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ABSTRACT

Ischemic cardiovascular disease and stroke remain the leading cause
of global morbidity and mortality. During aging, protective mechanisms
in the body gradually deteriorate, resulting in functional, structural, and
morphologic changes that affect the vascular system. Because
atherosclerotic plaques are not always present along with these al-
terations, we refer to this kind of vascular aging as nonatherosclerotic
vascular aging (NAVA). To maintain proper vascular function during
NAVA, it is important to preserve intracellular signalling, prevent
inflammation, and block the development of senescent cells. Phar-
macologic interventions targeting these components are potential
therapeutic approaches for NAVA, with a particular emphasis on
inflammation and senescence. This review provides an overview of the
pathophysiology of vascular aging and explores potential pharmaco-
therapies that can improve the function of aged vasculature, focusing
on NAVA.

Ischemic cardiovascular disease, characterised by myocardial
infarction (MI) and angina pectoris, which can also lead to
heart failure with decreased ejection fraction, along with
ischemic stroke, remains a primary cause of morbidity and
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RESUME

La maladie cardiovasculaire ischémique et l'accident vasculaire
cérébral (AVC) figurent en téte des causes de morbidité et de mortalité
a I'échelle mondiale. Lorsqu’'une personne prend de l'age, les
mécanismes protecteurs de I'organisme se détériorent graduellement,
ce qui se solde par des changements fonctionnels, structuraux et
morphologiques qui influent sur le systéme vasculaire. Etant donné
que des plaques d’athérosclérose n'accompagnent pas toujours ces
modifications, nous employons le terme « vieillissement vasculaire
non artérioscléreux » (VVNA) lorsque nous patlons de ce type de
vieillissement vasculaire. Afin de conserver une fonction vasculaire
convenable durant le VVNA, il est important de préserver la signal-
isation intracellulaire, de prévenir l'inflammation et d’inhiber la
sénescence cellulaire. Les interventions pharmacologiques qui ciblent
ces phénoménes, en particulier I'inflammation et la sénescence,
constituent des approches thérapeutiques possibles pour contrer le
VVNA. Cette analyse présente un survol de la physiopathologie du
vieillissement vasculaire et explore les pharmacothérapies qui pour-
raient améliorer la fonction du systéme vasculaire chez les personnes
agées, en mettant I'accent sur le VVNA.

mortality worldwide." While atherosclerosis and the derived
arterial occlusion result in ischemia, it is important to
acknowledge that nonocclusive arterial remodelling also con-
tributes significantly to the development of ischemic condi-
tions. This remodelling encompasses a range of factors,
including endothelial dysfunction, microvascular disease,
vasospasm, inflammation, and fibrosis, affecting both macro-
and microvessels. Notably, these conditions can also occur in
the absence of atherosclerotic plaques, and develop intrinsi-
cally with increasing age independently from extrinsically
acting cardiovascular risk factors. We here apply the term
nonatherosclerotic vascular aging (NAVA)—the new kid to be
blocked—for this remodelling process.

0828-282X/© 2023 The Authors. Published by Elsevier Inc. on behalf of the Canadian Cardiovascular Society. This is an open access article under the CC BY

license (http://creativecommons.org/licenses/by/4.0/).
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Advances in the pharmacotherapy of atherosclerotic disease
have undeniably reduced the risk of premature disability and
death resulting from MI and stroke. However, there has been
a notable shift towards the increased prevalence of non-
atherosclerotic diseases. This shift is evident from the increase
in ischemia caused by coronary artery disease, (diastolic) heart
failure, and vascular dementia without clinically relevant oc-
clusion of the local vasculature. The likelihood of suffering
from these nonatherosclerotic diseases is strongly age depen-
dent, and classic risk factors, such as elevated blood pressure,
smoking, and hyperlipidemia, play important auxiliary roles.”
Unfortunately, the differentiation between atherosclerotic
vascular aging and NAVA, as well as the recognition of
common and distinct mechanisms that contribute to both
conditions, remain inadequately understood, because effective
NAVA models have been created only recently. As a conse-
quence, there are currently no therapies for treating NAVA,
highlighting a considerable clinical need. In this review, we
present an overview of vascular aging pathophysiology and
potential pharmacotherapies to improve the function of aged
vasculature, with a focus on NAVA.

Vascular Aging in the Clinic

General definitions

The term “vascular aging” poorly represents a very complex
process. For a working model, it might be sensible to divide
vascular aging into atherosclerotic and nonatherosclerotic
remodelling, which can take place independently but in reality
interact. The first process is caused by the impact of the classic
cardiovascular risk factors such as lifestyle, smoking, obesity,
diabetes, etc that with time lead to cumulative damage and
aberrant remodelling in the vascular system. Such vascular
aging can be mimicked in an nonhuman animal model by
exposure to these risk factors, without the need to age the
animal (although aging has an impact!). Atherogenesis is such
a process. Because of the external nature of the precipitating
factors, we will refer to this process as extrinsic vascular aging
for the remainder of this article. The second process involves
an age-related inherent decline in the function and elasticity of
the vascular system, referred to as intrinsic vascular aging. This
process occurs independently from the external risk factors
mentioned above and is a naturally occurring consequence of
aging.

In its pure form, this can be observed only in aging animal
models devoid of any risk factors. NAVA can largely take
place on the basis of intrinsic vascular aging. In daily human
life, however, intrinsic and extrinsic vascular aging aggravate
each other, leading to premature NAVA and accelerated pla-
que formation (Fig. 1). This review will focus on NAVA,
defining clinical variables, epidemiologic features, and the
intrinsic and extrinsic mechanisms at play, the animal models
used to investigate them, and future perspectives for
treatment.

Hemodynamic features of NAVA

Stiffness and blood pressure. The principal function of the
arterial system is to deliver an adequate supply of blood to
tissues and organs. In performing this primary conduit
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function, the conductance arteries transform the pulsatile
flow generated by ventricular contraction into a continuous
flow of blood in the periphery.” This latter cushioning
function is dependent on the viscoelastic properties of the
tunica media of the arterial walls, mainly determined by
elastin, which is very stretchable and is important to pulsatile
behaviour, and collagen, which in contrast can resist stress.
The biological aging of the vasculature is marked by endo-
thelial dysfunction, major thinning and fracturing of the
elastin fibres, and concomitant increased collagen deposition,
resulting in an increased arterial stiffening, which is more
pronounced in the central, predominantly elastic arteries,
comparido with the distal, predominantdy muscular
arteries.” " These processes are mainly caused by alteration in
the tunica media of the arteries and therefore caused by
NAVA, although atherosclerosis can also play a role in the
development and progression of arterial stiffness.” Longitu-
dinal evidence of epidemiologic studies has shown the in-
crease in vascular stiffness in aging as measured by changes in
pulse-wave velocity (PWV). This evidence further revealed
that PWV increment might commence in both sexes at as
early as 10.4 years of age, with men living through a more
pronounced progression than women.” Higher body mass
index, higher blood pressure, impaired glycemic profile,
chronic inflammation, end-stage renal disease, smoking, and
alcohol consumption are important determinants of arterial
stiffness, where blood pressure is of great interest owing to its
potential bidirectional association with arterial stiffness.”"*
Given the confounding effect of both intrinsic and extrinsic
vascular aging, it might be challenging to directly translate
vascular stiffness to NAVA, yet it serves as a proxy for
deterioration in vascular physical function.

Stiffness and blood pressure—related morbidities. From a
hemodynamic point of view, arterial stiffening influences the
profile of blood pressure. The progressive stiffening of the
central arteries speeds up the pulse wave, causing an early
return of the pressure wave in late systole, with a consequent
increase of systolic blood pressure, decrease of diastolic blood
pressure, and therefore wider pulse pressure'”'* and isolated
systolic hypertension.'” These abnormal changes have a
negative effect on the heart, increasing LV afterload,
decreasing coronary perfusion, and promoting left ventricle
remodelling, dysfunction, and eventually failure. The changes
in blood pressure profile and increased pulsatile pressure and
flow load negatively affect the perfusion of several target or-
gans, such as the brain and the kidneys, increasing the risk of
cardiovascular morbidity and mortality.'®”" Elevated arterial
stiffness can also be responsible for acute cerebral events such
as ischemic strokes, but also silent events due to cerebral small
vessel disease causing cognitive decline and eventually
disability. These events can be mostly due to high pulse
pressure, which promotes arterial remodelling, increases arte-
rial wall thickness, and induces the development and rupture
of atherosclerotic plaques when those are prf:sent21 (Fig. 2).
The kidney and the brain receive approximately 20% of
resting cardiac output and are low-resistance, high-flow end
organs, which makes them vulnerable to pulsatile changes in
the blood flow. This might suggest that systemic pulsatile
pressure can cause vascular injury in both organs. A possible
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Figure 1. Placement of (A) nonatherosclerotic vascular aging (NAVA) vs (B) atherosclerotic vascular aging (AVA). NAVA is characterized by the
intrinsic functional deterioration and stiffness of the vascular system, which occurs independently from the traditional risk factors. This condition is
primarily highlighted by mitochondrial dysfunction and the presence of reactive oxygen species (ROS), as well as senescence of smooth muscle and
endothelial cells and impairment of vasomotor function. Moreover, NAVA is accompanied by increased levels of collagen, fibrosis, and calcification
in the internal elastic membrane (IEM). Animal models such as Erccl and senescence-accelerated prone mice (SAMPs) are available for studying
NAVA. In AVA, the presence of plaque (calcified and lipid core) is predominantly characterized in the vascular system as a consequence of cu-
mulative damage and abnormal remodelling that stem from the impact of extrinsic risk factors such as hypertension and lifestyle factors over time.
(C) Clinical reality of aging: The clinical manifestation of vascular aging in the “real-world” is expected to arise from the interdependent interplay
between NAVA and atherosclerosis. Unfortunately, there exists a paucity of animal models that can accurately exemplify this integrative aging
process. IMT, intima-media thickness; LDL, low-density lipoprotein; NO, nitric oxide; SASP, senescence-associated secretory phenotype. Created

with BioRender.com.

mechanism underlying kidney disease in subjects with
elevated arterial stiffness is that arterial stiffness increases
circumferential and shear stresses in the central large arteries,
generating high pulsatile stress at the microvasculature level
and inducing vasoconstriction within the kidney.”* This he-
modynamic stress on the kidney vasculature results in endo-
thelial dysfunction and microvascular ischemia, leading to
kidney injury.”

Clinical studies report discordant findings on the possible
associations between arterial stiffness and bone and muscle
loss.”*?® Chronic inflammation, hormonal changes, and
metabolic disorders could be common mechanisms for
increasing the pace of arterial, bone, and muscle aging. Novel
insights could give new preventive and therapeutic targets to
slow down age-related degenerative processes and multiple
complications in older adults. However, longitudinal studies

with sequential simultaneous measurements are missing, and
the answers to these questions remain unavailable.

Calcification of the internal elastic membrane

The internal elastic membrane (IEM; or lamina elastica
interna) is a thin elastic layer that separates the tunica intima
from the tunica media.”” Despite the fact that this layer theo-
retically is present in any artery, the prevalence of IEM calci-
fication seems to differ greatly across arteries. As such, this
pattern of arterial calcification is much less recognised than 2
other main patterns of calcification: intimal calcification (as
expression of atherosclerosis), and Monckeberg’'s medial calci-
fication.”®*” TEM calcification has been mentioned as a po-
tential NAVA trait that confers risk of stroke. In recent years,
IEM calcification in the arteries supplying the brain has received
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Figure 2. Arterial stiffness, nonatherosclerotic vascular aging, and related morbidities. Pulse-wave velocity (PWV) is a well established measure of
arterial stiffness that can be computed by taking the ratio of the distance (D) between 2 sides of an artery to the transit time (AT) of the pressure
wave between those sides.** With aging of the arteries, there is a shorter transition time (AT1 < AT2), which results in an increase in PWV. This
indicates that aged arteries are stiffer than their younger counterparts, which can lead to hypertension in the early stages and ultimately multiorgan
failure and mortality in the later stages of the disease. BP, blood pressure; LV, left ventricular. Created with BioRender.com.

attention because it can be readily visualised 77 vivo with the use
of noncontrast computed tomography.””’" Its overall preva-
lence was found to be as high as 48% in community-dwelling
persons aged 60 years and older, compared with a prevalence of
40% of intimal atherosclerotic calcification.”” The prevalence of
IEM calcification rapidly increases with age, affecting close to
80% of people aged 85 years and older. Also in terms of clinical
consequences, it seems that making the distinction between
patterns of calcification is relevant, because risks of subsequent
clinical events, such as stroke, differ according to the pzlttern.5 2
In addition, in patients undergoing treatment after stroke, the
predominant pattern of calcification affects the prognosis of the
patient; those who suffered a stroke who predominantly show
IEM calcification in the intracranial arteries have more benefit
from endovascular treatment than those with intimal calcifica-
tion.”” Most likely, this is due to the fact that those with pre-
dominantly IEM calcification patterns show a much less
developed system of collateral blood vessels in the brain.”

Cell Biology of NAVA
Stiffening of the arterial tissue can be readily measured in
patients with the use of ultrasound or tonometry. Blood

pressure also, with pulse pressure as a measure best reflecting
vascular aging, can be relatively easily measured.” Further-
more, intima-media thickness and calcification (both IEM
and atherosclerotic) can be measured. Sometimes vascular
function can be measured, for example, by quantifying reac-
tive hyperemia or drug-induced dilation with the use of im-
aging. However, this is as far as clinical or epidemiologic
studies go for the most part. In the cell biology field, focus
shifts to aging at the cellular level of endothelial cells (ECs)
and vascular smooth muscle cells (VSMCs), and the impact
thereof on intra- and extracellular matrix, vasomotor signal-
ling, cell fates such as divisions, hypertrophy, apoptosis, and
senescence, c;ltokines and cell activation, and cell
metabolism.” "’

To bring order to the interrelationship of such cellular
processes in the context of organismal aging, Lopez-Otin et al.
introduced the hallmarks of biological aging. These hallmarks
are basically the ontology of aging represented in a hierar-
chically structured network. High in this hierarchy is genomic
instability, comprising accumulating genomic DNA damage
and telomere attrition, epigenetic alteration, and loss of pro-
teostasis. These hallmarks lead to mitochondrial dysfunction,
cellular senescence, deregulated nutrient sensing, and
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inflammation. This subsequently promotes the third category
in the hierarchy: intercellular communication alteration and
stem cell exhaustion.’®?” The hallmarks of aging are well
applicable on the fundamental cell biology that underlies
NAVA and will be discussed accordingly.

Genomic instability

The accumulation of DNA damage is thought to set off the
entire ontology of aging hallmarks.*’ Biological aging is led by
response-induced DNA damage which is derived from the
metabolic reorganisation of the organism, switching from a
proliferation and repair condition to a state of maintenance,
which in itself might be favourable for surviving the genetic
damage. The metabolic change involves a coordinated
remodelling of nutrient sensing, glycolysis, and mitochondrial
respiration. Stem cell exhaustion, loss of cell-to-cell commu-
nication, introduction of cell fates such as apoptosis and
senescence, and the proinflammatory stimulus aroused by the
latter eventually lead to the progressive functional degradation
that we know as aging.

The integrity of the genome might be comgromised by
various exogenous and endogenous risk factors.”” In general,
these risk factors are the processes that generate chemical
adducts that transform the DNA structure, leading to breaks,
crosslinks, and helix distortions. Free radicals, generated by
chemical reactions or ionizing radiation, are the most prom-
inent determinants. Exogenous risk factors include air pollu-
tion, smoking or other forms of chemicals intake, exposure to
radiation, and excessive intake of lipids and carbohydrates.
Endogenous risk factors involve the naturally occurring
metabolic chemical processes that generate the chemical ad-
ducts, for example, mitochondrial and other redox reactions.
Innate hypersensitivity to such genotoxic events, for example,
because of relatively reduced genome maintenance or detox-
ification capacity or increased sensitivity to glucose and lipid
oxidation, exists. Also, the DNA damage response or tran-
scription stalling that results from the formation of DNA
adducts displays interindividual and organ- and cell type—
specific differences.””** Thus, genomic instability is shaped
by diverse factors, making it difficult to distinguish between
those that are of external origin and those that are intrinsic in
nature.

Vascular aging features can manifest as a result of genomic
instability and are shaped through multiple locally and sys-
temically acting pathways. We identified the accumulation of
unrepaired DNA damage as one of the most important causal
factors in vascular aging.”>** This is especially evident in
patients with progeria syndrome, resulting from a specific
mutation in the LMNA gene. This mutation causes the pro-
duction of an atypical variant of the protein lamin A, which is
essential for preserving the structural integrity of the cell nu-
cleus.”” These patients exhibit impaired endothelial function
and massive loss of VSMCs, eventually leading to MI or ce-
rebrovascular diseases.® Unlike the vascular aging phenotype
observed in the general population, which is a combination of
atherosclerotic and nonatherosclerotic vascular aging, progeria
patients often do not exhibit atherosclerotic plaques.”” The
cardiovascular disease in progeria patients might be more
similar to that of NAVA, which makes this condition an
interesting basis for proxy models. Other previously

summarised evidence supporting the role of genomic main-
tenance in vascular aging are the associations of genetic
nucleotide polymorphisms of DNA repair and response genes
with NAVA outcomes such as PWV and intima-media
thickness and with increased risk of cardiovascular
events. > Also, telomere length is associated with such
NAVA outcomes.’’”” Critically short telomeres lead to a
DNA damage response similar to the one that drives aging.
However, telomere length is measured cross-sectionally in
circulating leucocytes, and not directly, longitudinally, in
vascular tissue. Therefore the outcomes might be biased by
inherited telomere length, which does not reflect attrition, and
inflammatory events that are not related to NAVA. The
meaningfulness of leucocyte telomere attrition, therefore, re-
mains an open question.

Epigenetic alteration

As with accumulating DNA damage, life-long exposure to
extrinsic factors can ultimately change the epigenetic patterns
in vascular cells starting i utero.”* This can primarily be
mediated by perturbation in the activity of modulatory en-
zymes of DNA methylation, histone modification, noncoding
RNAs, or chromatin remodelling. Consequently, there is a
disruption in the regulation of gene expression and intercel-
lular signalling pathways involved in the process of aging. This
disruption, coupled with rare genetic mutations, leads to
pathophysiologic changes.””® The epigenetic changes are
influenced by a variety of environmental factors that are quite
similar to the aforementioned extrinsic factors, including
smoking, microorganism infection, alcohol consumption,
exposure to toxins, and heavy metal ions.”” DNA methylation
is one of the most important epigenetic determinants in
vascular aging by regulating EC and VSMC function. It_gr_i—
marily influences proinflammatory gene function in ECs,>%>?
and proproliferation gene function in VSMCs.””°" Hypo-
methylation of the endothelial nitric oxide synthase (eNOS)
gene promoter initiates an elevation in eNOS gene expression
and boosts enzyme activity, leading to the generation of
reactive oxygen species (ROS) and subsequent injury to the
endothelial cells.”” Consequently, this connection between
epigenetic markers and the hallmarks of inflammation and
cellular senescence further highlights their relevance in the
aging process. The majority of studies on DNA methylation
have focused on its role in atherosclerosis,">** so the under-
standing of DNA methylation’s specific involvement in
NAVA is still limited.

Mitochondrial dysfunction

DNA damage is both cause and consequence of cellular
metabolic dysfunction that involves mitochondrial respiration.
Mitochondria are highly dynamic cytoplasmic organelles with
a significant role in cell energy supply in the form of adenosine
triphosphate (ATP). To form ATP, the double lipid bilayer
mitochondrial membrane builds up an H* gradient between
the inner and intermembrane spaces to drive H™-ATPase.
This requires a donation of electrons to the H" pumps of the
so-called mitochondrial complexes. Oxygen is the final
acceptor of these electrons. Metabolic events lead to free
electrons or ROS that react with macromolecules, thus
forming oxidised DNA nucleotides that lead to genomic



instability. In addition, mitochondrial DNA, lipids, and
proteins also are damaged. Mitochondria therefore constantly
undergo fusion and fission events to maintain their shape and
function.”” Any alteration in the control of mitochondrial
dynamics can cause a malfunction in the mitochondria, which
can have a significant impact on cellular signalling and
metabolism.®® This can set off a chain of events that can result
in inflammation, apoptosis, proliferation stop, and inhibition
of cell repair, such as by autophagy.®”*” Mouse models with
mitochondrial loss of function exhibit a reduction in mito-
chondrial respiration simultaneously with structural and
functional changes associated with vascular aging. This sug-
gests a strong correlation between the integrity of mitochon-
drial DNA and the onset and progression of vascular
aging.m’74 Besides its role in calcium homeostasis, cell sur-
vival, and apoptosis,Ts one of the mitochondria’s leading
functions is the generation of cellular energy.”® Endothelium
dysfunction and consequent vascular aging appear to be
driven by shifts in cell energy spurred on by a decreased ATP
synthesis rate and increased ROS.”” Nevertheless, some evi-
dence suggests that the core function of mitochondria in tis-
sues with low metabolic activity is their signalling role in the
vasculature, rather than energy shifts. This mitochondria-
driven signalling regulation is responsible for cellular
homeostasis, apoptosis, and inflammatory pathways.”” In
addition to EC aging, impaired mitochondrial biogenesis is
responsible for VSMC aging. Biological aging in VSMCs may
also produce higher levels of ROS, which can damage cellular
structures and contribute to the formation of collagen in the
arterial wall.”® This excess collagen formation can eventually
lead to stiffening of the arterial wall and contribute to the
development of cardiovascular disease. However, comparing
the effects of mitochondrial dysfunction between ECs and
VSMCs requires caution owing to differences in their mito-
chondrial density and subcellular distribution.””””*" Further
research is needed to fully understand the role of mitochon-
drial dysfunction in vascular aging, particularly regarding
mitochondria-induced cellular senescence.”

Cellular signalling alterations

Nitric oxide—cyclic guanosine monophosphate vasodi-
lation. Mitochondrial dysfunction is at least partly an inter-
mediate vascular aging hallmark owing to its impact on
vascular signalling through excessive ROS production, in
particular on nitric oxide (NO) signalling. NO is produced by
eNOS or inducible NO synthase. NO binds soluble guanylyl
cyclase (sGC), which subsequently augments its basal cyclic
guanosine monophosphate (cGMP) production to release a
burst of cGMP. cGMP relaxes VSMCs through dephos-
phorylation of actin-myosin filaments, a process mediated by
protein kinase G.”° Related to this, the loss of NO-cGMP—
induced vasodilation during aging is well known.’® This
decrease can be caused by various mechanisms, such as loss of
eNOS expression or its NO-producing activity, excessive
presence of superoxides that react with NO to form perox-
ynitrite, and the presence of asymmetric dimethyl-L-arginine
(ADMA), which inhibits the use of the NO substrate L-argi-
nine and triggers endothelial aging.”"** The NO-inhibitory
feature of intercellular ADMA further accelerates senescence
process.”’
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Apart from mitochondrial ROS formation, superoxides are
formed in various manners, such as uncoupling of eNOS from
the cofactor tetrahydrobiopterin, increased activity of various
oxidases, and inflammatory responses.”’ Loss of eNOS
expression is not consistently found in aging, and reports vary
as decreased, increased, or no change at all’® A possible
explanation might be the progression of the intrinsic vascular
aging process, at the beginning of which eNOS might still
increase to compensate for the initial loss of dilator function,
as caused, for example, by remodelling or inflammation, while
in the end eNOS is decreased. Loss of eNOS activity can also
be caused by phosphorzlat_ion of threonine 495, which in-
volves protein kinase C.**% In vitro proliferation- and stress-
induced aging of human umbilical cord ECs and aging of rat
aorta increase p-Thr495-eNOS.*** The mechanisms driving
these changes in aging are not known yet, but ROS produc-
tion may play a key role. Apart from mitochondrial changes,
aging-related ROS production importantly depends on pro-
duction by nicotinamide adenine dinucleotide phosphate
oxidase (NOX), as shown by various studies.”’ More recently,
in mouse models of strongly advanced VSMC aging, NO-
c¢GMP was found to be Comg)romised by increased degrada-
tion by phosphodiesterase-1."**” Another possible target is
sGC, which can oxidise or be deactivated by nitrosothiols.”® It
is unknown how aging affects these mechanisms.

Renin-angiotensin system vasoconstriction and remod-
elling. Angiotensin II (Ang II) is the main bioactive regulator
of the renin-angiotensin system (RAS) and plays an important
role in stiffness, decreased vasodilation, and wall thickening
potentially through inhibition of eNOS-NO-cGMP signal-
ling.”” This involves its type 1 (AT1) receptor. Although
initially it was thought that Ang II is generated locally in the
vascular wall from angiotensinogen synthesized in perivascular
adipose tissue, recently obtained data in rodents after deletion
of hepatic angjotensinogen with liver-targeted angiotensi-
nogen small interfering RNA reveal that such vascular Ang I
generation actually relies on hepatic angiotensinogen.”"”
Thus, angiotensinogen, like renin, needs to be sequestered
by the vascular wall to allow local angiotensin generation.
Such uptake may occur via megalin.”* Ang II additionally acts
on Ang II type 2 (AT2) receptors, which have been proposed
to counteract the effects of AT1 receptors. This implies that
AT2 receptors induce vasodilation in an NO-dependent
manner.”” Yet, in apparent contrast with this concept, AT2
receptor agonists do not lower blood pressure.”® One expla-
nation for this observation is that AT?2 receptors become AT1
receptor like under pathologic conditions,”””® and thus
become vasoconstrictors as well, for example, because they
occur on VSMCs rather than ECs.

In general, RAS activation in the vascular wall leads to a
reduction in NO availability. This reduction occurs owing
to an increase in the formation of peroxynitrite, which in
turn activates the enzyme poly (ADP-ribose) polymerase 1
(PARP-1), an enzyme involved in DNA repair. This acti-
vation of PARP-1 contributes to cellular energy dysfunc-
tion and compromises the anti-aging pathways mainly
mediated by sirtuins.””'’" Furthermore, peroxynitrite can
also directly scavenge NO and impair its signalling
function.'*!
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In addition to the reduced NO-cGMP signalling and
increased Ang II constriction, increased constriction due to
releases of constrictive prostaglandins has been observed in
aged arteries.' Together, the reduced vasodilator and
increased vasoconstrictor responses can contribute to an age-
dependent increase in blood pressure and vascular stiffness.
Moreover, Ang II has a profibrotic effect, potentially
contributing to matrix stiffening, althou$h no conclusive ev-
idence exists regarding this mechanism. 03104 By rthermore,
increased RAS activity has been linked to VSMC senescence
and vascular inflammation, and this is partly mediated
through 1f:))g(tralcellular matrix  signal—regulated  kinase
activation.

Cytoskeleton and extracellular matrix signalling. Another
important key player in stiffening and reduced vasodilation is
the extracellular matrix in conjunction with the cytoskeleton.
The cytoskeleton provides a dynamic framework for the
spatial and temporal organisation and movement of signalling
components. For example, transportation of these signalling
components along the cytoskeleton enables its localisation
where a downstream signalling pathway can be activated.'*®
The role of the cytoskeleton can also be extended to some
modulatory functions for intercellular signalling proteins such
as kinases and phosphatases, but also for extracellular matrix.
In the ECs, aging-induced disruption in the integrity of this
framework leads to cell stiffness. On top of that, this
disruption may alter the activity of kinases causing a reduction
in ECs nitric oxide synthesis and endothelial dysfunction.'’”
Cytoskeletal stiffness may further cause cellular senescence
formation and accelerate aging.'’” Finally, cytoskeleton pro-
teins mediate many inflammatory signalling pathways and
regulate the inflammatory cell migration and adhesions via
their actin filaments.'*'"” This once more underscores the
highly interactive network of biological aging hallmarks.

Cellular senescence and senescence-associated secretory
phenotype

DNA damage can lead to another important intermediate
aging hallmark: cellular senescence. Cellular senescence is a
GO cell cycle phase arrest, which is accompanied by various
dysfunctional cell features, such as cell enlargement with
cytoskeletal changes, loss of the usual function of the affected
cell type, and nutrient sensing and bioenergetic remodelling.
Senescent cells (SnCs) display a proinflammatory secretory
phenotype  (senescence-associated ~ secretory  phenotype
[SASP]), a rather elusive feature because it is cell type and
condition dependent.lm‘u’s Central in the induction of these
collective changes are cell cycle—dependent kinase-inhibiting
pathways, notably P53/P21, P16, p27, and GATA4 path-

ays.''"""? These molecules are often used as SnC markers,
next to senescence-associated [-galactosidase (SA-B-Gal)
staining and possible other markers, raising debate reiggrding
the appropriate combination of such markers."'*'" The
accumulation of SnCs has been implicated in the biological
aging process and disorders, because genetic or pharmacologic
removal of pl6-expressing, SA-B-Gal—positive, or p53/p21-
increased cells from normal or accelerated aging mice was
shown to increase life span and health features, among other
mechanisms by improving vasodilator function."'®"'"” Tt is

important to note that the irreversibility of senescence and its
exclusive involvement in aging is a matter of ongoing debate.
Recent studies have proposed some mechanisms in which
these cells can potentially be reactivated to reenter the cell
cycle or be reprogrammed back into stem cells."'*"** More-
over, senescence has been implicated in embryogenesis'*' and
wound healing,'**""** both features that decline during aging.
Overall, no evidence exists whether cellular senescence plays a
role in human vascular aging. However, the evidence that has
accumulated over the years in vascular cell culture and animal
models shows a reproducible association between the occur-
rence of SnCs and the aforementioned major vascular sig-
nalling problems. It is therefore a viable concept, although the
mechanisms that connect senescence directly with NAVA
in vivo remain to be found.

Chronic inflammation

Chronic low-grade inflammation is recognised as a distinct
hallmark of both extrinsic and intrinsic vascular aging, but it is
also closely intertwined with other aging features. One
possible mechanism connecting the intermediate aging hall-
mark senescence with vascular aging is inflammation,
evidently through SASP. Intriguingly, inflammation can itself
trigger vascular senescence, and the formation of senescence
and SASP can recruit immune cells, promote proin-
flammatory cytokine release, and trigger additional inflam-
mation,'”” thus forming a loop of disease progression. This is
often referred to as “inflammaging” a process that triggers
NAVA.'”® Central in this loop is oxidative stress, triggering
the activation of nuclear factor (NF) KB. Furthermore,
NLRP3 inflammasome activation is involved in inflammag-
ing."”” This can be linked to decreased sirtuin-1, a main
regulator of nutrient-sensing hallmark of aging. Decreased
sirtuin-1 activity can be prompted by overt activation of the
DNA damage response protein PARP-1, as it competitively
consumes NAD+, which dually activates the competing
proteins. Age-associated sirtuin-1 reduction in VSMCs links
vascular senescence and inflaimmation to abdominal aortic
aneurysm,()()’lzx’u() but also to decreased NO-mediated dila-
tion via Il)yrostaglandin-induced loss of protein kinase G ac-
tivity.””'?" This couples DNA damage, the major causal
aging hallmark, via senescence, the intermediate hallmark,
with vascular aging.

Looking further into inflammaging, the NLRP3 inflam-
masome is responsible for interleukin (IL) 1 production. It is
noteworthy that IL-1 occurs in 2 forms, membrane-bound IL-
1o and soluble IL-1f, which both bind to the IL-1 receptor.
The endocrine IL-1P is the prototype proinflammatory
cytokine.'”* TL-1 is recognised for its role in causing plaque
rupture, facilitating blood clot formation in the cardiovascular
system, and reducing vasodilation in relation to NAVA.

IL-6, another important marker of inflammation and a
downstream mediator of IL—lB,13  has proinflammatory
functions, acting in the acute-phase response, attracting
monocytes and activating ECs.*" IL-6 plasma levels increase
with aging and are associated with increased cardiovascular
disease risk, atherogenesis, and heart failure progression and
mortallity.]53 Signalling between IL-6 and CC chemokine
ligand 2 (monocyte chemoattractant protein 1) stimulates the
recruitment of VSMCs and monocytes to the vascular wall



and encourages thrombogenesis. This process is accompanied
by heightened IL-6 levels, which are linked to endothelial
dysfunction.'**'?® IL-1 and IL-6 also have effects on VSMCs,
decreasing vasodilation due to NOX—driven superoxide
production and increasing vasoconstriction via Rho A kinase,
but paradoxically increased VSMC membrane hyper-
polarisation has been reported.'”” The effects on human ar-
teries and whether all 3 of these mechanisms are
simultaneously acting locally in arterial tissue remain to be
answered. Therefore, the acute interplay between NLPR3
components in coronary tissue and the effect of relevant
blockers on vasomotor activity need to be explored.

Tumour necrosis factor o (TNFa) is a chief cytokine with
pleiotropic inflammatory and proliferative effects, among
others, on NAVA. Elevated TNFa levels, in particular, have
been attributed to diminished EC-dependent dilation but also
to increased VSMC proliferation and migration, as well as
augmented oxidative stress.'”*'*" When TNFo triggers
sphingomyelinase activation, it results in a reduction of vas-
orelaxation mediated by NO. In addition, in the presence of
high TNFa. levels, there is an impact on the expression of
eNOS mRNA and an increase in ROS production, leading to
a decrease in NO bioavailability.'”” The impact of proin-
flammatory cytokines on intrinsic vascular aging was also
highlighted by a transgenic mouse model with NF-kB mal-
function, where inhibition of NF-KB resulted in delayed
intrinsic vascular aging.'*”

In addition to its involvement in NO-cGMP signalling
(as discussed previously), Ang II also plays a role in regulating
inflammation. The binding of Ang II to its receptor on the
cell surface initiates a series of intracellular signalling events
that ultimately result in the activation of NOX. The resulting
product, superoxide, interacts with various cellular compo-
nents, including proteins and DNA, causing oxidative damage
and promoting inflammation. This process is highly depen-
dent on the proper functioning of the cytoskeleton system,
which is critical for providing the necessary oxidase compo-
nents for NADPH activation, as well as for regulating adhe-
sion molecules for leukocyte invasion.' " **!** Collectively,
these pieces of evidence indicate that inflammation plays a
crucial role in the dysfunction of both ECs and VSMCs, and
that it is closely intertwined with other important hallmarks
such as senescence and SASP. This connection can be linked
to the emergence of vascular disease, vascular stiffness, and
NAVA.

Integrative network of NAVA hallmarks

Two key hypotheses have been inaugurated regarding the
interplay of NAVA hallmarks with biological aging, namely,
the geroscience hypothesis and the unitary theory. The latter
proposes that because there are many interconnections within
this hierarchy of the aging process, attacking one of the
hallmarks might have an impact on others. For example, in-
hibition of inflammation may eventually prevent senescence
formation, mitochondrial malfunction, etc, whereas the
opposite is also true. The geroscience hypothesis broadens the
effect of targeting aging hallmarks to diseases other than age-
related disorders alone, for example, diabetes.'*>'*® Within
the context of this review, we have identified genomic insta-
bility as the main causal factor (primary hallmark) in vascular
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aging, followed by intermediate (antagonistic) hallmarks such
as cellular senescence and inflammation, with intercellular
communication alteration being further downstream (inte-
grative hallmark). Although these hallmarks are hierarchically
categorised, it is essential to note that their highly interactive
network should not be disregarded. In some cases, one
downstream hallmark can also initiate another hallmark up-
stream in a bidirectional manner, leading to complicated
scenarios similar to a “hen and egg dilemma,” such as inter-
cellular communication alteration and inflammation/senes-
cence, where it is difficult to determine which comes first. It is
clear now that vascular aging hallmarks are not separate and
distinct entities as they are often depicted, but instead func-
tion within a vast and intricately interconnected network
(Fig. 3).

Vascular Aging Models: Challenges

The study of NAVA is always challenging considering the
bottlenecks such as complexity of the phenotype, imple-
mentation costs, and predominantly abiding duration of
studies. Before now, the complexity of NAVA could only be
investigated in wvivo. The interplay between the vasculature
and blood, nervous system, inflammatory cells, kidney, heart,
lung, and possibly other internal organs,” and even aging of
the blood vessel in isolation, cannot be reproduced in vitro.
Some features, such as cellular senescence, can be obtained in
cell culture, either by passaging or exposure of vascular cells to
stress stimuli, such as DNA damage. This can be exploited to
unravel intracellular mechanisms of senescence features,
endothelial leakage, or possibly cell-cell communication via
adhesion molecules or extracellular vesicles. However, senes-
cence is not synonymous with aging, and its consequences for
cardiovascular disease appear to be ambivalent.'”” Animal
models may only approximate human NAVA and require
validation in a real-world setting. This also applies to phar-
maceutical targeting, where effective intervention in animal
models sometimes fails to be replicated in human clinical
studies.'*® However, human studies are not often feasible
owing to the unavailability of data, ethical issues, and the high
cost of clinical trials. Therefore, practical, translational
nonhuman animal models for NAVA are valuable tools to
bypass such limitations.'*” Accordingly, mouse models have
emerged as the most prominent intrinsic and extrinsic vascular
aging models among other species.

Normal and accelerated aging animal models

There are 2 ways to simulate human NAVA in animal
models: let the animal grow old (normal aging) or induce
accelerated aging. For normal aging, rats or mice are
commonly used. There are a plethora of studies that show
reproduction of, for example, decreased vasodilator capacity
and arteriosclerosis features.”’ In general, normal-aging mice
and rats are robust models for human vascular aging, and a
great advantage is ample characterisation. When combined
with a metabolic or hypertensive challenge, it is now also
possible to study cardiorenal disease, such as the currently
untreatable heart failure with preserved ejection fraction.”” A
drawback, however, is the long experiment time that is
required, often 18 months and preferably longer, and the loss
of animals over that period."”" Although the loss of
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Figure 3. Hallmarks of nonatherosclerotic vascular aging (NAVA). The hallmarks of aging as outlined by Lopez et al.>® are also applicable to NAVA
aging. 1) Genomic instability is recognized as the principal causal factor (primary hallmark) in NAVA, followed by 2) intermediate (antagonistic)
hallmarks such as cellular senescence and inflammation, with 3) intercellular communication alteration being further downstream (integrative
hallmark). The left panel of the scheme illustrates the primary pathways involved in each stage 1) Disruption in DNA repair system such as
nucleotide excision repair promotes genomic instability with progeria disease as its pronounced phenotype. There are multiple sources of evidence,
ranging from patient-level to cell-level data, that substantiate the causal role of genomic instability in NAVA. 2) In addition, P16 and P21 pathways in
cellular senescence hallmark, interleukin (IL) 6 and tumour necrosis factor (TNF) a. in inflammation, and reactive oxygen species (ROS) in mito-
chondrial dysfunction, and 3) nitric oxide—cyclic guanosine monophosphate (NO-cGMP), renin-angiotensin system (RAS), and cytoskeleton system
are important involved pathways of stage 2 and 3, respectively. NAVA hallmarks are not discrete and distinct entities, as is often assumed, but
rather function within a vast and intricately interconnected network. This interactive hallmarks not only exist within a stage (dashed lines) but also
each stage of this hierarchy is interacting with each other (solid lines). NF, nuclear factor; RCT, randomised controlled trial; SASP, senescence-

associated secretory phenotype. Created with BioRender.com.

endothelium-dependent vasodilation is readily reproduced,
endothelium-independent vasodilator dysfunction, such as
occurs in humans'™ is seldom found. The time for the
development of intrinsic vascular aging can be significantly
reduced by using accelerated aging inbred strains, notably the
senescence-accelerated prone mice (SAMPs).">!  SAMPs
develop features of intrinsic vascular aging at 8 to 10 months
of age. The model has been well characterised regarding
endothelial dysfunction. However, to our knowledge, there
are no accounts of vascular stiffness.

Induction of intrinsic vascular aging can be accomplished
in various ways. Applicable in both mice and rats, infusion of
vasoconstrictive compounds such as Ang IT and L-NMMA, or
metabolic challenges (eg, streptozotocin-induced diabetes) are
well known ways to accelerate intrinsic vascular aging.

However, this will of course be dependent on blood pressure
or metabolic derailment, and not purely on intrinsic aging. A
second way, applicable only in mice, is modulation of genes
that affect aging, such as genes coding for nutrient-sensing
mechanisms (sirtuin genes), klotho, and genome mainte-
nance proteins. A detailed list is given elsewhere."”’ Many of
the aging features in these models are linked to DNA damage
response and are thus associated with senescence. Induction of
accumulating DNA damage is a refined method to accelerate
aging in a “pure” manner: DNA damage can account for a
major part of the biology of aging, as discussed above.”? As
such, vascular senescence can be swiftly induced by under-
mining the DNA repair system, as was demonstrated in
models making use of functional ablation of genome, telo-
mere, and mitochondrial DNA maintenance genes, such as
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BubR1, Ercc, XpD, Lmna, Zmpste24, polG, Tert, Terc, etc!
(Fig. 1).

Special case: DNA repair mutants, ErccI-based models

Of these models, Ercel (excision repair cross-complement
1) mutant mice are one of the best characterised accelerated
intrinsic vascular aging models, shown to be also suitable for
testing pharmacotherapies. The first model tested in this
respect is the Ercc1®’~ mouse, which harbours an allele for a
total functional ERCC1 knockout (A: deletion of the 74-
amino acid carboxy terminal) and an allele for a partial
functional loss of ErecI?’~ achieved by exon 10 truncation (A:
deletion of the last 7 amino acids at the carboxy terminal).'>?
ERCCI is an endonuclease that is involved in at least 3 DNA
repair systems, nucleotide excision repair, double-strand break
repair, and cross-link repair. ErccI*’~ mice and related models
were instrumental in unraveling the biology of aging and
showed that perpetuating DNA lesions can contribute to
intrinsic aging by induction of a transition from a normal
metabolic phenotype that supports growth and tissue repair to
one that drives tissue maintenance and a proinflammatory
status, resulting eventually in the functional loss that is
observed during, and actually considered as, biological ag-
ing."”'>* Recently, a novel potential contributing mechanism
was supported by experiments in both wild-type and Erccl 4=
mice, namely transcription stalling due to stochastic DNA
damage.'”>"”° Relevant to the present review, Erccl 4~ mice
model reproduced the main features of human vascular aging,
that is, loss of vasodilation, increase of vascular stiffness, and
increase of blood pressure.”® A concern about this model is
that the mice display widespread features of accelerated aging
and might be biased by nonvascular causes.”” To avoid such
bias, vascular EC- and VSMC-targeted Erccl 4~ models were
generated, based on the Tie2(/TEK2)-cre and SM22alpha(/
Tagln1)-cre cross bred with Erccl-flox strains. Both models
reproduced vascular aging features of Ercel*~ in segments
that can be arttributed to the respective cell types.*”"””
Therefore, the role of genomic DNA damage in vascular ag-
ing is at least partly due to cell-autonomous effects, validating
the use of Erecl”’~ and vascular cell—specific Erccl®~
models. Another possibility is XPG knockout, which is under
development for the same purpose.'”>'**

Regarding the (cardio)vascular system, higher p21 and p16
mRNA expression, as measured by quantitative pol)rmerase
chain reaction, was observed in the aortas of Ercc/4’ mice,
but interestingly not in the heart tissue. In addition, the in-
crease in senescence marker expression was more pronounced
in male compared with female ErccI?’~ mice, indicating a
possible sex difference in the senescence/aging process. On top
of that, SASP factors, including 1I-1f, I-6, Mcp1, and Tnfa,
significantly increased in the liver and peripheral blood T cells
of the Erccl*'~ mice, suggesting the occurrence of secondary
senescence formation.'”” A model in which Erccl has been
selectively removed from VSMCs shows similar changes,
suggesting the local impact of DNA damage in the vascula-
ture.” Interestingly, senescence of VSMCs has been shown to
promote the development of calcification markers."® In
VSMC-specific accelerated aging mice, similar observations
have been made, thus connecting the causal aging hallmark
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DNA damage to this phenotypic switch.'®' However, the
relevance for IEM calcification still needs to be addressed.

Three deleterious mechanisms (see “Chronic Inflamma-
tion” section above) in vasomotor function mechanisms are
also activated in ErecI®’~ mutant mice. The paradoxical ef-
fects of IL-1 and IL-6 might explain why we observe lower
Ca®"-mediated contractions but a relatively higher RhoA
contribution to these contractions in FErccl”’ mutant
mice.*®7° Altogether, the evidence supports the notion that
accumulation of SnCs in the vasculature might contribute to
vascular aging by creating a proinflammatory environment.
An important question for future research examining this
hypothesis is whether this contribution would be dependent
on intrusion by inflammatory cells or take place through
signalling directly evoked in vascular cells by the various
cytokines.

Pharmacologic Targeting of Vascular Aging

Impediment to intrinsic and extrinsic vascular aging can be
attempted with clinical feasibility with the use of dietary and
pharmacologic tools. Rodents’ life and health spans, including
preservation of healthy vasomotor function, have been
demonstrated to be extended by dietary restriction, which is
notably manifold more potent in Ercc/”’~ mice than in wild-

e mice, an effect that is attributable to genome protec-
tion.”>1>° Dietary restriction is, however, difficult to imple-
ment in daily human life, especially in economically developed
countries. Despite this limitation, several clinical studies
revealed the effectiveness of modifiable lifestyle risk factors
such as reducing sedentary time and decreasing obesity and
insulin resistance on reducing vascular stiffness.'>'** In
addition, structural and physiologic targeting of vascular
function appears to be promising but unmapped.” NOS,
RAS, cyclooxygenase (COX), proinflammatory, and telome-
rase pathways are currently known as drug targets for pre-
venting or reversing intrinsic vascular aging.](’s In addition,
some studies have proposed that IEM calcification could be a
reversible characteristic of NAVA. However, the pathologic
mechanism behind it must be fully determined before phar-
macologic intervention can be taken.”® In the context of this
review, we focus on inflammatory, NO, and senescence
pathways as potential drug targets in vascular aging pharma-
cotherapy (Fig. 4).

Targeting vascular inflammation

Inflammatory signalling pathways continue to be abun-
dantly studied, granting multiple options for pharmaco-
therapy. Inhibition of pathways relevant to vascular aging can
be accomplished through the use of non-selective drugs, such
as colchicine, or by selectively inhibiting specific cytokines and
inflammatory pathways, with the use of, for example, COX,
IL-1, IL-6, or TNFa inhibitors. Selective inhibition of COX
with salicylic acid and various types of nonsteroidal antiin-
flammatory drugs (NSAIDs) in the aorta of aging metabolic
syndrome rats has been found to enhance endothelial func-
tion.'°>'®” This has been corroborated in a human clinical
trial involving salicylate therapy for a 4-week period, where
direct evidence of NF-kB inhibition with salicylate was
observed and endothelium-dependent dilation improved.'®®
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Furthermore, selective inhibition of IL-1 receptor signal-
ling with the use of rilonacept improved vascular endothelium
function in a clinical trial involving patients with chronic
kidney disease. However, there were no changes in vascular
stiffness as measured by PWV.'®? In diabetic rats, the use of
anakinra, another IL-1 receptor antagonist, also demonstrated
partial prevention of endothelium dysfunction.'”” Further
comparison of acute vs chronic IL-1 inhibition revealed the
efficacy of both on endothelium function, whereas neither had
an effect on vascular stiffness.'”" Interestingly, IL-1 inhibition
improved cardiac function and IL-6 inhibition was superior in
the enhancement of vascular function, indicating their dif-
ferential effectiveness.'”” In this context, blockade of the IL-6
pathway with tocilizumab, etanercept, or adalimumab'”” and
of TNFa with infliximab'’* reduced stiffness and restored

endothelial function in rheumatoid arthritis patients with
pronounced endothelium dysfunction and arterial stiffness.
Considering the complex and interactive nature of inflam-
matory pathways, an integrative approach that targets multiple
pathways simultaneously may be effective in preventing
vascular aging. Notably, a study by Lee et al. proposed that
the reciprocal inhibitory interaction between TNFa and IL-6
mediates the deterioration of vascular function in type 2
diabetic mice.'””

Regarding nonselective inhibition of inflammation,
colchicine, an antigout agent with antiinflammatory proper-
ties, has shown to be effective in the inhibition of ROS, type
II collagen, IL-1, IL-6, and COX."® Short-term adminis-
tration of low-dose colchicine did not improve endothelial
function in patients with coronary artery disease but had
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significant merits in patients with leukocyte activation.'”” An
observational study showed that the colchicine effect on
endothelium function is seen only in gout patients without
established cardiovascular disease.”® Although the efficacy of
colchicine in the prevention of major cardiovascular disease is
well established in the LoDoCo'”” and COLCOT'® clinical
trials, there is limited evidence regarding its efficacy in the
prevention of vascular aging, stiffness, and endothelium
function. Regarding the latter, cell culture studies suggested
the protective effect of colchicine on endothelium dysfunction
via reduction of ADMA, thrombomodulin, and osteoprote-
gerin levels.'8"'®? In addition, colchicine inhibits VSMC
proliferation and migration and decreases type II collagen,
which may potentially be useful to prevent intima-media
thickness and vascular stiffness.'**"**

In addition to particular antiinflammatory drugs, drugs
with an effect on metabolism, such as statins, Ang II receptor
antagonists, and metformin, can target inflammation. It has
emerged that the pleiotropic effect of these drugs is mediated
by TNFa.'”> Among them, metformin, a commonly pre-
scribed first-line medication for lowering blood glucose levels,
has been proposed to have potential effects on vascular
inflammation and aging through various other pathways,
including NF-kB, Nrf2/GPx7, DICER1, MBNLI1, STAT3,
AMPK, SIRT1, insulin/IGF-1, and mTOR. However, the
precise mechanisms involved in these effects are not yet fully
understood.'*'*" Another example of metabolically chal-
lenged NAVA is the blockade of the RAS which is a well
known strategy to reduce blood pressure, vascular hypertro-
phy, endothelial dysfunction, and vascular stiffening in
models of extrinsic vascular aging, The effect on intrinsic
vascular aging was studied in ErccI?’~ mice. Surprisingly, the
Ang II receptor antagonist losartan failed to reverse NAVA
features, whereas dietary restriction was most effective.”®

Targets in metabolic pathways

It is well known that metabolic disease, characterised by
hyperglycemia and dyslipidemia, strongly accelerates extrinsic
but also intrinsic vascular aging. Increases in ROS lead to
macromolecular damage of, for example, advanced glycation
end-products of matrix components and DNA. As already
explained, DNA damage leads to a metabolic adaptation that,
among others, involves suppression of Sirtl. This is at least
partly driven by PARP-1—driven consumption of Sirtl acti-
vator and oxidative phosphorylation driver nicotinamide
adenine dinucleotide (NAD™). Sirtl elevates eNOS expres-
sion, protein levels, and activity, and decreases oxidative stress
in ECs."®” The Sirt1 activator SRT1720 can also achieve this
effect and it thus reverses decreased endothelium-dependent
relaxation in aged wild-type mice. Of note, the mechanism
of the vasodilation-restoring effect of Sirtl has been explored
in in vivo aged mice. The effect involved prostaglandin-
mediated improvement of sGC expression and activation
instead of eNOS."*? In addition, it has been discovered that
Sirtl reduces mitochondrial ROS in aging microvasculature, a
mechanism that involves epigenetic regulation via p66SCh and
arginase I1.'%8

Another popular intervention to counter intrinsic vascular
aging in particular is NAD™" supplementation. In this context,
the  supplementation  of  precursor  nicotinamide
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mononucleotide (NMN) restored aortic endothelium-
dependent relaxation and lower PWV in normally aged
mice.'®” This was associated with the restoration of Sirtl
activity. Similar effects were observed for the neurovascular
unit,"”” which could be mimicked by PARP-1 inhibition.'”!
Nonatherosclerotic vascular aging is associated with heart
failure with preserved ejection fraction, in mouse and rat
models of which NMN was also shown to be effective.'”” As
for clinical feasibility, NAD+ precursor treatments elevated
NAD- levels in human phase I studies,”*'** and a potential
but nonsignificant effect on blood pressure and vascular
stiffness was reported. Based on this result, an additional
randomised controlled trial to study the effect of 3-month
interventions has been proposed.'””

Targeting senescent cells

Strategies. The exponential growth in studies noting the
association of SnC accumulation and many pathologic alter-
ations urged the need for new drugs that selectiveiy annihilate
the extant SnCs or hinder their genesis.””'”*"”¥ Given the
impaired apoptotic pathways of these cells,'”® there are 2
potential approaches for pharmacologic targeting. One
approach involves using senolytics to manually eliminate these
cells, and the other involves targeting the SASP expression
with the use of senomorphics.

Senolytics may target a number of up-regulated enzymes
implicated in prosurvival and antiapoptotic pathways,
including P53, P21, B-cell lymphoma 2, protein kinase B,
phosphoinositide ~ 3-kinase, and Forkhead Box O4
(FOX04)."” Among these, p53 is considered to be the most
important determinant of cellular senescence, because it is a
tumour-suppressor protein that plays a critical role in regu-
lating the cell cycle and preventing the formation of cancerous
cells.”*" FOXO4-DRL, """ UBX0101,”*” and P5091°" are
examples that have been shown to disrupt the P53 regulation
pathway. On the other hand, increased lysosomal enzyme
activity in SnCs is useful for directed senolysis but may have
off-target effects in non-SnCs with high SA-B-Gal activity,
such as macrophages. Currently, there are several studies
exploring different approaches to address this issue, such as
developing selective prodrugs, designing nanoparticles with
SnC-specific coatings, using antibodies for targeted drug de-
livery, and using small molecules that selectively induce cell
death in SnCs.”*?% Burthermore, it has been demonstrated
that the endogenous competitive NOS inhibitor ADMA”"*
can lead to vascular senescence by hastening telomere short-
ening and decreasing telomerase activity in ECs.”’”""
Accordingly, colchicine’s effects within ECs appear to result
in reduced ADMA levels.”'" Similarly, high-dose atorvastatin
therapy could reduce ADMA plasma levels, particularlP/ in
cardiac tissue, suggesting its potential senolytic activity.””

The transcription factor NF-kB, mTOR, JAK-STAT, and
mitochondrial complex are among the mechanisms known to
reduce the SASP.”"? Thus, inhibition of these pathways has
been proposed as a promising strategy for developing seno-
morphics. NF-kB is a particularly important target for seno-
morphics, because it is a key mediator of cytokine release and
inflammation. There are a variety of immunomodulatory
agents, antiinflammatory agents, and metabolic regulatory
agents that can target NK-kB and potentially reduce SASP,
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for examlple, NSAIDs,” ™ glucocorticoids, statins, ” met-
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formin,”"” and certain natural compounds such as curcu-
. 2](

min and resveratrol.”"’

Effects on the cardiovascular system. Several studies have
explored the effectiveness of senolytic therapy in vascular ag-
ing. Navitoclax, which inhibits B-cell lymphoma 2, an
important mediator in apoptotic pathways, has been found to
reduce plaque size, burden, and calcification, indicating its
potential in inhibiting atherogenesis.””’ Another senolytic
therapy, using dasatinib and quercetin, has been shown to
improve vascular and endothelium function, specifically in
terms of enhanced NO signalling and vascular relaxation.
However, this therapy did not have a significant effect on
VSMC contractile function.”

Consideration in treatment design. Both senolytic and
senomorphic approaches have potential benefits and limita-
tions, and it is currently unclear which one might be better, as
they target different aspects of senescence. The “hit-and-run”
strategy of senolytic administration involves delivering the
drug intermittently to selectively eliminate SnCs while
allowing healthy cells to recover between treatments. This
approach may reduce the risk of side-effects associated with
continuous drug exposure while still providing the therapeutic
benefits of senolytic therapy. However, studies have shown
that continuous treatment with SASP inhibitors may be
necessary to maintain suppression of the SASP and prevent its
harmful effects.”"?** Previously, the majority of research
efforts were directed toward eliminating SnCs because it was
thought that they could not be reversed. But new research has
revealed that specific cell types have the ability to be reprog-
rammed to exit senescence and resume the cell cycle.'' 2%
This discovery generates an opportunity for a third approach,
senoreverters, to target senescence. Ultimately, the choice
between senolytics, senomorphics, and potentially senor-
everters will depend on the specific disease being targeted and
the individual patient’s needs and medical history.

Identification of novel pharmacologic targets in the
NO- ¢cGMP pathway

The introduction of accelerated aging models based on
DNA repair involving ERCCI raises the need for having a tool
to rapidly investigate markers and pharmacotherapies, especially
in intrinsic vascular aging. The models confirmed the central
role of NO-cGMP signalling, pointing to decreased eNOS,
increased NOX-mediated NO depletion, and increased meta-
bolism of cGMP by phosphodiesterases (PDEs).***” Regarding
the latter, it has been demonstrated that PDE1 replaces PDES5
as the primary cGMP-mediated vasodilation regulator in the
arterial wall during intrinsic vascular aging and that PDE1 is
up-regulated during the development of atherosclerosis and
aneurysms as well.”* Acute and chronic blockade of PDE1
alone or together with PDES5 in Ereel”’~ models led to
improvement of vasodilator responses independently from
blood pressure, attenuated the proinflammatory status, and
decreased expression of cellular senescence—related markers
pl6 and p21, but did not show effects on vascular
stiffness.”*”**” Further underscoring the importance of cGMP,
chronic treatment with the sGC activator BAY 54 had similar
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effects in Erccl?’~ mice. It even increased survival, mimicking
aspects of dietary restriction, the most efficient anti—vascular
aging intervention identified thus far.'”>*?® Of note, RAS
blockade was not effective in Erecl*’~ mice.”” The results
indicate that stimulaton of the NO-cGMP vasodilatory
mechanism is an alternative for the clinically used blockade of
vasoconstriction, which apart from RAS inhibition can involve
Ca®" channel blockade, to protect against vascular aging fea-
tures. A priority herein is the effect on senescence and
inflammation, because these are the mechanisms that are the
most identifiable with vascular aging.”’ Studies in Erccl-based
accelerated aging models and humans also showed NOX2, a
superoxide producer, as a potential pharmacologic target. It was
first demonstrated in the aortic rings of ErecI“/” mice that
superoxide formation at the level of VSMCs partially explained
the loss of relaxation during exposure to NO.” In a recent
study in VSMC-targeted Ereel“’ this was pinpointed to at
least involve NOX2."” Even more recently, it was shown that
NOX2 is the main NOX to decrease vasodilation in isolated
aged human skeletal muscle—feeding arteries. In contrast to
mouse aorta, this was demonstrated only at the level of endo-
thelium as NO-induced relaxation of VSMCs was not altered
in these isolated human arteries from axillary and inguinal or-
igins. After many years of investment in the development of
NOX subtype—specific inhibitors, GSK2795039, a NOX2-
specific drug for in wvivo use, emerged,”” but no clinical
development has been reported. Further research would be
necessary to better understand the potential implications of
these observations and how they could potentially be used to
develop new treatments or preventative measures for vascular
senescence.

Conclusion and Future Perspectives

NAVA and senescence provoke the development of MI and
heart failure, with physical and signalling alterations in the
vasculature and endothelium function as their early indicators.
The new direction of cardiovascular disease pathophysiology is
shifting from extrinsic toward intrinsic vascular aging. This has
created the need for models of accelerated vascular aging
exemplifying features of NAVA, such as DNA repair—defective
mice. Therefore, implementing strategies to prevent the onset
of these aging features or to reverse existing dysfunction in their
early stages may be effective in reducing the burden of car-
diovascular diseases. Although these models simplify the un-
derstanding of disease and therapeutic mechanisms, the
complexity of real-world vascular aging should be taken into
consideration. Atherosclerosis and other extrinsic features are
lacking in these models, but might be introduced by induction
of dyslipidemia, inflammation, diabetes, calcifying conditions,
or hypertension. As an example of why this is important,
atherosclerosis can already start at a young age, and therefore in
origin does not arise from intrinsic aging. Yet atherosclerosis is a
process that requires time to develop into a state of disease, and
thus it is associated with age. The combination of abundant
exposure to classic cardiovascular risk factors that promote
extrinsic vascular aging, and the increase of population age,
which promotes both atherosclerotic and NAVA, intuitively
predicts that both conditions will be at play simultaneously in
the elderly. Moreover, because vascular aging results in chronic
low-grade systemic inflammation, an interaction between
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intrinsic and extrinsic vascular aging is to be expected. There-
fore, an integrative approach for intervention would be ideal.
The hallmarks of aging as previously defined can be a helpful
tool to construct integrative research strategies.

Senolytics are another strategy that has been addressed in
this review. Although there is a growing focus on identifying
effective senolytics in preclinical studies and some translation
in clinical studies, the detection and measurement of senes-
cence in humans continue to be challenging tasks. This dif-
ficulty may be intensified if the focus and therapeutic targeting
is specifically on VSMCs and ECs. Also, the identification of
reliable markers is required to facilitate the discovery of
senolytic agents by providing a clearer path forward,”** but
the question is whether a universal senescence marker is
feasible, given the significant heterogeneity of markers be-
tween cell types. Targeted exploration of vascular-specific
senescence markers is therefore warranted. One more topic
of discussion revolves around the safety of new senolytic
drugs, particularly owing to the negative outcomes that have
been observed in cases of pulmonary hypertension.'**%%%%!
Yet another question is whether senolytics should be
attempted to treat or to prevent NAVA. Ideally, prevention is
optimal, but momentarily NAVA is not considered as a dis-
ease, and no predictive clinical markers exist. Therefore,
treatment for now needs to focus on reversal of preexisting
NAVA in animal models. Considering the unrevealed safety
profile of senolytics, FDA-approved clinically applicable drugs
that reduce senescence or SASP as a pleiotropic effect might
be the quickest way to the patient. Agents blocking the SASP
inflammatory pathways or that reduce senescence, as was
demonstrated for PDE1 inhibition and sGC activation in
Ercel mutant mouse models, might provide more certainty for
clinical development. Although many drug repurposing trials
are going on for different diseases, there is a scarcity of studies
investigating potential senolytics or NAVA therapies. The
COLCOT"™ and LoDoCo2”"” trials serve as successful ex-
amples of repurposing colchicine for the prevention of car-
diovascular diseases and increasing longevity.

The current lack of possibilities to set up prospective
studies to prevent NAVA might partly be solved by screening
the impact of already available drugs in pharmacoepidemio-
logic studies embedded within long-term longitudinal cohorts.
This might be preceded or accompanied by testing of repur-
posed drugs in a representative model of NAVA-like Erccl
mutant mice. This combination of human and other animal
research may form an efficient platform to accelerate the
development of effective, clinically applicable therapies.
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