Brooks, R.W.; Grassi, D.; Gregg, S.Q.; Stripay, J.L.;
Dorronsoro, A.; et al. Identification of HSP90 inhibitors as a novel class of senolytics. Nat. Commun. 2017, 8, 422. [CrossRef]
[PubMed]

147. Unterluggauer, H.; Mazurek, S.; Lener, B.; Hutter, E.; Eigenbrodt, E.; Zwerschke, W.; Jansen-Durr, P. Premature senescence of
human endothelial cells induced by inhibition of glutaminase. Biogerontology 2008, 9, 247–259. [CrossRef] [PubMed]

148. Katt, W.P.; Lukey, M.J.; Cerione, R.A. A tale of two glutaminases: Homologous enzymes with distinct roles in tumorigenesis.
Future Med. Chem. 2017, 9, 223–243. [CrossRef]

149. Takaya, K.; Ishii, T.; Asou, T.; Kishi, K. Glutaminase inhibitors rejuvenate human skin via clearance of senescent cells: A study
using a mouse/human chimeric model. Aging 2022, 14, 8914–8926. [CrossRef]

150. Johmura, Y.; Yamanaka, T.; Omori, S.; Wang, T.W.; Sugiura, Y.; Matsumoto, M.; Suzuki, N.; Kumamoto, S.; Yamaguchi, K.;
Hatakeyama, S.; et al. Senolysis by glutaminolysis inhibition ameliorates various age-associated disorders. Science 2021, 371,
265–270. [CrossRef]

151. Grabowska, W.; Sikora, E.; Bielak-Zmijewska, A. Sirtuins, a promising target in slowing down the ageing process. Biogerontology
2017, 18, 447–476. [CrossRef]

152. Park, S.J.; Ahmad, F.; Philp, A.; Baar, K.; Williams, T.; Luo, H.; Ke, H.; Rehmann, H.; Taussig, R.; Brown, A.L.; et al. Resveratrol
ameliorates aging-related metabolic phenotypes by inhibiting cAMP phosphodiesterases. Cell 2012, 148, 421–433. [CrossRef]

153. Ungvari, Z.; Bagi, Z.; Feher, A.; Recchia, F.A.; Sonntag, W.E.; Pearson, K.; de Cabo, R.; Csiszar, A. Resveratrol confers endothelial
protection via activation of the antioxidant transcription factor Nrf2. Am. J. Physiol. Heart Circ. Physiol. 2010, 299, H18–H24.
[CrossRef]

154. Pyo, I.S.; Yun, S.; Yoon, Y.E.; Choi, J.W.; Lee, S.J. Mechanisms of Aging and the Preventive Effects of Resveratrol on Age-Related
Diseases. Molecules 2020, 25, 4649. [CrossRef] [PubMed]

155. Kim, E.N.; Kim, M.Y.; Lim, J.H.; Kim, Y.; Shin, S.J.; Park, C.W.; Kim, Y.S.; Chang, Y.S.; Yoon, H.E.; Choi, B.S. The protective effect
of resveratrol on vascular aging by modulation of the renin-angiotensin system. Atherosclerosis 2018, 270, 123–131. [CrossRef]

156. da Luz, P.L.; Tanaka, L.; Brum, P.C.; Dourado, P.M.; Favarato, D.; Krieger, J.E.; Laurindo, F.R. Red wine and equivalent oral
pharmacological doses of resveratrol delay vascular aging but do not extend life span in rats. Atherosclerosis 2012, 224, 136–142.
[CrossRef] [PubMed]

157. Imamura, H.; Yamaguchi, T.; Nagayama, D.; Saiki, A.; Shirai, K.; Tatsuno, I. Resveratrol Ameliorates Arterial Stiffness Assessed
by Cardio-Ankle Vascular Index in Patients With Type 2 Diabetes Mellitus. Int. Heart J. 2017, 58, 577–583. [CrossRef] [PubMed]

158. McDermott, M.M.; Leeuwenburgh, C.; Guralnik, J.M.; Tian, L.; Sufit, R.; Zhao, L.; Criqui, M.H.; Kibbe, M.R.; Stein, J.H.; Lloyd-
Jones, D.; et al. Effect of Resveratrol on Walking Performance in Older People With Peripheral Artery Disease: The RESTORE
Randomized Clinical Trial. JAMA Cardiol. 2017, 2, 902–907. [CrossRef]

https://doi.org/10.1111/1440-1681.13442
https://www.ncbi.nlm.nih.gov/pubmed/33325046
https://doi.org/10.1161/ATVBAHA.114.303899
https://www.ncbi.nlm.nih.gov/pubmed/25359865
https://doi.org/10.1016/j.cellsig.2019.109394
https://doi.org/10.1111/joim.13141
https://doi.org/10.1016/j.mad.2021.111468
https://www.ncbi.nlm.nih.gov/pubmed/33741395
https://doi.org/10.3389/fphar.2019.00770
https://www.ncbi.nlm.nih.gov/pubmed/31354486
https://doi.org/10.3389/fphar.2019.01011
https://doi.org/10.1038/s41591-018-0092-9
https://doi.org/10.1111/acel.12458
https://doi.org/10.1016/j.ebiom.2019.08.069
https://doi.org/10.1016/j.ebiom.2018.12.052
https://www.ncbi.nlm.nih.gov/pubmed/30616998
https://doi.org/10.1038/s41467-017-00314-z
https://www.ncbi.nlm.nih.gov/pubmed/28871086
https://doi.org/10.1007/s10522-008-9134-x
https://www.ncbi.nlm.nih.gov/pubmed/18317946
https://doi.org/10.4155/fmc-2016-0190
https://doi.org/10.18632/aging.204391
https://doi.org/10.1126/science.abb5916
https://doi.org/10.1007/s10522-017-9685-9
https://doi.org/10.1016/j.cell.2012.01.017
https://doi.org/10.1152/ajpheart.00260.2010
https://doi.org/10.3390/molecules25204649
https://www.ncbi.nlm.nih.gov/pubmed/33053864
https://doi.org/10.1016/j.atherosclerosis.2018.01.043
https://doi.org/10.1016/j.atherosclerosis.2012.06.007
https://www.ncbi.nlm.nih.gov/pubmed/22818625
https://doi.org/10.1536/ihj.16-373
https://www.ncbi.nlm.nih.gov/pubmed/28701674
https://doi.org/10.1001/jamacardio.2017.0538


Int. J. Mol. Sci. 2023, 24, 11538 25 of 27

159. Harrison, D.E.; Strong, R.; Sharp, Z.D.; Nelson, J.F.; Astle, C.M.; Flurkey, K.; Nadon, N.L.; Wilkinson, J.E.; Frenkel, K.; Carter, C.S.;
et al. Rapamycin fed late in life extends lifespan in genetically heterogeneous mice. Nature 2009, 460, 392–395. [CrossRef]

160. Gao, G.; Li, J.J.; Li, Y.; Li, D.; Wang, Y.; Wang, L.; Tang, X.D.; Walsh, M.P.; Gui, Y.; Zheng, X.L. Rapamycin inhibits hydrogen
peroxide-induced loss of vascular contractility. Am. J. Physiol. Heart Circ. Physiol. 2011, 300, H1583–H1594. [CrossRef]

161. Lamming, D.W.; Ye, L.; Sabatini, D.M.; Baur, J.A. Rapalogs and mTOR inhibitors as anti-aging therapeutics. J. Clin. Invest 2013,
123, 980–989. [CrossRef]

162. Araki, K.; Turner, A.P.; Shaffer, V.O.; Gangappa, S.; Keller, S.A.; Bachmann, M.F.; Larsen, C.P.; Ahmed, R. mTOR regulates memory
CD8 T-cell differentiation. Nature 2009, 460, 108–112. [CrossRef]

163. Kulkarni, A.S.; Brutsaert, E.F.; Anghel, V.; Zhang, K.; Bloomgarden, N.; Pollak, M.; Mar, J.C.; Hawkins, M.; Crandall, J.P.; Barzilai,
N. Metformin regulates metabolic and nonmetabolic pathways in skeletal muscle and subcutaneous adipose tissues of older
adults. Aging Cell 2018, 17, e12723. [CrossRef]

164. Martinez-Limon, A.; Joaquin, M.; Caballero, M.; Posas, F.; de Nadal, E. The p38 Pathway: From Biology to Cancer Therapy. Int. J.
Mol. Sci. 2020, 21, 1913. [CrossRef] [PubMed]

165. Alimbetov, D.; Davis, T.; Brook, A.J.; Cox, L.S.; Faragher, R.G.; Nurgozhin, T.; Zhumadilov, Z.; Kipling, D. Suppression of the
senescence-associated secretory phenotype (SASP) in human fibroblasts using small molecule inhibitors of p38 MAP kinase and
MK2. Biogerontology 2016, 17, 305–315. [CrossRef] [PubMed]

166. Aquino-Martinez, R.; Eckhardt, B.A.; Rowsey, J.L.; Fraser, D.G.; Khosla, S.; Farr, J.N.; Monroe, D.G. Senescent cells exacerbate
chronic inflammation and contribute to periodontal disease progression in old mice. J. Periodontol. 2021, 92, 1483–1495. [CrossRef]

167. Freund, A.; Patil, C.K.; Campisi, J. p38MAPK is a novel DNA damage response-independent regulator of the senescence-associated
secretory phenotype. EMBO J. 2011, 30, 1536–1548. [CrossRef]

168. Martinez-Revelles, S.; Garcia-Redondo, A.B.; Avendano, M.S.; Varona, S.; Palao, T.; Orriols, M.; Roque, F.R.; Fortuno, A.; Touyz,
R.M.; Martinez-Gonzalez, J.; et al. Lysyl Oxidase Induces Vascular Oxidative Stress and Contributes to Arterial Stiffness and
Abnormal Elastin Structure in Hypertension: Role of p38MAPK. Antioxid. Redox Signal 2017, 27, 379–397. [CrossRef]

169. Peters, P.G.; Alessio, H.M.; Hagerman, A.E.; Ashton, T.; Nagy, S.; Wiley, R.L. Short-term isometric exercise reduces systolic blood
pressure in hypertensive adults: Possible role of reactive oxygen species. Int. J. Cardiol. 2006, 110, 199–205. [CrossRef] [PubMed]

170. Mattusch, F.; Dufaux, B.; Heine, O.; Mertens, I.; Rost, R. Reduction of the plasma concentration of C-reactive protein following
nine months of endurance training. Int. J. Sports Med. 2000, 21, 21–24. [CrossRef]

171. Leung, F.P.; Yung, L.M.; Laher, I.; Yao, X.; Chen, Z.Y.; Huang, Y. Exercise, vascular wall and cardiovascular diseases: An update
(Part 1). Sports Med. 2008, 38, 1009–1024. [CrossRef]

172. Rossman, M.J.; Kaplon, R.E.; Hill, S.D.; McNamara, M.N.; Santos-Parker, J.R.; Pierce, G.L.; Seals, D.R.; Donato, A.J. Endothelial
cell senescence with aging in healthy humans: Prevention by habitual exercise and relation to vascular endothelial function. Am.
J. Physiol. Heart Circ. Physiol. 2017, 313, H890–H895. [CrossRef]

173. Englund, D.A.; Sakamoto, A.E.; Fritsche, C.M.; Heeren, A.A.; Zhang, X.; Kotajarvi, B.R.; Lecy, D.R.; Yousefzadeh, M.J.; Schafer,
M.J.; White, T.A.; et al. Exercise reduces circulating biomarkers of cellular senescence in humans. Aging Cell 2021, 20, e13415.
[CrossRef]

174. Kitzman, D.W.; Brubaker, P.H.; Herrington, D.M.; Morgan, T.M.; Stewart, K.P.; Hundley, W.G.; Abdelhamed, A.; Haykowsky,
M.J. Effect of endurance exercise training on endothelial function and arterial stiffness in older patients with heart failure and
preserved ejection fraction: A randomized, controlled, single-blind trial. J. Am. Coll. Cardiol. 2013, 62, 584–592. [CrossRef]
[PubMed]

175. Pedralli, M.L.; Marschner, R.A.; Kollet, D.P.; Neto, S.G.; Eibel, B.; Tanaka, H.; Lehnen, A.M. Different exercise training modalities
produce similar endothelial function improvements in individuals with prehypertension or hypertension: A randomized clinical
trial Exercise, endothelium and blood pressure. Sci. Rep. 2020, 10, 7628. [CrossRef] [PubMed]

176. Dhillon, R.S.; Qin, Y.A.; van Ginkel, P.R.; Fu, V.X.; Vann, J.M.; Lawton, A.J.; Green, C.L.; Manchado-Gobatto, F.B.; Gobatto, C.A.;
Lamming, D.W.; et al. SIRT3 deficiency decreases oxidative metabolism capacity but increases lifespan in male mice under caloric
restriction. Aging Cell 2022, 21, e13721. [CrossRef]

177. Mc Auley, M.T. Dietary restriction and ageing: Recent evolutionary perspectives. Mech. Ageing Dev. 2022, 208, 111741. [CrossRef]
178. Vera, E.; Bernardes de Jesus, B.; Foronda, M.; Flores, J.M.; Blasco, M.A. Telomerase reverse transcriptase synergizes with calorie

restriction to increase health span and extend mouse longevity. PLoS ONE 2013, 8, e53760. [CrossRef]
179. Dai, H.; Sinclair, D.A.; Ellis, J.L.; Steegborn, C. Sirtuin activators and inhibitors: Promises, achievements, and challenges.

Pharmacol. Ther. 2018, 188, 140–154. [CrossRef]
180. Redman, L.M.; Smith, S.R.; Burton, J.H.; Martin, C.K.; Il’yasova, D.; Ravussin, E. Metabolic Slowing and Reduced Oxidative

Damage with Sustained Caloric Restriction Support the Rate of Living and Oxidative Damage Theories of Aging. Cell Metab.
2018, 27, 805–815. [CrossRef] [PubMed]

181. Yang, L.; Licastro, D.; Cava, E.; Veronese, N.; Spelta, F.; Rizza, W.; Bertozzi, B.; Villareal, D.T.; Hotamisligil, G.S.; Holloszy, J.O.;
et al. Long-Term Calorie Restriction Enhances Cellular Quality-Control Processes in Human Skeletal Muscle. Cell Rep. 2016,
14, 422–428. [CrossRef]

182. Willcox, D.C.; Scapagnini, G.; Willcox, B.J. Healthy aging diets other than the Mediterranean: A focus on the Okinawan diet.
Mech. Ageing Dev. 2014, 136–137, 148–162. [CrossRef]

https://doi.org/10.1038/nature08221
https://doi.org/10.1152/ajpheart.01084.2010
https://doi.org/10.1172/JCI64099
https://doi.org/10.1038/nature08155
https://doi.org/10.1111/acel.12723
https://doi.org/10.3390/ijms21061913
https://www.ncbi.nlm.nih.gov/pubmed/32168915
https://doi.org/10.1007/s10522-015-9610-z
https://www.ncbi.nlm.nih.gov/pubmed/26400758
https://doi.org/10.1002/JPER.20-0529
https://doi.org/10.1038/emboj.2011.69
https://doi.org/10.1089/ars.2016.6642
https://doi.org/10.1016/j.ijcard.2005.07.035
https://www.ncbi.nlm.nih.gov/pubmed/16239039
https://doi.org/10.1055/s-2000-8852
https://doi.org/10.2165/00007256-200838120-00005
https://doi.org/10.1152/ajpheart.00416.2017
https://doi.org/10.1111/acel.13415
https://doi.org/10.1016/j.jacc.2013.04.033
https://www.ncbi.nlm.nih.gov/pubmed/23665370
https://doi.org/10.1038/s41598-020-64365-x
https://www.ncbi.nlm.nih.gov/pubmed/32376984
https://doi.org/10.1111/acel.13721
https://doi.org/10.1016/j.mad.2022.111741
https://doi.org/10.1371/journal.pone.0053760
https://doi.org/10.1016/j.pharmthera.2018.03.004
https://doi.org/10.1016/j.cmet.2018.02.019
https://www.ncbi.nlm.nih.gov/pubmed/29576535
https://doi.org/10.1016/j.celrep.2015.12.042
https://doi.org/10.1016/j.mad.2014.01.002


Int. J. Mol. Sci. 2023, 24, 11538 26 of 27

183. Cheng, H.M.; Koutsidis, G.; Lodge, J.K.; Ashor, A.; Siervo, M.; Lara, J. Tomato and lycopene supplementation and cardiovascular
risk factors: A systematic review and meta-analysis. Atherosclerosis 2017, 257, 100–108. [CrossRef]

184. Lichtenstein, A.H.; Appel, L.J.; Vadiveloo, M.; Hu, F.B.; Kris-Etherton, P.M.; Rebholz, C.M.; Sacks, F.M.; Thorndike, A.N.; Van
Horn, L.; Wylie-Rosett, J. 2021 Dietary Guidance to Improve Cardiovascular Health: A Scientific Statement From the American
Heart Association. Circulation 2021, 144, e472–e487. [CrossRef] [PubMed]

185. Lasheras, C.; Fernandez, S.; Patterson, A.M. Mediterranean diet and age with respect to overall survival in institutionalized,
nonsmoking elderly people. Am. J. Clin. Nutr. 2000, 71, 987–992. [CrossRef] [PubMed]

186. Estruch, R.; Ros, E.; Salas-Salvado, J.; Covas, M.I.; Corella, D.; Aros, F.; Gomez-Gracia, E.; Ruiz-Gutierrez, V.; Fiol, M.; Lapetra, J.;
et al. Primary Prevention of Cardiovascular Disease with a Mediterranean Diet Supplemented with Extra-Virgin Olive Oil or
Nuts. N. Engl. J. Med. 2018, 378, e34. [CrossRef]

187. Shannon, O.M.; Ashor, A.W.; Scialo, F.; Saretzki, G.; Martin-Ruiz, C.; Lara, J.; Matu, J.; Griffiths, A.; Robinson, N.; Lilla, L.; et al.
Mediterranean diet and the hallmarks of ageing. Eur. J. Clin. Nutr. 2021, 75, 1176–1192. [CrossRef] [PubMed]

188. Cesari, F.; Sofi, F.; Molino Lova, R.; Vannetti, F.; Pasquini, G.; Cecchi, F.; Marcucci, R.; Gori, A.M.; Macchi, C.; Mugello Study
Working, G. Aging process, adherence to Mediterranean diet and nutritional status in a large cohort of nonagenarians: Effects on
endothelial progenitor cells. Nutr. Metab. Cardiovasc. Dis. 2018, 28, 84–90. [CrossRef] [PubMed]

189. Esposito, K.; Di Palo, C.; Maiorino, M.I.; Petrizzo, M.; Bellastella, G.; Siniscalchi, I.; Giugliano, D. Long-term effect of
mediterranean-style diet and calorie restriction on biomarkers of longevity and oxidative stress in overweight men. Cardiol. Res.
Pract. 2010, 2011, 293916. [CrossRef]

190. Delgado-Lista, J.; Alcala-Diaz, J.F.; Torres-Pena, J.D.; Quintana-Navarro, G.M.; Fuentes, F.; Garcia-Rios, A.; Ortiz-Morales, A.M.;
Gonzalez-Requero, A.I.; Perez-Caballero, A.I.; Yubero-Serrano, E.M.; et al. Long-term secondary prevention of cardiovascular
disease with a Mediterranean diet and a low-fat diet (CORDIOPREV): A randomised controlled trial. Lancet 2022, 399, 1876–1885.
[CrossRef]

191. Mano, R.; Ishida, A.; Ohya, Y.; Todoriki, H.; Takishita, S. Dietary intervention with Okinawan vegetables increased circulating
endothelial progenitor cells in healthy young women. Atherosclerosis 2009, 204, 544–548. [CrossRef]

192. Khalatbary, A.R. Olive oil phenols and neuroprotection. Nutr. Neurosci. 2013, 16, 243–249. [CrossRef]
193. Fernandez del Rio, L.; Gutierrez-Casado, E.; Varela-Lopez, A.; Villalba, J.M. Olive Oil and the Hallmarks of Aging. Molecules 2016,

21, 163. [CrossRef]
194. Erol, O.; Arda, N.; Erdem, G. Phenols of virgin olive oil protects nuclear DNA against oxidative damage in HeLa cells. Food Chem.

Toxicol. 2012, 50, 3475–3479. [CrossRef]
195. Fabiani, R.; Rosignoli, P.; De Bartolomeo, A.; Fuccelli, R.; Servili, M.; Montedoro, G.F.; Morozzi, G. Oxidative DNA damage is

prevented by extracts of olive oil, hydroxytyrosol, and other olive phenolic compounds in human blood mononuclear cells and
HL60 cells. J. Nutr. 2008, 138, 1411–1416. [CrossRef]

196. Quiles, J.L.; Ochoa, J.J.; Ramirez-Tortosa, C.; Battino, M.; Huertas, J.R.; Martin, Y.; Mataix, J. Dietary fat type (virgin olive vs.
sunflower oils) affects age-related changes in DNA double-strand-breaks, antioxidant capacity and blood lipids in rats. Exp.
Gerontol. 2004, 39, 1189–1198. [CrossRef]

197. Varela-Lopez, A.; Perez-Lopez, M.P.; Ramirez-Tortosa, C.L.; Battino, M.; Granados-Principal, S.; Ramirez-Tortosa, M.D.C.; Ochoa,
J.J.; Vera-Ramirez, L.; Giampieri, F.; Quiles, J.L. Gene pathways associated with mitochondrial function, oxidative stress and
telomere length are differentially expressed in the liver of rats fed lifelong on virgin olive, sunflower or fish oils. J. Nutr. Biochem.
2018, 52, 36–44. [CrossRef]

198. Foscolou, A.; Critselis, E.; Tyrovolas, S.; Chrysohoou, C.; Sidossis, L.S.; Naumovski, N.; Matalas, A.L.; Rallidis, L.; Polychronopou-
los, E.; Ayuso-Mateos, J.L.; et al. The Effect of Exclusive Olive Oil Consumption on Successful Aging: A Combined Analysis of
the ATTICA and MEDIS Epidemiological Studies. Foods 2019, 8, 25. [CrossRef] [PubMed]

199. Molfino, A.; Gioia, G.; Rossi Fanelli, F.; Muscaritoli, M. The role for dietary omega-3 fatty acids supplementation in older adults.
Nutrients 2014, 6, 4058–4073. [CrossRef] [PubMed]

200. Pisaniello, A.D.; Psaltis, P.J.; King, P.M.; Liu, G.; Gibson, R.A.; Tan, J.T.; Duong, M.; Nguyen, T.; Bursill, C.A.; Worthley, M.I.;
et al. Omega-3 fatty acids ameliorate vascular inflammation: A rationale for their atheroprotective effects. Atherosclerosis 2021,
324, 27–37. [CrossRef] [PubMed]

201. Pase, M.P.; Grima, N.; Cockerell, R.; Stough, C.; Scholey, A.; Sali, A.; Pipingas, A. The effects of long-chain omega-3 fish oils and
multivitamins on cognitive and cardiovascular function: A randomized, controlled clinical trial. J. Am. Coll. Nutr. 2015, 34, 21–31.
[CrossRef]

202. Cardoso, C.; Afonso, C.; Bandarra, N.M. Dietary DHA and health: Cognitive function ageing. Nutr. Res. Rev. 2016, 29, 281–294.
[CrossRef]

203. Sidhu, V.K.; Huang, B.X.; Desai, A.; Kevala, K.; Kim, H.Y. Role of DHA in aging-related changes in mouse brain synaptic plasma
membrane proteome. Neurobiol. Aging 2016, 41, 73–85. [CrossRef]

204. Zia, A.; Farkhondeh, T.; Pourbagher-Shahri, A.M.; Samarghandian, S. The role of curcumin in aging and senescence: Molecular
mechanisms. Biomed. Pharmacother. 2021, 134, 111119. [CrossRef] [PubMed]

205. Santos-Parker, J.R.; Strahler, T.R.; Bassett, C.J.; Bispham, N.Z.; Chonchol, M.B.; Seals, D.R. Curcumin supplementation improves
vascular endothelial function in healthy middle-aged and older adults by increasing nitric oxide bioavailability and reducing
oxidative stress. Aging 2017, 9, 187–208. [CrossRef] [PubMed]

https://doi.org/10.1016/j.atherosclerosis.2017.01.009
https://doi.org/10.1161/CIR.0000000000001031
https://www.ncbi.nlm.nih.gov/pubmed/34724806
https://doi.org/10.1093/ajcn/71.4.987
https://www.ncbi.nlm.nih.gov/pubmed/10731507
https://doi.org/10.1056/NEJMoa1800389
https://doi.org/10.1038/s41430-020-00841-x
https://www.ncbi.nlm.nih.gov/pubmed/33514872
https://doi.org/10.1016/j.numecd.2017.09.003
https://www.ncbi.nlm.nih.gov/pubmed/29167060
https://doi.org/10.4061/2011/293916
https://doi.org/10.1016/S0140-6736(22)00122-2
https://doi.org/10.1016/j.atherosclerosis.2008.09.035
https://doi.org/10.1179/1476830513Y.0000000052
https://doi.org/10.3390/molecules21020163
https://doi.org/10.1016/j.fct.2012.07.048
https://doi.org/10.1093/jn/138.8.1411
https://doi.org/10.1016/j.exger.2004.05.002
https://doi.org/10.1016/j.jnutbio.2017.09.007
https://doi.org/10.3390/foods8010025
https://www.ncbi.nlm.nih.gov/pubmed/30642026
https://doi.org/10.3390/nu6104058
https://www.ncbi.nlm.nih.gov/pubmed/25285409
https://doi.org/10.1016/j.atherosclerosis.2021.03.003
https://www.ncbi.nlm.nih.gov/pubmed/33812168
https://doi.org/10.1080/07315724.2014.880660
https://doi.org/10.1017/S0954422416000184
https://doi.org/10.1016/j.neurobiolaging.2016.02.007
https://doi.org/10.1016/j.biopha.2020.111119
https://www.ncbi.nlm.nih.gov/pubmed/33360051
https://doi.org/10.18632/aging.101149
https://www.ncbi.nlm.nih.gov/pubmed/28070018


Int. J. Mol. Sci. 2023, 24, 11538 27 of 27

206. Burns, J.; Yokota, T.; Ashihara, H.; Lean, M.E.; Crozier, A. Plant foods and herbal sources of resveratrol. J. Agric. Food Chem. 2002,
50, 3337–3340. [CrossRef]

207. Camici, G.G.; Savarese, G.; Akhmedov, A.; Luscher, T.F. Molecular mechanism of endothelial and vascular aging: Implications for
cardiovascular disease. Eur. Heart J. 2015, 36, 3392–3403. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1021/jf0112973
https://doi.org/10.1093/eurheartj/ehv587
https://www.ncbi.nlm.nih.gov/pubmed/26543043

	Introduction 
	Mechanisms of Vascular Ageing 
	Cellular Senescence 
	Impact of Cellular Senescence on the Vascular System 
	Endothelial Cell Senescence and Dysfunction in Vascular Ageing 
	Vascular Smooth Muscle Cell Senescence and Dysfunction in Vascular Ageing 
	Senescence-Associated Secretory Phenotype (SASP) and Vascular Ageing 
	Stem Cell Dysfunction and Exhaustion in Vascular Ageing 
	Oxidative Stress 
	Immunosenescence and Vascular Ageing 
	Proteostasis and Vascular Ageing 
	MiRNAs and Vascular Ageing 

	Vascular Risk Factors and Vascular Ageing 
	Hypertension 
	Diabetes 
	Smoking 
	Virus Infection 
	Other Metabolic Disorders 

	Anti-Vascular Ageing Strategies 
	Senolytics and Senomorphics Related to Vascular Ageing 
	Lifestyle Modification 
	Exercise 
	Calorie Restriction 

	Dietary Modulation 
	Food and Food Supplements with Anti-Vascular Ageing Effects 
	Olive Oil and Its Extracts 
	Long-Chain Omega-3 Fatty Acids 
	Curcumin 
	Resveratrol 


	Discussion and Future Perspectives 
	References

