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Abstract: Vascular aging, i.e., the deterioration of the structure and function of the arteries over the
life course, predicts cardiovascular events and mortality. Vascular degeneration can be recognized
before becoming clinically symptomatic; therefore, its assessment allows the early identification of
individuals at risk. This opens the possibility of minimizing disease progression. To review these
issues, a search was completed using PubMed, MEDLINE, and Google Scholar from 2000 to date. As
a network of clinicians and scientists involved in vascular medicine, we here describe the structural
and functional age-dependent alterations of the arteries, the clinical tools for an early diagnosis of
vascular aging, and the cellular and molecular events implicated. It emerges that more studies are
necessary to identify the best strategy to quantify vascular aging, and to design proper physical
activity programs, nutritional and pharmacological strategies, as well as social interventions to
prevent, delay, and eventually revert the disease.
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1. Introduction

Aging is an inexorable physiological process characterized by the gradual decline
in cellular and tissue capabilities to adapt to stressors and to recover after damage, with
consequent accumulation of senescent and dysfunctional cells, dysregulated metabolism,
and impaired intercellular communication [1]. Aging is the primary risk factor for the
development of cardiovascular disease (CVD), the leading cause of morbimortality world-
wide [2,3]. Population aging and CVD prevalence have been increasing rapidly in recent
decades in both the developed and developing world. For example, nineteen countries are
projected to have at least 10% of their population aged more than 80 years by 2050, with
many exhibiting CVD and other age-related disorders [4]. Accordingly, total direct medical
costs associated with CVD in the United States and in the European Union are expected
to triple between 2010 and 2030 [5,6]. With these grim statistics, a better understanding
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of the mechanisms by which aging predisposes to CVD is urgently needed to improve
primary prevention and develop more effective therapies to ultimately promote healthy
aging and reduce the vast medical and socioeconomic impact of age-related CVD. In this
review, we focus on mechanisms of vascular aging including a summary of (1) structural
and functional age-dependent alterations of arteries, (2) clinical tools for early diagnosis
of vascular aging, and (3) potential underlying cellular and molecular mechanisms. To
this end, we conducted a review of studies examining keywords “aging”, “vasculature”,
“gender”, “stiffness”, “calcification”, and “biomarkers” published in English from 2000 to
2023 using PubMed, MEDLINE, and Google Scholar.

2. Vascular Aging

Vascular remodeling with advancing age is characterized by arterial stiffening and cal-
cification (Figure 1). Arterial stiffening affects the macro- and micro-vasculature in unique
ways. The main function of large arteries is to dampen the pulsatility of cardiac contraction
by elastic recoiling after systolic expansion, so that constant, rather than pulsatile, blood
flow is propelled to organs and tissues, including the coronary arteries. However, this
buffering effect is lost as the aorta and its major branches stiffen in response to age, obesity,
and other cardiometabolic diseases, and pulsatile energy is then transmitted to the delicate
microvascular vessels of downstream organs and tissues. Microvascular damage can lead
to impaired blood perfusion and local inflammatory responses, which can impair organ
function and increase vascular resistance in the long term. The interdependence between
hypertension and arterial stiffness, by which increased mean arterial pressure stimulates
aortic wall maladaptive remodeling and further vascular stiffening, is particularly insidious
as it establishes a detrimental feed-forward loop. The renal and cerebral vasculatures,
which receive most of the cardiac output, are particularly sensitive to pressure pulsatility
associated with arterial stiffness. Accordingly, a direct correlation between measures of
arterial stiffness and cerebral and renal damage has been reported [7,8], underscoring
the importance of targeted therapies to prevent arterial stiffness and, most importantly,
associated target organ damage.
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Figure 1. The effects of advancing age on the vasculature. Vascular aging is characterized by arterial
stiffness and calcification. Arterial stiffness can induce an increase in vascular resistance and organ
dysfunction. Arterial calcification induces thrombotic events. A feed-forward loop exists between
vascular aging, hypertension, and arterial stiffness (see text for the details).

An additional contributor to vessel wall stiffening is arterial calcification, which has
been associated with adverse cardiovascular outcomes [9] and frailty in older adults [10].
The deposition of calcium phosphate occurs both in the media and in the intima, and may



J. Clin. Med. 2023, 12, 5512 3 of 14

contribute to the necrotic core or along the shoulder of atherosclerotic plaques, which can
induce thrombotic events and increase the risk of amputation [9]. Vascular calcification
results from a complex, dynamic, and actively regulated process that, although not com-
pletely elucidated yet [11], involves the phenotypic reprogramming of vascular smooth
muscle cells (VSMC) and altered cell–matrix interactions [12]. It is noteworthy that medial
and intimal calcifications are independent diseases, but specific experimental models to
understand the pathogenesis of medial calcifications are still lacking.

2.1. Biological vs. Chronological Aging: Lessons from Progeria

The extent of cardiovascular functional decline is highly variable among individuals of
the same chronological age. Therefore, the identification of individuals for early prevention
of CVD and other age-related disorders must rely on biomarkers of biological aging, also
called physiological or functional aging, rather than chronologic age [13]. Because of the
significant contribution of atherosclerosis and heart failure to CVD-related morbimortality
in the elderly, substantial research efforts have been placed in understanding the genetic,
molecular, and cellular mechanisms underlying CVD initiation, progression, and complica-
tions. Some hints derive from studies on Hutchinson–Gilford progeria syndrome (HGPS,
OMIM 176670), an ultrarare (prevalence 1 in 18–20 million) genetic and fatal pediatric
disorder characterized by segmental severe premature aging and early death and for which
no cure exists [14]. The disease is caused by a de novo heterozygous dominant mutation
in the LMNA gene (encoding nuclear A-type lamin) which causes the production of a
truncated version of prelamin A called progerin. The accumulation of progerin causes
multiple cellular alterations, including abnormal nuclear morphology, heterochromatin
loss, mislocalization and loss of DNA damage repair proteins and chromatin-associated
proteins, and mitochondrial and telomere dysfunction [15]. This results in accelerated
VSMC senescence and loss, paralleled by reduced contractility, excessive deposition of
extracellular matrix, and medial calcification [12,14]. In a murine model of progeria, vas-
cular calcification is triggered by reduced extracellular deposition of pyrophosphate, a
well-known inhibitor of vascular calcification [16]. Although patients with progeria lack
or are only mildly affected by traditional cardiovascular risk factors, they develop CVD
and die mainly from complications of atherosclerosis (myocardial infarction, heart failure,
or stroke) at a mean age of 14.5 years [14]. HGPS research may therefore help identify
mechanisms underlying CVD independently of risk factors or aging-associated chronic
diseases that can influence cardiovascular health. Notably, progerin is expressed at low
level in aged tissues of non-HGPS individuals, suggesting a role in normal aging [14].
Understanding how progerin causes CVD and premature aging may therefore shed some
light on normal aging.

2.2. Sex Differences in Cardiovascular Aging

Sex differences in CVD are well established, and the mechanistic insights involved
have been unraveled only recently [17]. While men and women have similar lifetime risks
of developing CVD, women develop CVD later in life than men. Moreover, manifestations
of CVD differ between men and women. For example, women with heart failure (HF) are
more likely to have preserved left ventricular (LV) ejection fraction (EF) and non-ischemic
etiology, while men often present with HF with reduced EF. Differences in cardiovascular
aging between men and women may contribute to sex-based differences in CVD [18]. Early
in life, men experience greater age-related vascular structural changes (intimal thickening,
wall stiffening, calcium deposition, and atherosclerosis) and functional changes (endothelial
dysfunction). However, after the sixth decade of life, age-related vascular dysfunction typi-
cally progresses at a faster rate in women than men. This observation has been consistently
demonstrated in epidemiologic studies examining subclinical changes in vascular structure.
The Baltimore Longitudinal Study of Aging measured carotid intima–media thickness
(IMT)—a marker of early arterial wall alteration—over a 20-year period in 1067 men and
women. The results showed that while men had higher baseline IMT than women, differ-
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ences between men and women narrowed over time due to more pronounced acceleration
of IMT in women later in life [19]. A similar pattern has been observed for other subclinical
vascular measures, including coronary artery calcium scores [19].

Age-related decline in vascular function follows a similar trajectory to changes in
vascular structure. Endothelial dysfunction decreases with age in men but is preserved
in women until the onset of menopause, after which endothelial-dependent vasodilation
markedly declines [20]. Arterial stiffness displays similar age-related trajectories in men and
women, with lower autonomic tone, reduced baroreceptor response, and greater vascular
function in pre-menopausal women vs. age-matched men. However, following menopause,
women develop stiffer arteries than males. These differential patterns of vascular aging
are reflected clinically in blood pressure (BP) trajectories over the life course. Data derived
from the Framingham Heart Study enrolling 4993 individuals over a 28-year period show
that early in life, male sex was positively associated with an increase in all BP measures,
including systolic, diastolic, and mean BP, and pulse pressure, while the association with
BP measures was attenuated in women. However, this association was attenuated in older
individuals, as BP trajectories accelerated in women later in life [21].

Until recently, most investigations of sex differences in cardiovascular aging have
operated under the prevailing hypothesis that cardiovascular aging is fundamentally the
same in men and women, only delayed by 10–20 years in women. However, a recent
investigation that examined BP trajectories over the life course in relation to sex-specific
baseline values in 32,833 healthy individuals found that BP increases at a faster rate in
women compared with men beginning early in life [22]. These results stand in contrast
with the notion that cardiovascular changes in women lag behind men until the menopause
transition, at which point cardiovascular aging accelerates preferentially in women. These
data highlight the need to reimagine the design of studies examining sex differences in
cardiovascular aging.

2.3. Assessment of Vascular Aging

Biomarkers of biological aging include a variety of molecular and cellular factors, such
as telomere length, epigenetic alterations, somatic mutations, gut dysbiosis, inflammatory
and omic-based biomarkers [23]. These factors can be integrated with functional and
structural ones, such as arterial stiffness, blood pressure, endothelial dysfunction, intimal
thickening, atherosclerosis, and arterial calcification. In the last decades, various inva-
sive and non-invasive methods have been proposed to measure vascular aging (recently
reviewed in [13,24]), some of which are summarized in Figure 2.
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Figure 2. Biomarkers to assess vascular aging. Some invasive and non-invasive methods to measure
vascular aging are reported.

Endothelial dysfunction can be assessed by various non-invasive methods and is
considered a good predictor of age-related vascular disease [25]. Flow-mediated dilation
(FMD), which measures endothelium-dependent response to shear stress, is a well validated
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measure of endothelial dysfunction, which consistently declines over the lifespan until the
age of 70 in men and age 80 in women. Sex differences in FMD correspond to age-related
differences in coronary heart disease incidence and are present a decade before clinical
CVD [20]. Remarkably, sex also affects the impact of some risk factors in (un)medicated
individuals [26]. The endothelial function in microvascular blood vessels can also be
noninvasively assessed using peripheral arterial tonometry (PAT) [27]. PAT quantifies
the pulsatile volume change in the arteries at the fingertip, a phenomenon influenced in
part by nitric oxide (NO) availability [28]. Despite the fact that PAT is reported to predict
cardiovascular events and stroke [29], it is unsuitable for monitoring endothelial function
in aging males [30]. The possibility of using serum biomarkers to evaluate endothelial
function—soluble cell adhesion molecules, asymmetric dimethylarginine, glycocalix degra-
dation products—is challenging [31]. There are few studies on these markers in the elderly
population. While it is known that vascular endothelial glycocalyx is more vulnerable
in older than in younger individuals [32], the circulating levels of glycocalyx breakdown
products in the elderly remain poorly investigated [33].

The IMT, noninvasively and reproducibly measured through B-mode carotid ultra-
sound [34], is widely used to detect subclinical alterations in wall structure and to predict
future overt cardiovascular events [35]. Cross-sectional studies show that IMT increases
linearly with age [36]. Accordingly, individuals older than 65 years show higher IMT than
younger people [37]. In both sexes, IMT increases with age and frailty [38].

Carotid–femoral pulse wave velocity (cfPWV) is the most accepted clinical marker
of arterial stiffness, and is used for the detection of early vascular ageing [39]. While
the stiffening of elastic arteries (e.g., the large arteries located in the proximity of the
heart) is a normal process that characterizes chronological ageing, individuals with faster
biological aging have accelerated progression of arterial stiffening, leading to increased
cardiovascular risk compared with age-matched individuals. The SPARTE study has
shown that the measurement of cfPWV allows for the enacting of strategies to slow down
accelerated vascular ageing, potentially reverting the physiological trends [40]. A study
calculating vascular age based on cfPWV was published on the Malmö Diet and Cancer
Study Cohort [41]. However, an exact vascular age metric based on cfPWV is not freely
available yet.

Another method to ascertain vascular age is via assessment of coronary artery calcium
content (CAC) via computed tomography. CAC quantifies an individual’s risk of coronary
heart disease. By comparing the individual’s CAC with age trends in the normal population,
vascular age can be determined with an equivalent risk score. A simple conversion of CAC to
vascular age can be achieved via the formula: vascular age = 39.1 + 7.25log(CAC + 1) [42].

As a single biomarker is often suboptimal to estimate biological age, a compounded
scores which combines vascular imaging, functional tests, and physical, genetic, and
biochemical parameters have been developed to improve CVD risk prediction (13). For
example, the Framingham Risk Score (FRS) and the Systematic COronary Risk Evaluation
(SCORE) calculate the CVD risk score, taking into account age (FRS and SCORE), total
cholesterol (FRS and SCORE), HDL cholesterol (FRS), brachial systolic blood pressure
(FRS and SCORE), sex (FRS and SCORE), smoking status (FRS and SCORE), and ongoing
treatment of hypertension and diabetes (FRS) [43,44]. These scores provide a simple way to
assess the difference between chronological age and vascular age. The vascular age can
be interpreted as the chronologic age that carries the same estimated risk when all other
risk factors are set to physiological values [44,45]. However, as composite predictors of
biological age become more complex, their application in the general population becomes
impractical and costly. In addition, a current limitation of different measurement-based
or risk-score-based methods is that they do not provide equal estimations of the vascular
age. As demonstrated in two recent papers [46,47], different methods may lead to different
clinical decisions in preventive strategies. These observations suggest that studies aiming
to define the “gold standard” method for vascular age calculation are compelling. Further
studies are warranted to move vascular age calculation from bench to bedside [24].
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3. Social Determinants in Vascular Aging

In recent years, there has been growing interest in the social determinants of aging,
which refers to the social, economic, and environmental factors that influence how people
age. These factors can be both positive and negative, and they can impact the physical,
mental, and social well-being of older adults. Some of the key social determinants of ageing
include social isolation and loneliness, and socioeconomic status.

3.1. Social Isolation and Loneliness

Social isolation and loneliness are increasingly recognized as important public health
issues affecting older adults. Social isolation refers to the objective lack of social connections
or participation in social activities, while loneliness is the subjective feeling of being socially
isolated or disconnected from others. Both social isolation and loneliness have been found
to be associated with incident dementia [48] and poor cognitive function [49], and to
unleash multiple vascular risk behaviors such as physical inactivity and smoking [50].
Loneliness, but not social isolation, was found to be associated with increased risk of
chronic disease [51], including CVD [52]. Social isolation, but not loneliness, was found to
be related to higher risk of mortality [53] and hospital admission for respiratory disease [54]
and for falls [55]. Social isolation was also positively associated with increased blood
pressure and C-reactive protein and fibrinogen levels [50].

A pivotal mechanism by which social isolation and loneliness influence health out-
comes in the elderly is through their impact on mental health. Both social isolation and
loneliness are correlated with higher rates of depression [56], which is considered a preva-
lent risk factor for CVD onset and associated mortality [57,58]. The link between depression
and CVD is inflammation, which promotes endothelial dysfunction, a condition detected
in depression [58]. Consequently, specific inflammatory cytokines or pathways might
represent potential targets for the prevention and treatment of these concurrent diseases.

3.2. Socioeconomic Status

Socioeconomic status (SES) is another critical social determinant of ageing. Individuals
with lower SES experience worse health outcomes compared with those with higher
SES [59–62]. Notably, older men and women in the poorest SES groups can expect to live
eight to nine fewer years free from disability compared with people in the richest SES
groups [63]. Furthermore, low SES has been shown to be related to accelerated aging across
a broad range of functional abilities and phenotypes independently of the presence of
health conditions [64].

SES can influence health outcomes in older ages, mainly through lifestyle factors.
Individuals with lower SES are more likely to engage in unhealthy behaviors such as
smoking, excessive alcohol consumption, and physical inactivity. These behaviors are
associated with higher rates of chronic disease and mortality at older ages. Moreover, SES
affects access to healthcare services. Individuals with lower SES are less likely to have
health insurance, less likely to access preventive care, and more likely to delay care when
they are sick. This can lead to poorer health outcomes and higher rates of chronic disease
and disability.

4. Cellular and Molecular Mechanisms Involved in Vascular Aging

At the molecular and cellular levels, the complexity of aging in mammals has been
recapitulated in twelve intertwined hallmarks, among which mitochondrial dysfunction,
oxidative stress, chronic low-grade inflammation, telomere attrition, epigenetic alterations,
deregulated nutrient sensing, and cellular senescence [23] are all relevant also in driving
vascular aging.

(1) Mitochondrial dysfunction: Impaired mitochondrial function in vascular cells reduces
adenosine triphosphate (ATP) generation and increases reactive oxygen species (ROS),
events that undermine the critical role of these cells in maintaining the integrity of the
blood vessels.
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(2) Oxidative stress: The generation of ROS, beyond the cellular anti-oxidant capacity,
leads to inactivation of NO, a key regulator of vascular homeostasis. NO relaxes
VSMCs, inhibits their proliferation, and exerts anti-thrombogenic actions [65]. In
addition, aberrant ROS generation can impair the function of proteins, lipids, and
DNA by inducing oxidative post-translational modifications, negatively affecting
vascular homeostasis [66].

(3) Chronic low-grade inflammation: ROS activate nuclear factor (NF) kB, a transcription
factor that orchestrates inflammation, resulting in endothelial release of cytokines,
chemokines, and other inflammatory mediators. Indeed, age-related activation of in-
flammatory processes plays a key role in various macro- and micro-vascular disorders.
Inflammatory cytokines re-shape endothelial function and promote senescence [67,68].
Moreover, endothelial cells (ECs) are one of the first cell types to become senescent
with advancing age [67], promoting dysfunction and senescence of neighboring vas-
cular cells, including VSMCs. Senescent ECs secrete transforming growth factor
(TGF) β, which stimulates the synthesis of collagen and matrix metalloproteases [68],
contributing to pathological remodeling of the vascular wall. Similarly, senescent
VSMCs release pro-inflammatory factors such as IL6, leading to the activation of the
IL6/STAT3 pathway which, in the setting of oxidative stress, stimulates the switch
of VMSCs from a contractile to a synthetic phenotype [69,70] and consequent extra-
cellular deposition of calcium phosphate. It has been estimated that VSMC-related
mechanisms contribute ~50% to aortic wall stiffness with aging via an increase in the
material stiffness of the aortic wall and/or vaso-actively regulating the aortic diameter.

(4) Telomere attrition and epigenetic alterations: All somatic cells have a limited lifespan
because of the shortening of telomeres, an event which impairs end replication [23]. Of
interest, short telomeres in vascular cells within the atherosclerotic plaque have been
linked to a higher risk of CVD [71]. It is also emerging that telomere uncapping, i.e., the
breakdown of their loop structure, is a better marker than telomere length in defining
vascular aging [72]. Moreover, mounting evidence supports the role of epigenetics
in vascular aging. Modifications of DNA and histones as well as non-coding RNA
result in aberrant transcription and, therefore, in vascular cell dysfunction, vascular
homeostatic imbalance and pathological remodeling [73,74].

(5) Deregulated nutrient sensing: Diet has a significant impact on aging [75], and aging
impairs the cellular pathways implicated in energy sensing [76], including mammalian
target of rapamycin (mTOR), AMP-activated protein kinase (AMPK), and sirtuins
(SIRT), which control cellular behavior in response to nutrient availability, thereby
influencing cell fate [76]. The mTOR inhibitor rapamycin reverses age-associated
arterial dysfunction and decreases vascular stiffness and oxidative stress [77]. Simi-
larly, AMPK confers vasoprotective effects by ameliorating endothelial function and
inhibiting nuclear factor kappa-light-chain-enhancer of activated B cells (NFkB) and,
consequently, inflammation [78]. SIRT and, in particular, SIRT1 exerts beneficial ef-
fects on the vasculature through its anti-inflammatory and anti-oxidant actions [79],
decreasing obesity-induced vascular stiffness.

(6) Mechanical stress is an additional contributor to vascular aging. Unlike collagen,
which can be actively synthesized over a lifetime, elastin, the fundamental component
of large artery elastic compliance, is synthesized only during embryonic development
and it has a very long half-life (~40 years) [80]. However, the cyclic strain from cardiac
contraction deteriorates elastin lamellae over time. Moreover, calcium deposits in the
media promote the destruction of elastic fibers. Collagen fibers are then deposited
and/or structurally rearranged in response to fragmented elastin, leading to intrinsi-
cally stiffer elastic fibers. Decline in NO bioactivity with age further contributes to
aortic wall stiffening via excessive extracellular matrix (ECM) protein crosslinking, in
part by the activation of transglutaminase-2 and other enzymes [81].

These age-related changes in ECM affect ECs and VSMCs, because these cells are
particularly sensitive to changes in mechanical forces. Aging-dependent stiffening in
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the endothelial basal membrane increases endothelial permeability and infiltration of
inflammatory cells in the aortic wall, predisposing this to atherosclerosis [82]. Similarly,
VSMCs rapidly respond to mechanical forces by activating some gene programs and
suppressing others, resulting in the loss of contractile properties and the acquisition of
a more proliferative and pro-inflammatory phenotype. Large artery compliance is also
greatly affected by the lack of turnover in VSMC non-muscle actin polymerization at
focal adhesions [69], resulting in the misalignment of VSMC contractile apparatus with
the ECM and impaired aortic contractile function. Lastly, in the settings of oxidative
stress, which is enhanced with endothelial dysfunction in the aged vasculature, subsets of
dendritic cells have been shown to accumulate lipid peroxidation adducts (isoketals), which
stimulate T-cell infiltration in the aortic wall, in turn promoting collagen production from
adventitial fibroblasts. These findings suggest that targeted anti-inflammatory therapies
could be useful to mitigate arterial stiffness [83]. Similarly, the anti-aging molecules with
anti-inflammatory and antioxidant effects, such as sirtuin-1 and klotho, have also proven
beneficial against arterial stiffening [84–86] (Figure 3).
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Animal models, mainly aging, obese, or hypertensive mice, have been essential in
identifying molecular mechanisms described above, many of which have been validated
in non-human primates. Therefore, despite their limitations, such as the difficulty of
mimicking menopause in rodents, which may preclude the accurate study of vascular
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aging in women, these experimental models remain essential (i) to validate trait loci
associated with cardiovascular risks from genome-wide association studies, (ii) to elucidate
cause–effect relationships between identified targets and vascular stiffness, (iii) to identify
biomarkers to improve the early detection of individuals with high cardiovascular risk,
and, most importantly, to develop targeted therapies against vascular aging.

5. Hints for a Healthy Vasculature

Only 1% of individuals over 70 years of age maintain normal vascular function [80],
highlighting an unmet need to develop specific and personalized interventions for the
prevention of vascular aging and associated CVD risk. Healthy aging is the result of many
interconnected determinants, from genetics to diet, from exercise to social support [87].
While some risk factors, such as chronological age, sex, ethnicity, and genetics, are non-
modifiable, others can be modified to promote healthy aging. This requires that politicians
and public administrators foster programs to promote income equality, affordable housing,
access to healthcare services, as well as activities that promote social connections and
engagement for older adults. Other risk factors can be shaped by focusing on lifestyle
interventions for the promotion of healthy vascular aging [88].

Although some controversies remain, moderate regular aerobic exercise maintains
vascular health and reduces cfPWV in adults due to decreased inflammation and oxidative
stress and increase in NO bioavailability [89,90]. Aerobic exercise has also been shown to
reduce collagen deposition as well as the formation of advanced glycation end products in
the arterial wall [89–92]. Longitudinal and interventional studies indicate that increased
physical activity early in life has beneficial effects in preventing or retarding vascular
aging [93].

Caloric restriction and reduction of sodium intake have also been shown to markedly
decrease cfPWV, through the reduction of ROS formation in the vascular wall and the
increase of NO [94,95]. This effect of caloric restriction is independent of blood pressure
changes [96]. Furthermore, limiting the intake fructose-based sweeteners, which has sub-
stantially increased over the past three decades, could yield favorable outcomes. Notably,
an elevated fructose regimen triggers xanthine oxidase-mediated oxidative stress, thereby
compromising endothelial function and promoting arterial stiffening [97]. Since fruit and
vegetables are rich in vasculo-protective phytochemicals and minerals, increasing their
intake is particularly recommended [98], thus paving the way for the use of nutraceuti-
cals to restore and preserve vascular health. Diet plays a significant role in shaping gut
microbiota, which is a pivotal modulator of human pathophysiological processes [99].
Dysbiosis has been implicated in the process of vascular ageing and a recent systematic
review has documented an association between the composition of gut microbiota and
arterial stiffness [100].

Accumulating evidence from experimental studies highlights several potential molec-
ular targets that are dysregulated in aging including mTOR, sirtuins, and AMPK. As
mentioned above, these pathways could serve as targets for specific pharmacological
interventions [77–79].

6. Conclusions

Because vascular aging predicts cardiovascular events and mortality, it is necessary to
implement early diagnosis to detect asymptomatic individuals at high risk of developing
CVD. More studies are warranted to identify the best strategy to quantify vascular aging.
In addition to sensitizing policymakers to the importance of social determinant in CVD, it is
imperative to identify proper and, if possible, personalized nutritional and pharmacological
strategies as well as tailored physical activity programs to prevent, delay, and eventually
revert the disease.

Author Contributions: Conceptualization, all authors; writing—original draft preparation, J.A.M.;
writing—review and editing, S.C. and J.A.M. All authors have read and agreed to the published
version of the manuscript.



J. Clin. Med. 2023, 12, 5512 10 of 14

Funding: The Centro Nacional de Investigaciones Cardiovasculares is supported by the Spanish
Ministerio de Ciencia e Innovación/Agencia Estatal de Investigación (MCIN/AEI), the Instituto de
Salud Carlos III, the Pro-CNIC Foundation, and is a Severo Ochoa Center of Excellence (grant number
CEX2020-001041-S funded by MCIN/AEI/10.13039/501100011033) (V.A.).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

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

References
1. Ukraintseva, S.; Arbeev, K.; Duan, M.; Akushevich, I.; Kulminski, A.; Stallard, E.; Yashin, A. Decline in biological resilience as key

manifestation of aging: Potential mechanisms and role in health and longevity. Mech. Ageing Dev. 2021, 194, 111418. [CrossRef]
[PubMed]

2. Rodgers, J.L.; Jones, J.; Bolleddu, S.I.; Vanthenapalli, S.; Rodgers, L.E.; Shah, K.; Karia, K.; Panguluri, S.K. Cardiovascular Risks
Associated with Gender and Aging. J. Cardiovasc. Dev. Dis. 2019, 6, 19. [CrossRef]

3. North, B.J.; Sinclair, D.A. The intersection between aging and cardiovascular disease. Circ. Res. 2012, 110, 1097–1108. [CrossRef]
[PubMed]

4. United Nations. Population Division World Population Ageing: 1950–2050; United Nations: New York, NY, USA, 2001; ISBN 9210510925.
5. Heidenreich, P.A.; Trogdon, J.G.; Khavjou, O.A.; Butler, J.; Dracup, K.; Ezekowitz, M.D.; Finkelstein, E.A.; Hong, Y.; Johnston, S.C.;

Khera, A.; et al. Forecasting the future of cardiovascular disease in the United States: A policy statement from the American
Heart Association. Circulation 2011, 123, 933–944. [CrossRef] [PubMed]

6. Nichols, M.; Townsend, N.; Scarborough, P.; Rayner, M. Cardiovascular disease in Europe: Epidemiological update. Eur. Heart J.
2014, 35, 2950–2959. [CrossRef]

7. Tsao, C.W.; Himali, J.J.; Beiser, A.S.; Larson, M.G.; DeCarli, C.; Vasan, R.S.; Mitchell, G.F.; Seshadri, S. Association of arterial
stiffness with progression of subclinical brain and cognitive disease. Neurology 2016, 86, 619–626. [CrossRef] [PubMed]

8. Woodard, T.; Sigurdsson, S.; Gotal, J.D.; Torjesen, A.A.; Inker, L.A.; Aspelund, T.; Eiriksdottir, G.; Gudnason, V.; Harris, T.B.;
Launer, L.J.; et al. Mediation analysis of aortic stiffness and renal microvascular function. J. Am. Soc. Nephrol. 2015, 26, 1181–1187.
[CrossRef] [PubMed]

9. Pescatore, L.A.; Gamarra, L.F.; Liberman, M. Multifaceted Mechanisms of Vascular Calcification in Aging. Arterioscler. Thromb.
Vasc. Biol. 2019, 39, 1307–1316. [CrossRef]

10. Lee, S.-Y.; Chao, C.-T.; Huang, J.-W.; Huang, K.-C. Vascular Calcification as an Underrecognized Risk Factor for Frailty in 1783
Community-Dwelling Elderly Individuals. J. Am. Heart Assoc. 2020, 9, e017308. [CrossRef]

11. Evrard, S.; Delanaye, P.; Kamel, S.; Cristol, J.-P.; Cavalier, E. Vascular calcification: From pathophysiology to biomarkers. Clin.
Chim. Acta 2015, 438, 401–414. [CrossRef]

12. St Hilaire, C. Medial Arterial Calcification: A Significant and Independent Contributor of Peripheral Artery Disease. Arterioscler.
Thromb. Vasc. Biol. 2022, 42, 253–260. [CrossRef] [PubMed]

13. Hamczyk, M.R.; Nevado, R.M.; Barettino, A.; Fuster, V.; Andrés, V. Biological Versus Chronological Aging: JACC Focus Seminar.
J. Am. Coll. Cardiol. 2020, 75, 919–930. [CrossRef] [PubMed]

14. Hamczyk, M.R.; del Campo, L.; Andrés, V. Aging in the Cardiovascular System: Lessons from Hutchinson-Gilford Progeria
Syndrome. Annu. Rev. Physiol. 2018, 80, 27–48. [CrossRef] [PubMed]

15. Benedicto, I.; Dorado, B.; Andrés, V. Molecular and Cellular Mechanisms Driving Cardiovascular Disease in Hutchinson-Gilford
Progeria Syndrome: Lessons Learned from Animal Models. Cells 2021, 10, 1157. [CrossRef] [PubMed]

16. Villa-Bellosta, R.; Rivera-Torres, J.; Osorio, F.G.; Acín-Pérez, R.; Enriquez, J.A.; López-Otín, C.; Andrés, V. Defective extracellular
pyrophosphate metabolism promotes vascular calcification in a mouse model of Hutchinson-Gilford progeria syndrome that is
ameliorated on pyrophosphate treatment. Circulation 2013, 127, 2442–2451. [CrossRef] [PubMed]

17. Dela Justina, V.; Miguez, J.S.G.; Priviero, F.; Sullivan, J.C.; Giachini, F.R.; Webb, R.C. Sex Differences in Molecular Mechanisms of
Cardiovascular Aging. Front. Aging 2021, 2, 725884. [CrossRef] [PubMed]

18. Ji, H.; Kwan, A.C.; Chen, M.T.; Ouyang, D.; Ebinger, J.E.; Bell, S.P.; Niiranen, T.J.; Bello, N.A.; Cheng, S. Sex Differences in
Myocardial and Vascular Aging. Circ. Res. 2022, 130, 566–577. [CrossRef]

19. Karikkineth, A.C.; AlGhatrif, M.; Oberdier, M.T.; Morrell, C.; Palchamy, E.; Strait, J.B.; Ferrucci, L.; Lakatta, E.G. Sex Differences
in Longitudinal Determinants of Carotid Intima Medial Thickening with Aging in a Community-Dwelling Population: The
Baltimore Longitudinal Study on Aging. J. Am. Heart Assoc. 2020, 9, e015396. [CrossRef]

20. Skaug, E.-A.; Aspenes, S.T.; Oldervoll, L.; Mørkedal, B.; Vatten, L.; Wisløff, U.; Ellingsen, O. Age and gender differences of
endothelial function in 4739 healthy adults: The HUNT3 Fitness Study. Eur. J. Prev. Cardiol. 2013, 20, 531–540. [CrossRef]

21. Cheng, S.; Xanthakis, V.; Sullivan, L.M.; Vasan, R.S. Blood pressure tracking over the adult life course: Patterns and correlates in
the Framingham heart study. Hypertension 2012, 60, 1393–1399. [CrossRef]

https://doi.org/10.1016/j.mad.2020.111418
https://www.ncbi.nlm.nih.gov/pubmed/33340523
https://doi.org/10.3390/jcdd6020019
https://doi.org/10.1161/CIRCRESAHA.111.246876
https://www.ncbi.nlm.nih.gov/pubmed/22499900
https://doi.org/10.1161/CIR.0b013e31820a55f5
https://www.ncbi.nlm.nih.gov/pubmed/21262990
https://doi.org/10.1093/eurheartj/ehu299
https://doi.org/10.1212/WNL.0000000000002368
https://www.ncbi.nlm.nih.gov/pubmed/26791155
https://doi.org/10.1681/ASN.2014050450
https://www.ncbi.nlm.nih.gov/pubmed/25294231
https://doi.org/10.1161/ATVBAHA.118.311576
https://doi.org/10.1161/JAHA.120.017308
https://doi.org/10.1016/j.cca.2014.08.034
https://doi.org/10.1161/ATVBAHA.121.316252
https://www.ncbi.nlm.nih.gov/pubmed/35081727
https://doi.org/10.1016/j.jacc.2019.11.062
https://www.ncbi.nlm.nih.gov/pubmed/32130928
https://doi.org/10.1146/annurev-physiol-021317-121454
https://www.ncbi.nlm.nih.gov/pubmed/28934587
https://doi.org/10.3390/cells10051157
https://www.ncbi.nlm.nih.gov/pubmed/34064612
https://doi.org/10.1161/CIRCULATIONAHA.112.000571
https://www.ncbi.nlm.nih.gov/pubmed/23690466
https://doi.org/10.3389/fragi.2021.725884
https://www.ncbi.nlm.nih.gov/pubmed/35822017
https://doi.org/10.1161/CIRCRESAHA.121.319902
https://doi.org/10.1161/JAHA.119.015396
https://doi.org/10.1177/2047487312444234
https://doi.org/10.1161/HYPERTENSIONAHA.112.201780


J. Clin. Med. 2023, 12, 5512 11 of 14

22. Ji, H.; Kim, A.; Ebinger, J.E.; Niiranen, T.J.; Claggett, B.L.; Bairey Merz, C.N.; Cheng, S. Sex Differences in Blood Pressure
Trajectories Over the Life Course. JAMA Cardiol. 2020, 5, 19–26. [CrossRef] [PubMed]

23. López-Otín, C.; Blasco, M.A.; Partridge, L.; Serrano, M.; Kroemer, G. Hallmarks of aging: An expanding universe. Cell 2023, 186,
243–278. [CrossRef] [PubMed]

24. Climie, R.E.; Alastruey, J.; Mayer, C.C.; Schwarz, A.; Laucyte-Cibulskiene, A.; Voicehovska, J.; Bianchini, E.; Bruno, R.M.; Charlton,
P.; Grillo, A.; et al. Vascular Ageing—Moving from Bench towards Bedside. Eur. J. Prev. Cardiol. 2023, 30, zwad028. [CrossRef]
[PubMed]

25. Poredoš, P.; Cífková, R.; Marie Maier, J.A.; Nemcsik, J.; Šabovič, M.; Jug, B.; Ježovnik, M.K.; Schernthaner, G.H.; Antignani, P.L.;
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