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Microvascular Health as a Key Determinant of Organismal

Aging
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Aging is a complex, multifaceted process affecting all organ systems, with
vascular aging playing a central role in organismal health decline. Beyond its
role in circulation, the vascular system acts as a dynamic interface between
tissues, influencing countless physiological functions such as tissue
regeneration and repair, immune responses, and metabolic balance.
Importantly, age-related vascular impairment—characterized by a peculiar set
of endothelial aging hallmarks—exacerbates age-related diseases (ARDs)
such as cardiovascular disorders, neurodegeneration, chronic kidney disease,
sarcopenia, and osteoporosis. This review combines basic concepts of
angioscience and aging biology with translational interventions to devise
clinical strategies promoting a functional rejuvenation of old and
compromised blood vessels, fostering the prevention, delay or treatment of
ARDs. Starting from the description of the cellular and molecular mechanisms
driving vascular aging, a cutting-edge perspective on the organ-specific
vascular impairment and its impact on tissue function is offered. Given the
central role of the vasculature in aging, how targeting vascular aging through
pharmacological, genetic, and lifestyle interventions holds promise for
mitigating its systemic consequences and improving healthspan is discussed.
Finally, how the combination of animal models (e.g., parabiosis) and novel
microphysiological systems, coupled with multi-omics and artificial
intelligence-driven analyses, is advancing the field toward the identification of
strategies that promote vascular resilience and extend healthspan, addressing
one of the most pressing biomedical challenges of a worldwide aging
population is highlighted.

1. Introduction

Throughout history, humanity has been
captivated by the concept of aging, inspir-
ing legends and myths that revolve around
the pursuit of eternal youth and immortal-
ity. Tales such as the quest for a “Foun-
tain of Youth” exemplify the profound en-
chantment with the mysteries of aging and
the connected desire to overcome this bio-
logical limitation. This fascination has oc-
casionally spurred ambitious real-world en-
deavors, such as Bryan Johnson’s Project
Blueprint, aimed at pushing the boundaries
of science in the fight against the aging
process.[!]

Amidst legends, debatable anti-aging
routines, and the constantly expanding field
of aging research, a fundamental question
remains: why do we age? Over the past cen-
tury, several theories have been proposed,
though only a few have survived. Human
aging is a multifaceted phenomenon whose
complexity is due to the convergence of bio-
logical, genetic, and environmental factors
contributing to the gradual decline in the
function of organisms during adulthood.
This process impacts primarily cells, then
tissues and the whole organism, exhibit-
ing a peculiar pattern of hallmarks that has
been extensively described 2! and leading
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to the progressive and irreversible loss of function and regenera-
tive capacity across all organ systems. Indeed, age constitutes the
primary risk factor for a range of diseases, including neurode-
generative diseases, cardiovascular diseases (CVDs), metabolic
disorders, and musculoskeletal conditions — collectively known
as age-related diseases (ARDs). These ARDs account for the ma-
jority of healthcare expenditure in developed countries, a chal-
lenge exacerbated by significant demographic shifts.?#] Conse-
quently, the ultimate aim of aging research is to promote healthy
aging by compressing the period of morbidity—the time dur-
ing which individuals experience chronic illness or diminished
health—thereby enabling them to maintain vitality and quality
of life for longer.

Aging affects various systems in the body at different rates and
paces, with some systems experiencing earlier and more rapid
decline than others. Additionally, the aging of one system often
accelerates the decline of others due to their interconnected na-
ture. In this review, we will focus on vascular aging and its central
role in the general aging process, exploring the models used to
study it. Furthermore, we will discuss how artificial intelligence
(AI) can enhance our understanding of vascular aging and its po-
tential to improve our health outcomes in the context of an aging
global population.

2. Vascular Aging: Foundations and Implications
Across Organs

The vascular system plays a central role in supporting the phys-
iological functions of every tissue and organ. Beyond merely
transporting vital components throughout the body, blood ves-
sels also provide angiocrine signals (i.e., factors secreted by en-
dothelial cells, ECs) that are essential for maintaining parenchy-
mal cell homeostasis, promoting tissue repair and supporting
the survival and function of stem and progenitor cells within
tissues.>7] Dysfunction of the vascular system, affecting both
macrovascular and microvascular structures, is a common fea-
ture in many ARDs due to this pervasive role. Impaired vascular
functions have been directly linked to the onset of diseases, such
as cardiovascular and cerebrovascular diseases and age-related
sarcopenia.l®1% Furthermore, experimental anti-aging therapies
like metformin, caloric restriction, and nicotinamide mononu-
cleotide (NMN) have demonstrated the ability to enhance vascu-
lar function, underscoring its importance in longevity and health
span.

Despite these clear connections, the precise impact of aging
on vascular structures across organs remains poorly understood.
Gaining deeper insights into age-related modifications in blood
vessels and their niches could uncover therapeutic targets, poten-
tially influencing the vascular aging trajectory and mitigating its
adverse effects on tissue function and regeneration.

2.1. Defining Vascular Aging

The process of vascular aging encompasses structural and func-
tional changes that occur in blood vessels as an individual grows
older.'12] These changes typically consist in alterations of the
structure and function of arteries, veins, and capillaries, in-
cluding endothelial dysfunction,!'! arterial stiffening,'* capil-
lary density reduction,!’® and loss of organ-specific endothelial

Adv. Sci. 2025, €08659 €08659 (2 of 32)

www.advancedscience.com

structures.[®) At the cellular level, the vascular aging concept is
tied to the peculiar characteristics of ECs, as they are long-lived,
terminally differentiated cells that are quiescent but still retain
the ability to proliferate when needed.['”] Unlike other cell types
that possess high turnover and are therefore replaced rapidly in
the body (e.g., the majority of epithelial cells), ECs have been
shown to survive for up to 80% of the average human lifespan,*®)
during which they are vulnerable to accumulating primary aging
hallmarks and becoming dysfunctional.

Vascular aging can be categorized into two subtypes: i) healthy
vascular aging, which is characterized by gradual changes that
minimally affect vascular function and, overall, health; and ii)
unhealthy vascular aging, which is instead defined by an acceler-
ated and severe modification of the vasculature that, in turn, in-
creases the risk of CVDs.['2% Another classification based on the
degree of divergence between chronological age and the detected
age-related vascular alterations in an individual distinguishes be-
tween early, normal, and supernormal vascular aging.[®] Early
Vascular Aging (EVA) is characterized by an accelerated aging of
blood vessels, with structural and functional changes occurring
more rapidly than in normal aging.[2!22] Conversely, the recently
identified phenotype known as SUPERNOrmal Vascular Aging
(SUPERNOVA) is instead marked by unusually low arterial stiff-
ness compared to the average for a person of the same age and
sex.[?] Bruno et al. quantified vascular age using a regression
model that incorporated factors such as sex, smoking, height,
cardiovascular parameters (e.g., heart rate, and systolic and dias-
tolic blood pressure), total cholesterol, and glycemia. Once cal-
culated the difference between chronological age and vascular
age (A-age), patients were classified as having EVA when their
vascular age exceeded their chronological age by more than 5.7
years, while those with a vascular age 6.2 years or more younger
than their chronological age were identified as SUPERNOVA
patients.[?3] This approach has significant implications in clini-
cal practice, as evaluating whether a patient belongs to the EVA,
normal, or SUPERNOVA category might help in identifying a
premature risk of coronary events.[?*]

An additional distinction can be made based on the caliber of
the affected vessels, resulting in the classification of vascular ag-
ing into microvascular and macrovascular aging. As suggested
by their names, while the former focuses on significant struc-
tural and functional changes in small blood vessels (i.e., capillar-
ies, venules, and arterioles), the latter pertains to the structural
changes in larger vessels (i.e., arteries and veins) that contribute
to cardiovascular risks. Of note, while macrovascular aging pro-
cesses have been extensively studied and described in the sci-
entific literature—particularly in relation to serious clinical out-
comes such as atherosclerosis—the aging of the microvascular
compartment, which constitutes the major vascular component
in terms of both surface area and distribution across body tissues,
remains relatively understudied. Since large vessels, particularly
arteries, have a multi-layered structure with different cell types
and depend on a precisely organized elastic extracellular matrix
(ECM), macrovascular aging research primarily focuses on al-
terations in these cell populations and the surrounding ECM.
The resulting conditions and clinical implications include arte-
rial stiffening, hypertension, accelerated atherosclerosis, and the
formation and rupture of aneurysms. For additional comprehen-
sive overviews, see also Donato et al. and Bulbul et al.[??%]
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The interplay between microvascular and macrovascular aging
is significant and underscores the importance of addressing both
in aging individuals to mitigate the risk of CVDs. First, the molec-
ular and cellular aging hallmarks affecting endothelial and vascu-
lar supportive cells not only have a pronounced impact on the mi-
crovasculature but also greatly influence macrovascular biology.
Conversely, certain age-related changes occurring in large vessels
can result in conditions that exacerbate aging hallmarks within
the microcirculation. An example of this extended interplay is ex-
emplified by hypertension. For an overview of macrovascular ag-
ing mechanisms in CVDs, including the interplay with microvas-
cular dysfunction in hypertension, see the box: Macrovascular
Aging in CVDs.

Macrovascular Aging in CVDs

Macrovascular aging is a central contributor to CVD devel-
opment. This box provides an overview of the major age-
related macrovascular conditions—including atheroscle-
rosis, aneurysms, clonal hematopoiesis of indeterminate
potential (CHIP), and hypertension—highlighting the cel-
lular and molecular mechanisms that underlie their patho-
physiology.

Within CVDs, ischemic heart disease remains the first
cause of death, and it is frequently characterized by
atherosclerotic disease of the coronary arteries.?®! The
initial step in atherosclerotic plaque formation is con-
stituted by the deposition of lipoproteins, including ox-
idized low-density lipoprotein (oxLDL), in the arterial
wall.l?l This accumulation induces ECs to produce in-
flammatory cytokines and chemoattractant chemokines
(e.g., monocyte chemotactic protein-1, MCP-1), which re-
cruit monocytes to the site of inflammation.[?#?°1 Once
at the atherosclerotic plaque, monocytes first differenti-
ate into macrophages and, upon oxLDL ingestion, trans-
form into foam cells, thereby contributing to plaque
destabilization.*”) Finally, together with mast cells and
dendritic cells, they expose oxLDL-derived neo-epitopes,
which in turn trigger the adaptive immune system,[??]
such as CD4-positive T-helper cells, natural killer cells,
and regulatory T-cells.[3133] B-cells further modulate dis-
ease progression: B-1 cell-secreted IgMs against oxLDL are
athero-protective, whereas B-2 cell-derived auto-IgGs pro-
mote plaque formation.[*134] A robust body of evidence has
linked multiple cellular and molecular aging hallmarks
to the onset and progression of atherosclerosis. For in-
stance, DSB, increased oxidative DNA damage, sirtuin 1
(SIRT1) downregulation, increased pro-inflammatory phe-
notypes, mitochondrial DNA alterations, decreased nitric
oxide (NO) bioactivity, and disrupted proteostasis were
all found to characterize multiple artery cell populations
in atherosclerotic settings,**3¢%] including ECs, vascular
smooth muscle cells (vSMCs) and fibroblasts.*3%) More-
over, aging also impacts this immune compartment, lead-
ing to dysfunctional immunosenescent populations that
exacerbate the atherosclerotic process./*]
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Aneurysms are pathological outward bulgings of arter-
ies and coronary vessels, caused by a weakened spot in
the vessel wall. They develop with aging as a result of
changes that compromise vascular integrity and often re-
main asymptomatic until rupture, making them unpre-
dictable and potentially life-threatening. Although clinical
data often show comorbidity between atherosclerosis and
aneurysm, studies report conflicting correlations, and var-
ious theories have been proposed to explain causality.[*142]
Nevertheless, aneurysms and atherosclerosis share nu-
merous molecular and cellular hallmarks that compro-
mise vascular integrity. These include ECM remodeling
and deposition (i.e., increased collagen deposition and
elastin fragmentation), vSMC dysfunction, upregulation
of inflammatory genes (e.g., Interleukin (IL)-6 and MCP-
1), increased oxidative stress, and infiltration by innate
and adaptive immune cells,['**] emphasizing the inter-
connected nature of these macrovascular diseases.

CHIP has emerged in the last decades as a fundamen-
tal risk factor for the development of CVDs, in particu-
lar in atherogenic settings. This condition arises when
somatic mutations—which do not block hematopoietic
differentiation—accumulate in the hematopoietic stem
cell compartment over the individual's lifespan, leading
to expanded clonal populations of mutated leukocytes in
the blood. While this age-related process does not directly
lead to the development of leukemia per se, it predis-
poses to hematological malignancies and was found to
correlate with increased cardiovascular risk.**] Mechanis-
tic studies investigating the causative role of CHIP in
CVDs have shown that certain mutated genes linked to
clonal expansion and myeloid skewing (e.g., Tet methyl-
cytosine dioxygenase 2, TET2) induce a pro-inflammatory
phenotype, with increased inflammasome activation and
upregulation of cytokines such as IL-14 and IL-6. Inhi-
bition of the inflammasome via NLR family pyrin do-
main containing 3 (NLRP3) blockers counteracts the pro-
atherosclerotic effects of TET2 mutations by reducing IL-
1p-mediated endothelial P-selectin expression and sub-
sequent macrophage recruitment,*] thus providing a
molecular link between CHIP and atherosclerosis. Al-
though CHIP-related mutations have also been linked to
heart failure, thrombosis, and myocardial injury, increased
inflammation remains the primary mechanism by which
CHIP exacerbates CVD pathophysiology in macrovascular
aging.[40]

Hypertension is clinically defined as a systolic blood
pressure >130 mmHg and/or diastolic blood pressure
>80 mmHg, a condition particularly common in the
elderly.*’l The cardinal role of aging in its development
is tied to the dysfunction of both cellular (e.g., ECs,
vSMCs, and fibroblasts) and ECM components of the ag-
ing arteries, as well as environmental and systemic stres-
sors (e.g., activation of the renin—angiotensin—aldosterone
system, RAAS, or of the sympathetic nervous system).
This results in thickening of the arterial wall, progressive
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loss of elasticity, increased arterial stiffness, and changes
in vascular smooth muscle tone, ultimately giving rise
to hypertension.*#] This condition has been primar-
ily studied in the context of macrovascular aging. Nev-
ertheless, once established, it also promotes and exacer-
bates aging-related changes in the microvascular compart-
ment, including aberrant signal transduction, impaired
NO bioavailability, increased reactive oxygen species (ROS)
production, inflammation, and fibrosis.*®! This results in
microvascular injury, rarefaction, and microbleeds, which
drive extensive end-organ damage and are particularly
detrimental to the brain.>*?] Conversely, although di-
rect studies linking this phenomenon to aging are lack-
ing, a mounting body of evidence suggests that microvas-
cular rarefaction may contribute to hypertension via in-
creased vascular resistance and impaired blood flow reg-
ulation. For example, human studies have shown that
structural loss of microvasculature precedes the devel-
opment of primary hypertension,>*! while other stud-
ies propose that this rarefaction mediates the hyperten-
sive effects of tyrosine kinase inhibitors used in cancer
treatment.** In conclusion, although current evidence
only indirectly supports it, a causative link between age-
related microvascular dysfunction—including endothelial
and vascular cell alterations—and hypertension remains
to be established.>>!

2.2. Primary Implications of Vascular Aging

The implications of vascular aging include various pathologi-
cal conditions, affecting multiple organ systems throughout the
body (Figure 1). One of the most significant consequences is
the progressive alteration of the dilation and constriction abili-
ties of the vasculature.l'”) In particular, ECs play a crucial role in
maintaining blood vessel homeostasis, regulating blood flow, and
modulating inflammatory responses. However, as an individual
ages, a decline of this endothelial functionality, termed endothe-
lial dysfunction, is observed. A key manifestation of endothelial
dysfunction is the altered production of vasoactive substances—
such as NO, prostacyclin (PGI2), and endothelin-1 [2457-58—and
the subsequent impairment of vasodilation and vasoconstriction
abilities.l>’] Moreover, this impairment is further exacerbated by
age-related changes in systemic regulators, such as the RAAS, >
characterized by a higher production of angiotensin II (Ang II)
due to the upregulation of the angiotensin-converting enzyme
(ACE) and increased expression of the Ang II type 1 receptors
(AT1) in the vascular wall.’”] The reduction of NO (which is a
strong vasodilator) combined with increased Ang II (which is a
potent vasoconstrictor) impairs vascular reactivity and elevates
blood pressure, thus paving the ground for chronic hypertension
and downstream CVDs.[%]

Another consequence of aging affecting multiple tissues is the
alteration of the endothelium’s barrier properties, defined as the
semi-permeable cellular barrier that regulates the transport of
fluids, solutes, and cells between the circulation and surround-
ing tissues through tightly controlled paracellular and transcel-
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lular pathways. As further discussed in the following chapters,
different endothelial aging processes integrate and contribute to
impair the endothelial barrier function, resulting in deregulated
trafficking of molecules and cells, and ultimately undermining
the fine control over tissue homeostasis.

Further, aging is linked with the decline in the secretion of
organ-specific angiocrine factors, which are crucial for main-
taining homeostasis and supporting stem cell niches, thus lead-
ing to a diminished regenerative capacity.®”'17:1] For instance,
in the liver this age-related loss of angiocrine signals, such as
Wnt and bone morphogenic protein (BMP) signaling, has been
linked to reduced liver size and impaired metabolic functions in
aged mice.[26] Similarly, these alterations in the vascular niche
in the bone marrow can result in decreased hematopoietic stem
cell functionality.l%*-%¢] Moreover, the aging endothelium exhibits
reduced expression of factors (e.g., stromal cell-derived factor 1,
SDEF-1), which are vital for tissue repair and regeneration, thereby
contributing to a decline in the regenerative capacity of tissues.!’]

Aging individuals are often affected by a significant reduc-
tion in perfused microvessels and microvascular density. This so-
called microvascular rarefaction leads to the formation of large
hypoperfused areas and is associated with various ARDs, includ-
ing vascular cognitive impairment and heart failure.[%8] A primary
consequence of this phenomenon is tissue hypoxia.l®! Cells un-
der hypoxic conditions react by upregulating the expression of
proangiogenic factors, such as vascular endothelial growth factor
(VEGF).[®7%] However, the imbalance between angiogenic and
anti-angiogenic mechanisms in aging tissues can impair the ef-
fect of this compensatory response,l’%] as further discussed be-
low. The implications of microvascular rarefaction and tissue
hypoxia extend beyond local tissue damage, affecting systemic
health and contributing to conditions such as chronic kidney dis-
ease, heart failure, and neurodegenerative disorders.!%]

Altogether, these observations establish vascular aging as a
central driver of multi-organ functional decline and ARDs, rather
than merely being a passive correlate of chronological age.
This underscores the necessity of targeting vascular health in
strategies aimed at preserving tissue function and extending
healthspan.

2.3. Organ-Specific Vascular Aging

ECs and blood vessels display distinct characteristics shaped by
their unique microenvironments within various organs and tis-
sues, reflecting specialized adaptations to meet diverse physio-
logical demands.!””! This endothelial heterogeneity is also main-
tained in the aging process: not only aged ECs are phenotypi-
cally different from their younger counterparts, but also aging-
related changes to the structure and function of blood vessels vary
amongst different organs.’! Chen et al. extensively explored this
point.[’] By analyzing both murine and human tissues, the au-
thors observed that organs with low regenerative capacity (e.g.,
the kidney, brain, and lung) exhibit an age-related reduction of
vessel density and accentuated pericyte loss. In contrast, organs
with moderate to high regeneration potential (e.g., the liver, skin,
and gut) preserve vessel abundance and pericyte numbers dur-
ing aging. The comparison between these two classes of tissues
highlighted that ECs are characterized by an up-regulation of in-
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Lungs:

e COPD

e Pulmonary hypertension
¢ Impaired gas exchange
e Pulmonary fibrosis

Cardiovascular system:
¢ Endothelial
dysfunction
o Arterial stiffening
Vascular
calcification
Capillary rarefaction
Hypertension
Atherosclerosis
Coronary artery
disease
Myocardial fibrosis
o Higher risk of heart
failure and
arrhythmias

S Musculoskeletal system:
e Sarcopenia

\ o Osteoporosis

Figure 1. Main features and consequences of vascular aging. Endothelial dysfunction,['] arterial stiffening,!'#) vascular calcification,®®! capillary
rarefaction,[™®! and compromised barrier integrity [73] are key features of vascular aging. These players contribute to the development of important
clinical consequences such as systemic hypertension,[192] atherosclerosis,['%] coronary artery disease (CAD), myocardial fibrosis,[’?] chronic kidney
disease, 98] glomerulosclerosis, interstitial fibrosis, and tubular atrophy, 19426 sarcopenia,[88] osteoporosis,[9°] chronic obstructive pulmonary disease
(COPD), pulmonary hypertension and fibrosis,[#%] portal hypertension and liver fibrosis,[®}] cognitive decline,[*] and stroke.['%] Moreover, they increase

the risk of cardiovascular events, such as heart failure and arrhythmias.[’?] Created in BioRender. Cenc, M. (2025) https://BioRender.com /ferxcd|.

flammatory pathways in low- compared to high-regenerative tis-
sues, thus suggesting that ECs from tissues with high remod-
eling capacity may have evolved protective mechanisms against
the phenomenon of aging-related chronic low-grade inflamma-
tion (often referred to as “inflammaging”) and its consequential
damages.*”]

Furthermore, organ- and age-dependent heterogeneity is not
limited to differences in terms of vascular abundance. For exam-
ple, aging in cerebral blood vessels often leads to a functional de-
cline in terms of blood flow and impairment of the integrity of the
blood-brain barrier (BBB).[*] This partly occurs as a consequence
of a dysregulated communication between brain ECs and brain-
specific cellular populations, such as pericytes and astrocytes,
which leads to increased BBB leakiness, neuroinflammation, and
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impaired nutrient delivery to brain cells,’* thus making individ-
uals more susceptible to neurodegenerative pathologies,!”>! like
dementia,l”®! Parkinson’s, and Alzheimer’s disease.['*”’] Tran-
scriptomic analyses revealed an upregulation of genes associated
with inflammation and senescence in aged brain capillary ECs
compared to their younger counterpart, which results in tight
junction impairment within the BBB. These changes at transcrip-
tional level involve genes implicated in immune and cytokine sig-
naling pathways (e.g., Arhgap5, Pak2, and Cdknla), in the main-
tenance of BBB integrity (e.g., Ctnnal, and Iqgapl), and in the
alteration of energy metabolism (e.g., Cox6c, and Hmgcs2).l”8] An-
other age-related phenomenon that characterizes brain vascular
aging is the increase in the occurrence of cerebral microbleeds.
These small, chronic hemorrhages—which are found in ~18%
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of individuals aged 60-69 and in up to 38% of those over 80
[7l-are closely linked to conditions such as cerebral amyloid an-
giopathy, in which the deposition of amyloid-beta in the walls
of cerebral blood vessels leads to an increased capillary fragility
and a subsequent higher chance of microbleeds.[®*#!] Moreover,
the accumulation of amyloid-beta increases the risk of micro-
thromboembolic events, as it promotes a pro-inflammatory envi-
ronment that facilitates clot formation.’®?! These changes in the
cerebral microvasculature not only compromise the integrity of
brain tissue, but also impair neurovascular coupling (NVC)—the
dynamic regulation of blood flow in response to neuronal activity.
Under normal conditions, NVC ensures that neuronal activation
is matched by a rapid, proportional increase in local blood flow to
meet metabolic demands (i.e., functional hyperemia). The neu-
rovascular unit, comprising neurons, astrocytes, ECs, pericytes,
and vSMCs, all embedded in the ECM, serves as the anatomi-
cal and functional framework for this process. In aging, several
molecular and cellular hallmarks contribute to progressively dis-
rupt this coordinated relationship, resulting in neurovascular un-
coupling, a phenomenon characterized by a mismatch between
neuronal activity and vascular response, with the detailed mech-
anisms described in other publications.[>?! This impairment has
been identified as a key contributor to age-related cognitive de-
cline.

One of the most notable effects of aging on the lungs is the
remodeling of the pulmonary vasculature, which can exacerbate
conditions such as pulmonary hypertension and chronic obstruc-
tive pulmonary disease (COPD).33] Aging is indeed linked to a
progressive deterioration in the structure and function of pul-
monary circulation. Specifically, other than the already men-
tioned capillary rarefaction,!**! there is an increase in pulmonary
vascular stiffness, which can lead to elevated pulmonary arte-
rial pressures.l®* This is often accompanied by a reduction in
pulmonary capillary blood volume, membrane diffusing capac-
ity, and alveolar-capillary surface area, thus affecting gas ex-
change capabilities.®*#5] Experiments performed on mice re-
vealed an age-dependent downregulation of low-density lipopro-
tein receptor-related protein 5 (LRPS, which stimulates angiogen-
esis) and other major angiogenic proteins (including Tie2 and
VEGEF receptor 2, VEGFR?2) in ECs, suggesting an age-related in-
hibition of angiogenesis in the lungs.[33]

Aging of cardiac blood vessels contributes to myocardial fi-
brosis, compromised heart contractility, and a higher risk of
developing cardiovascular conditions, such as heart failure and
arrhythmias.[”?! In this context, an important age-dependent de-
cline in the crosstalk between cardiac fibroblasts and cardiac
ECs emerged through the comparison between the transcrip-
tomes of cardiac cells obtained from either young or old mice.
In particular, a higher expression of serine protease inhibitors
(serpins) in aged fibroblasts showed anti-angiogenic effects on
cardiac ECs. Additionally, alongside diminished angiogenesis,
aged fibroblasts were identified as responsible for impaired au-
tophagy and proinflammatory activation in the aging cardiac
endothelium.[728]

In the context of the musculoskeletal system, age-related
changes in blood vessels can affect the delivery of nutrients and
oxygen to muscles and bones, potentially contributing to condi-
tions like sarcopenia and osteoporosis.!®’] Sarcopenia is charac-
terized by the loss of skeletal muscle mass and strength, which
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can be a consequence of the endothelial dysfunction and capil-
lary rarefaction observed in these organs during advanced vas-
cular aging.'># Osteoporosis, instead, is marked by excessive
bone resorption, insufficient bone formation, and inadequate
vascularization.!®?] Evidence supports the hypothesis of a close
interplay between osteoporosis and vascular aging as age-related
changes in blood vessels (such as vascular calcification) were
proven to contribute to the reduction of bone mineral density and
strength, and individuals with osteoporosis often exhibit signs
of early vascular aging.[**) Additionally, the age-dependent alter-
ation of the vascular niches within the bone marrow was identi-
fied as a triggers for the loss of functional osteoprogenitors in the
skeletal system.!%]

In the liver, aging is associated with changes in liver sinusoidal
ECs, leading to the so-called phenomenon of pseudocapillariza-
tion. This consists mainly in a morphological change of the hep-
atic endothelium, which results in the reduction of fenestrations,
both in terms of number and diameter.[®! This decline compro-
mises the liver’s ability to efficiently filter blood and metabolize
substances, which can exacerbate conditions such as liver fibrosis
and cirrhosis.[29%

Renal aging is associated with a decline in glomerular filtra-
tion rate and renal blood flow, which are often attributed to alter-
ations in the kidney microcirculation, including increased vas-
cular resistance.”%] The structural alterations associated with
vascular aging in these organs include glomerulosclerosis, inter-
stitial fibrosis, and tubular atrophy, which collectively contribute
to a decline in their function.”*%! Furthermore, the renal vas-
cular bed undergoes significant changes, including thickening
of the basement membranes and increased stiffness of the re-
nal arteries, which can lead to impaired renal hemodynamics,
renal ischemia,l””! and chronic kidney disease.®®! To counter-
act these age-related vascular alterations, recent studies have ex-
plored the systemic administration of SS-31 (a mitochondria-
targeted tetrapeptide, also known as Elamipretide) in old ani-
mals, which was shown to limit glomerulosclerosis and improve
podocyte and kidney EC integrity. Moreover, the treatment led
to a higher glomerular EC density and an improved glomerular
architecture.[%-101]

Altogether, the distinct vascular aging patterns observed in
different tissues and organs highlight the importance of con-
sidering tissue-specific mechanisms when studying the vascu-
lar aging process. In the next section, the role of the main
cellular and molecular players involved in this process will be
explored.

3. Endothelial Cellular and Molecular Mechanisms
of Vascular Aging

The aging process of the macro- and micro-vascular compart-
ments is associated with both reversible and irreversible modi-
fications of cellular components and molecular circuits (Figure
2) [195] ECs are key players in vascular aging, regulating vascular
function, integrity, and homeostasis.!"! Endothelial dysfunction
is responsible for impaired vasodilation, increased vascular leak-
iness, and altered angiogenic responses,[!? while being charac-
terized by increased oxidative stress, and low-grade chronic in-
flammation. Here, we report the main endothelial cellular and
molecular mechanisms that are altered in the aging organism,
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Figure 2. Graphical summary of the most relevant aging mechanisms impacting endothelial and vascular health.I"] Genetic instability, telomere short-
ening, DNA damage, and epigenetic regulations are all primary hallmarks at the basis of EC aging and senescence.l?l NO biology impairment and
consequences at the level of ECs and (2a) vascular tissues.[3] Environmental stressors such as oxidizing molecules and deleterious shear stress accel-
erate EC aging.[*] The aging/senescent EC state is accompanied by a pro-inflammatory SASP and upregulation of adhesion molecules. (4a) The SASP
can enhance vascular senescence and leakiness or impact vascular mural cells in paracrine areas. (4b) SASP can also induce senescence and further
phenotypic changes in cell types composing the vascular tissues in pathological settings (e.g., atherosclerosis).[*] Oxidative and nitrative stresses are
deeply intertwined with other endothelial molecular hallmarks as their causes and consequences.[®] Mitochondrial dysfunction leads to increased ROS
production and release of mtDNA, introducing additional chronic inflammatory stimuli.l”! Aging is linked to reduced angiogenic capabilities. Proposed
mechanisms to explain this dysfunction include a blunted response to hypoxia and diminished signal transduction in the target endothelium.[®] Endothe-
lial barrier impairment due loss of EC-EC intercellular junction stability with aging underlies a vast number of ARDs. (8a) This dysfunction is detrimental
for tissues such as the BBB and potentially destabilizes brain homeostasis.[°] The disruption of proteostasis and accumulation of misfolded aggregates
have been observed in several ARDs (e.g., Alzheimer’s and Parkinson’s disease) and CVDs.["% Intercellular communication through exosomes was
observed to be significantly altered by aging. Created in BioRender. Cenc, M. (2025) https://BioRender.com/5huev2u.
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highlighting the interconnections between them and the overlap
with known hallmarks of aging.

3.1. Genetic Instability, Telomere Shortening, and DNA Damage

Several lines of research have demonstrated that the accumula-
tion of both nuclear and mitochondrial DNA (mtDNA) lesions,
coupled with the loss of efficiency of the cellular DNA repair
systems, accumulate along the cellular life span, hence compro-
mising genomic integrity and resulting in molecular malfunc-
tions related to pathological aging.!?] ECs are particularly sensi-
tive to DNA damage (due to their repair systems with limited effi-
ciency) and show extended phenotypic and functional alterations
as soon as their DNA is compromised.['%! Endothelial aging and
related vascular phenotypes (i.e., EC senescence, increased vascu-
lar stiffness, and hypertension) are directly caused by endothelial
DNA damage and non-functional repair mechanisms.'"”] More-
over, multiple biomarkers of double-strand break (DSB) and in-
creased oxidative DNA damage were associated with atheroscle-
rotic plaques, typical pathogenetic structures found in cardiovas-
cular ARDs.[*]

In somatic cells, including ECs, each cell division shortens
the telomeres.['%®] Tt is well-documented that ECs undergo age-
dependent replicative senescence and that this process is related
to telomere shortening and uncapping.['®! In this setting, fol-
lowing oxidative or replicative stress, telomeres function as cellu-
lar stress sensors and, once uncapped, initiate a persistent DNA
damage response that contributes to the establishment of an en-
dothelial senescent state.[''%) Accumulation of endothelial senes-
cence is then at the basis of vascular dysfunction through mul-
tiple molecular mechanisms described in the subsequent para-
graphs. Telomerase Reverse Transcriptase (TERT) is the catalytic
subunit of an enzyme complex responsible for the synthesis
of telomeric repeats and the regeneration of the telomeres. Al-
though human TERT is active during early development and in
stem cells, its activity is low in somatic cells, including ECs.[1%]
The catalytic effect of TERT was found to counteract capillary rar-
efaction and other aging hallmarks, in the context of vascular ag-
ing, when p21-positive ECs were induced to overexpress active or
inactive TERT. Interestingly the inactive TERT was also shown
to exert some positive effects, suggesting the existence of non-
canonical functions.!!!]

Vasa et al. showed that in vitro EC replicative senescence
is preceded by diminished TERT activity. Interestingly, supple-
mentation with a NO donor delayed this loss of activity and
subsequent development of senescence. Conversely, the inhibi-
tion of endogenous NO synthesis, exacerbated the decline in
TERT functionality and EC senescence, suggesting a direct con-
nection between NO activity and TERT functionality.'!? Re-
cent research employing endothelial-specific telomerase defi-
cient mouse models found that endothelial and vascular senes-
cence are caused by the lack of TERT function in part through a
telomere length-independent mechanism compromising mito-
chondrial function.''3] This is in line with previous publications
showing a mitochondrial localization of TERT, coupled with mit-
igation of oxidative stress.l'"*l This highlights how TERT func-
tionality not only protects against telomere uncapping but also

Adv. Sci. 2025, €08659 €08659 (8 of 32)

www.advancedscience.com

plays an important role in other endothelial molecular mecha-
nisms affected by the aging process.

3.2. Epigenetic Modifications

Epigenetic alterations are central to EC aging biology. DNA
methylation is a key factor in the regulation of biological pro-
cesses in ECs, including inflammation, senescence, and apopto-
sis, and is reportedly compromised in the aging vasculature.[!>]
For example, studies suggest that altered DNA methylation states
of gene promoters pivotal for EC functionality (i.e., endothelial
Nitric Oxide Synthase, eNOS; Activator Protein 1, AP-1; and Su-
peroxide Dismutase 2, SOD2) lead to aged phenotypes linked
with vascular dysfunction.['1®117] Histone post-translational mod-
ifications (PTMs) also play a pivotal role in regulating chro-
matin structure and gene expression. Several investigations have
implicated a disrupted equilibrium between activating and re-
pressive histone modifications in the aging vasculature, overall
characterized by reduced repressive marks and partly overlap-
ping with changes found in senescence.['8] Histone acetyltrans-
ferase (HAT) and histone deacetylase (HDAC) are responsible
for adding or removing acetyl groups from histones, thereby al-
tering DNA accessibility. HDAC6, HDAC7 and HDAC9 were
found to be involved in angiogenic processes such as EC migra-
tion and tube formation, and other activities reduced in the aging
vasculature.'%129 Sirtuins are HDACs extensively studied for
their role in regulating cellular aging processes in humans.['?!]
Among them, SIRT1, SIRT3, and SIRT6 were all found to regu-
late important endothelial functions compromised during aging,
such as reduction of oxidative stress and inflammation in ECs, in-
creasing the expression of eNOS, and exerting anti-atherogenic
effects.'”] Importantly, SIRT1 expression in arterial ECs is re-
duced with aging,712?] thus contributing to the pathogenesis
of atherosclerosis.*’] Similarly, the downregulation of SIRT6 is
one of the main drivers of endothelial phenotype alteration in
this CVD, and results in an increased vascular leakiness and
expression of adhesion molecules, such as vascular cell adhe-
sion molecule-1 (VCAM-1).'23] Supporting these findings, recent
studies have shown that SIRT6 overexpression in mice can de-
lay critical aspects of the aging process,!'?*] protecting ECs from
DNA damage, telomere dysfunction, and senescence.!'?] Collec-
tively, these observations establish SIRT6 as a key regulator of EC
aging, highlighting its potential as a promising therapeutic target
for addressing ARDs and mitigating vascular aging.

The role of non-coding RNA in the regulation of endothe-
lial aging biology is also emerging. These molecules can be
small non-coding RNAs (< 200 nucleotides) or long non-coding
RNAs (> 200 nucleotides), with micro-RNAs (miRNAs) being
the most studied in the context of aging. Several miRNAs are
involved in the regulation of processes strictly related to en-
dothelial homeostasis [12°] and aging, such as senescence and
inflammation.['?:128] Examples are miR-21, miR-181b, miR-34a,
and the miR-17-92 cluster.'?*13% Moreover, some miRNAs can
exert detrimental effects on different cell types, such as circu-
lating endothelial progenitor cells (EPCs) and vSMCs, thereby
compromising the vascular microenvironment and regenerative
potential, contributing to the onset of CVDs.[!31132] Multiple con-
nections between miRNAs and endothelial aging hallmarks have
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been observed. For instance, miR-221, miR-222, and miR-34a
were shown to suppress eNOS and SIRT1 activity,13*132133] while
the increased or reduced expression of miR-21, miR-92a, and
miR-126 was found to promote endothelial senescence, apopto-
sis, and inflammation.['**] Interestingly, miRNAs involved in the
aging process were also found to be released in the extracellular
environment and in the systemic circulation, thus representing
an important set of biomarkers.!134

3.3. NO Biology and Vasoactive Control Impairment

NO is considered a master molecular regulator determining
longevity and health span.'*] Indeed, one of the main conse-
quences of a non-functional endothelium is a reduced bioavail-
ability of NO, which is essential for the maintenance of vascu-
lar health.['¥ This is partly due to alterations in the functional-
ity of eNOS in aged ECs: with aging, not only is this enzyme
downregulated, but also its activity is decreased.['*®] This drop
in the catalytic performance occurs as a result of a shortage of
substrates and cofactors, changes in terms of protein-protein in-
teractions, and inhibitory PTMs, such as acylation, nitrosylation,
O-GlcNAcylation, and phosphorylation.[137138] Tt is now estab-
lished that the age-related NO biology impairment and oxida-
tive overload of the endothelial compartment are deeply inter-
connected. In fact, dysfunctional nitric oxide synthase (NOS) en-
zymes establish a vicious cycle characterized by reagent/cofactor-
depleted NOS reactions (i.e., NOS uncoupling) that generate su-
peroxide in aged ECs already carrying increased ROS content.
Superoxide then oxidizes the NOS cofactor tetrahydrobiopterin
(BH4), further exacerbating the diminished NO production. This
uncoupling is aggravated by increased downstream NO con-
sumption, as NO reacts with superoxide to produce peroxynitrite
(ONOO™)."¥1 Decreasing eNOS and NO levels have profound
deleterious effects on the vascular system, such as dysfunctional
neovascularization following reduced mobilization of EPCs.[10]
In fact, impaired biogenesis and signaling of NO is known to
contribute to cardiovascular risk associated with hypertension,
hyperlipidemia, and diabetes,['*!] while the dietary supplementa-
tion of NO precursors can maintain cardiovascular health, blood
flow, and cognitive performance.['*] Moreover, superoxide and
ONOO" increase oxidative endothelial stress and establish a pro-
inflammatory state that primes leukocyte adhesion and sets the
stage for CVD onset and progression.!'*?] Finally, the age-related
disruption of NO dynamics in ECs is deeply interconnected with
other aging hallmarks such as increased vascular leakiness and
senescence, demonstrating—as discussed further below—that
NO could be proposed as a pleiotropic factor in vascular aging.
Although NO is the most studied vasoactive molecule im-
paired in aging-driven endothelial and microvascular dysfunc-
tion, other factors contribute to the loss of vasoactive control.
The vasculoprotective factor PGI2 is a cyclooxygenase (COX)-1
and —2—-derived eicosanoid primarily produced by ECs through
its terminal specific enzyme prostacyclin synthase (PGIS). It
acts as a potent autocrine/paracrine vasodilator and inhibitor
of platelet aggregation, counterbalancing the effects of vaso-
constrictor and pro-thrombotic eicosanoids such as thrombox-
ane. Aging shifts the eicosanoid profile toward proconstriction,
correlating with hypertension, atherosclerosis progression, and
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thrombotic risk. Human blood PGI2 levels decline with age,
and human ECs show reduced PGI, production when seri-
ally passaged.['**] Importantly, Nicolson et al. demonstrated that
in aged humans the blunted vasodilatory effects of exogenous
PGI2 are due to a decreased contribution of endothelial-derived
NO,!*4 potentially explaining why PGI2 receptor downregula-
tion was not observed in aged animals.'*®] This finding raises
important questions about whether interventions aimed at restor-
ing PGI2 levels can effectively reverse this impairment. Hydro-
gen sulfide (H,S), a gasotransmitter produced from L-cysteine
by cystathionine-y-lyase (CSE) in the cardiovascular system, ex-
erts vascular protective and vasoactive effects and has been shown
to ameliorate endothelial dysfunction by modulating inflamma-
tion in senescent ECs [*°], However, CSE deficiency and re-
duced H,S levels with age impair endothelium-dependent va-
sodilation and have been linked to various ARDs.['*] Although
microvascular studies are limited, inhibition of ferroptosis, en-
hanced CSE expression, and reduced lipid peroxidation have
been identified as protective mechanisms of H,S supplemen-
tation in the aging endothelium.*¥] Furthermore, endothelial
CSE knockout causes premature vascular aging, reversed by H, S
through SIRT2-mediated inflammasome modulation, reducing
inflammatory cytokines and improving vascular function.['*]
These results align with other findings indicating that exoge-
nous H, S promotes SIRT1-mediated positive effects on endothe-
lial migration, proliferation, and sprouting in vitro and—when
combined with a nicotinamide adenine dinucleotide (NAD+)
precursor—ameliorates capillary density in aged mice while pro-
tecting against oxidative damage.!'")

Epoxyeicosatrienoic acids (EETs) are another class of va-
soactive compounds that act as endothelium-derived hyper-
polarizing factors and arise from cytochrome P450-mediated
metabolism of arachidonic acid.['>!] EETs possess vasodilatory,
anti-inflammatory, and overall cardiovascular protective effects,
and have been shown to promote angiogenesis and enhance
the function of EPCs.I"?] Aging was shown to impair the avail-
ability of EETs, as evidenced by progressively reduced EET
levels during heat-induced vasodilation and diminished EET-
mediated dilatory responses in human peripheral conduit ar-
teries of aged individuals.[*>)] Conversely, the action of soluble
epoxide hydrolase (sEH)—which rapidly converts and inactivates
EETs—contributes to the onset and progression of CVDs and
age-related endothelial dysfunction, supported by observations
that SEH expression is elevated in the microvascular endothe-
lium of postmortem human brain tissue from individuals with
dementia.[152154]

An intriguing link with oxidative stress emerges when con-
sidering another key vasoactive modulator in the endothelium:
hydrogen peroxide (H,0,). Produced by dismutation of super-
oxide generated during mitochondrial respiration, as well as by
membrane-associated oxidases and uncoupling of NOS in vas-
cular cells, H,0, at low concentrations acts as an endothelium-
derived hyperpolarizing factor,'>1%¢] in particular when the
bioavailability of NO is reduced. However, the function of H,0,
rapidly becomes detrimental in vascular aging contexts. As fur-
ther discussed in this manuscript, although ECs show increas-
ing resistance to these oxidative species during aging,!'*! the an-
tioxidant defense system progressively fails to counterbalance es-
calating oxidative stress, resulting in excessive ROS, irreversible
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cellular damage, and downstream impairment of endothelial
function.

3.4. Senescence Associated Secretory Phenotype (SASP)

Genomic instability, epigenetic alterations, sublethal DNA dam-
age, and telomere shortening are at the basis of endothelial
senescence. ECs are among the primary cell types to undergo
senescence as individuals age, and the accumulation of senes-
cent ECs in multiple vascular beds is linked to an increased
risk of developing CVDs,[**’] including stroke, atherosclerosis,
vascular dementia, peripheral artery disease (PAD), and erec-
tile dysfunction.['*8] This state can be triggered in ECs by mul-
tiple factors, including their location in the vascular tree, the sur-
rounding hemodynamic environment, and the presence of pecu-
liar shear stress patterns.'>] Moreover, blood itself exposes ECs
to a variety of substances, including potential harmful stimuli,
thus making them prone to chronic injury and senescence. Lastly,
oxidative stress and inflammation drive endothelial senescence
through DNA damage and activation of DNA damage response
pathways.[1162] Tt must be remembered that, although fre-
quently and mistakenly used interchangeably, aging and senes-
cence are very distinct biological states/processes, with the lat-
ter being only one of the multiple hallmarks of aging. As exten-
sively reviewed by Lépez-Otin et al., senescence is a cell state
and an “antagonistic” aging hallmark. This is in line with the
theory of antagonistic pleiotropy: while senescence can be func-
tionally beneficial in the early stages of an organism’s lifespan,
it gradually assumes disruptive and dysfunctional features as the
organism ages and the pool of senescent cells in different tis-
sues increases, also due to the accumulation of primary aging
hallmarks.[?!

Senescent ECs display impaired response to shear stress,
flattened-enlarged morphology, and increased expression of
senescence markers (e.g., senescence associated-f-galactosidase,
SA-B-Gal; cell cycle inhibitors, such as p16 and p21; and ad-
hesion molecules, such as VCAM-1).[163164] Moreover, they ex-
hibit the so-called SASP, which is characterized by an altered
and detrimental shift in the secretome with an increased secre-
tion of pro-inflammatory cytokines (e.g., tumor necrosis factor
alpha, TNF-a; interleukin 6, IL-6; and plasminogen activator in-
hibitor 1, PAI-1) and chemokines (e.g., C-X-C Motif Chemokine
Ligand 1, CXCL1; and C-C Motif Chemokine Ligand 2, CCL2),
thus supporting inflammaging.['*1! By increasing vessel in-
flammation, these components further boost endothelial senes-
cence, finally promoting vascular damage through decreased bar-
rier function and reduced cell proliferation and motility.[**%]
Importantly, the accumulation of senescent ECs—together with
senescent vSMCs and senescent macrophages—in the intima
layer is a hallmark of atherosclerosis. By secreting SASP pro-
teins, these cells promote plaque growth and rupture, leading
to acute cardiovascular events such as myocardial infarction or
stroke.l1%] Moreover, the increasing endothelial senescent pop-
ulation is known to reduce the expression of adherens junction
proteins in surrounding non-senescent ECs, thus affecting vas-
cular barrier function and the ability of blood vessels to undergo
vascular remodeling.[1¢7]
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In this scenario, evidence suggests that NO could be the main
vasoactive protective molecule in the prevention of endothe-
lial senescence.'®®] However, its bioavailability is frequently im-
paired in the aging vessels due to several malfunctioning path-
ways and to the action of oxidative stress. Moreover, senescent
ECs have an impaired production of NO, which further reinforces
this detrimental effect.'®] This strengthens the concept that ag-
ing undermines endothelial biology by synergistically disrupting
cellular and molecular pathways through mechanisms that mu-
tually reinforce each other.

3.5. Oxidative and Nitrative Stress

Another hallmark of vascular aging is oxidative stress, a condi-
tion of imbalance between the cellular antioxidant defense sys-
tem (whose functionality declines with aging) and the produc-
tion of ROS and reactive nitrogen species (RNS). ROS are gen-
erated through different processes in mitochondria, lysosomes,
peroxisomes, and endoplasmic reticulum.['®] To counteract the
detrimental effects of these molecules, the endothelial compart-
ment relies on the erythroid 2-related factor 2 (Nrf2)-driven an-
tioxidant defense pathway. However, the activity of Nrf2 decreases
with aging,['’l thus allowing ROS-mediated damage to cellular
components (including DNA, lipids, and proteins).l'*?] In addi-
tion, oxidative stress is responsible for accelerated telomere loss,
impaired endothelium-dependent vasodilation, induction of the
SASP, and shift in ECM production.['#17°] Abundant ROS can
also cause the constant activation of cellular sensors (such as
NF-kB and AP-1), thus promoting a low-level, chronic inflam-
matory vascular phenotype accompanied by the release of pro-
inflammatory cytokines (e.g., IL-18, IL-6, and IL-8) and overex-
pression of adhesion molecules.['142]

The increased endothelial oxidative stress has been fre-
quently reported as both the causative factor and consequence
of the imbalance between vasodilators and vasoconstrictors (e.g.,
eicosanoids and NO), a condition strictly related to endothelial
dysfunction that precedes by years the clinical manifestation of
CVDs.[12171 In the context of a dysfunctional EC with criti-
cal NO bioavailability and consistent oxidative stress, the rapid
reaction between NO and dysregulated ROS further quenches
the NO bioactivity (consuming the available NO) and gener-
ates toxic RNS (e.g., ONOO™). These RNS contribute to cellu-
lar damage and accelerated aging through multiple mechanisms:
protein nitration, disruption of signaling cascades, and activa-
tion of poly(ADP-ribose) polymerase (PARP-1). The resulting
PARP-1 activation leads to NAD+ depletion in ECs, which sub-
sequently impairs the function of SIRT1.1'72 Importantly, nitra-
tive stress has been observed in the aging endothelium and pro-
motes endothelial dysfunction,'”*! as covered in detail in other
reviews.[173174]

3.6. (Chronic) Inflammation
Endothelial oxidative stress and vessel inflammation are strictly
connected and are key events in the development of ARDs.['7’]

It has been shown that the aging organism is defined by in-
flammaging, a condition characterized by an increased basal ex-
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pression of inflammatory markers such as IL-1, IL-8, and C-
reactive protein (CRP).['7%! Tt is now becoming clear that the ox-
idative stress-driven activation of redox-sensitive transcriptional
factors such as AP-1 and NF-xB is at the basis of vascular in-
flammation and causes the increased expression of inflamma-
tory cytokines (e.g., TNF-a), interleukins (e.g., IL-1 and IL-6),
chemokines, adhesion molecules (e.g., Intercellular Adhesion
Molecule 1, ICAM; and VCAM), and enzymes producing vasoac-
tive compounds (e.g., inducible NOS, iNOS; and COX-2),['””) and
potentially contributing to a dysregulated vascular tone. Further-
more, inflammation of the endothelium is affected by pleiotropic
factors, including sirtuins. Given their NAD+-dependent activ-
ity, sirtuins are directly linked to the metabolic and redox state
of the cell and their changes during aging. Among the most
studied, SIRT1 was found to greatly suppress the activity of NF-
kB and regulate eNOS activity, providing an additional connec-
tion between oxidative stress, inflammation, and aging in the
vasculature.l'7817°] Moreover, an important repressive function
of SIRT3 and SIRT6 on Hypoxia-Inducible Factor 1-alpha (HIF-
1a) highlights the importance of these sirtuins in the regulation
of hypoxia-induced inflammation and angiogenesis during en-
dothelial aging.['7!]

As previously discussed, the chronic inflammatory state of the
aged vasculature is also a direct consequence of other cellular
hallmarks of aging. Pro-inflammatory cytokines contained in the
SASP and released by senescent cells accumulate in the entire
organism and could contribute to the establishment of a pro-
inflammatory systemic environment in the vascular system.[!80]
Furthermore, senescent cells release debris, including a wide
range of damage-associated molecular patterns (DAMPs) that
stimulate cell surface and intracellular pattern recognition recep-
tors (PRRs), which then trigger pro-inflammatory responses.['8!]

Finally, being the endothelium an interface between tissues
and blood-circulating immune cells, it is not surprising that in-
flamed activated ECs are more prone to the adhesion and re-
cruitment of immune cells such as monocytes, lymphocytes, and
neutrophils.[182.183]

3.7. Mitochondrial Dysfunction

Mitochondria are one important source of ROS (mtROS) in ECs,
and their dysfunction contributes to the increasing oxidative
stress in the aging vasculature.'® In fact, mtROS generated
from the electron transport chain increasingly accumulate dur-
ing aging, contributing to age-related cardiovascular damage.*%]
Furthermore, antioxidant enzymes, including SOD2, mitochon-
drial aldehyde dehydrogenase (ALDH-2), mitochondrial catalase,
and glutathione (GSH) have diminished mtROS inactivation
ability in aged individuals, thus negatively affecting endothelial
functionality.'®>] This mtROS accumulation has, in turn, some
serious downstream effects, such as increasing the already high
mutation rate of mtDNA.[18%]

Aging is correlated with increasing levels of mtDNA in cyto-
plasmic compartments and in blood. As mtDNA originates from
eubacteria, it contains DAMPs that can be readily recognized as
foreign entities by PRRs in the cytoplasm. This recognition pro-
cess is in part exerted by cyclic guanosine monophosphate adeno-
sine monophosphate synthase (cGAS)-stimulator of interferon
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genes (STING) pathway, Toll-like receptor (TLR), and Nod-like
receptor family pyrin domain containing 3 (NLRP3) inflamma-
some, and leads to the initiation of low-grade inflammation and
innate immune response with production of cytokines.['87188] [n.
deed, this constitutes an additional potential mechanism con-
necting aging-driven mitochondrial dysfunction and the chronic
inflammation of the aging vasculature.

Among the mitochondrial processes affecting cell function
and aging are fusion and fission. These mechanisms are im-
portant for maintaining the quality of the mitochondrial popu-
lation and replacing damaged mitochondrial components.!'81 In
senescent ECs, both mechanisms decline and are imbalanced,
thus promoting mtROS production and impaired endothelial
function.[1%%191) Mitophagy, a selective autophagy that scavenges
mitochondria, also has a protective effect against age-related ill-
nesses and slows down the process of premature vascular ag-
ing. This is achieved through the removal of unnecessary or dys-
functional mitochondria and the elimination of toxic metabolites.
However, with aging the efficiency of this process is reduced, thus
positively contributing to the aging process itself.[!%]

3.8. Angiogenesis Impairment

As a response to ischemic insults and physiological needs, the
vascular system initiates angiogenesis to restore optimal blood
perfusion and prevent tissue damage.['?°] Nevertheless, aging is
linked to reduced angiogenic abilities, leading to higher rates of
cardiovascular complications and a decreased potential for tissue
preservation and regeneration.%2! In fact, elderly patients have
reported reduced capillary density and impaired angiogenesis in
response to ischemia or infarction while experiencing increased
incidence of stroke, claudication, and myocardial ischemia.[2]

Various stimuli, including hypoxia, affect the process of an-
giogenesis through multiple mechanisms. One key factor is the
regulation of secreted angiogenic peptides, such as VEGF, whose
transcription is regulated by specific transcription factors able to
sense the concentration of oxygen and nutrients in the cell. The
most characterized pathway is the HIF-1a pathway, (192l and a de-
fective expression or activation of HIF-1a protein was detected in
studies of aged animal models.!'*31%4] Intriguingly, multiple types
of interaction between Sirtuins and different HIF isoforms were
also reported, suggesting that the formers might have a role in
controlling endothelial response to hypoxia.l'®]

Another molecular mechanism potentially explaining the loss
of angiogenic potential and microvascular rarefaction observed
in older individuals was provided by Grunewald et al. The group
found that VEGF signaling is impaired in aging mice and that
this loss was associated with an increased production of solu-
ble VEGF receptor 1 (SVEGFR1), a VEGF receptor that binds
to VEGF, but does not initiate downstream signal transduction,
hence effectively functioning as a VEGF decoy. Furthermore,
when comparing a transgenic mouse model designed to elevate
systemic VEGF levels with an age-matched control, the group was
able to demonstrate protection against age-related capillary rar-
efaction, reduced tissue oxygenation and diminished aging hall-
marks such as mitochondrial dysfunction, endothelial cell senes-
cence, and inflammaging.”%! Of note, while VEGF levels were
found to significantly change (i.e., decrease with age in only two
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of the five organs examined in this study), a large-scale screen-
ing performed by the Wyss-Coray group on human plasma from
young and old donors revealed a trend toward upregulation of
VEGF plasma levels with increasing age,['] potentially suggest-
ing that age-related VEGF dynamics may vary depending on the
tissue, experimental context, or species.

The impairment of angiogenesis is also linked with other
hallmarks of vascular aging. For instance, angiogenesis relies
on the ability of ECs to replicate and migrate. As already dis-
cussed, vascular aging is frequently associated with EC senes-
cence and therefore blunted replicative capacity. Moreover, ex-
isting evidence indicates a clear connection between endothelial
telomere attrition (which is at the basis of replicative senescence
in human cells), the impairment of angiogenesis in the aging
vasculature, and the onset of CVDs such as atherosclerosis.!'%0]
Finally, as frequently reported in literature, vascular aging is
connected to a severe reduction in the bioavailability of NO, a
molecule that plays a vital role in mediating the angiogenic effects
of VEGF and in the mobilization and effectiveness of EPCs.[!%7]
In addition to the already mentioned involvement in oxidative
stress, the reduced expression and activation of eNOS in aged
ECs can lead to a decreased production of NO (1%l and to an im-
paired angiogenic potential.

3.9. Vascular Barrier Function Impairment

Because of the loss of EC-EC intercellular junction stability with
aging,!'® the progressively impaired endothelial barrier function
is now considered one major pathogenic mechanism underly-
ing a vast number of ARDs.[?%] This phenomenon is particularly
detrimental where a complex structural barrier (e.g., BBB) pre-
serves tissue functions by finely controlling which solutes and
cell populations can migrate from blood to tissues and vice versa.
The likelihood of microvascular dysfunction increases with the
natural process of aging and, even in those individuals who are
overall healthy, an older age is correlated with a higher rate of
BBB leakage in both white and grey matter. This fact indicates
that BBB disruption is a common phenomenon during the ag-
ing process.[21)

Numerous adhesion molecules play a role in regulating and
maintaining the strength and permeability of junctions between
ECs. Adherens junctions are responsible for mediating struc-
tural cell-to-cell adhesion between neighboring cells and for con-
trolling permeability of large plasma components. Tight junc-
tions are additionally present where a strict compartmentaliza-
tion between blood and the surrounding tissues is required.!?%?!
Among the proteins constituting cell-cell adherens junctions,
vascular endothelial (VE)-cadherin is essential and links neigh-
boring ECs by using calcium-dependent homophilic binding in
its external domain, while its internal domain interacts with the
actin cytoskeleton. Tight junctions are instead mainly built us-
ing claudins, such as Claudin-5 (Cldn-5). Moreover, Occludin,
Nestin, junctional adhesion molecules (JAMs), and platelet en-
dothelial cell adhesion molecule (PECAM)-1, are also important
for the maintenance of functional junctions and endothelial func-
tions in the organism.[?%] As years go by, these intercellular con-
nections undergo a process of progressive disruption, resulting
in endothelial hyperpermeability.[2]
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Oxidative stress, senescence, and inflammaging are at the ba-
sis of a profound change in the expression pattern and functional-
ity of endothelial junctions, potentially resulting in altered para-
cellular leakiness.[?] First, oxidative stress and senescence are
responsible for the release of several pro-inflammatory factors
such as histamine, thrombin, VEGF, and interleukins. The en-
dothelial wall reacts promptly to some inflammatory stimuli (e.g.,
histamine or IL-1) by increasing its permeability and promot-
ing edema to cope with tissue insult. Among these molecules,
VEGF (frequently contained in the SASP) is able to alter EC junc-
tion composition, thereby causing extensive vascular leakage dur-
ing angiogenesis.[2°6277] Moreover, increased oxidative stress was
demonstrated to stimulate endothelial dysfunction by triggering
matrix metalloproteinase (MMP)- and y-secretase-mediated en-
doproteolysis of VE-cadherin.?*®! Finally, the declining bioavail-
ability of NO during aging severely affects endothelial junction
integrity.[2%)

Another important factor is the increase with age of advanced
glycation end products (AGEs).[2!%1 AGEs are known for induc-
ing the phosphorylation of f-catenin at specific residues, which
results in the dissociation of VE-cadherin/f-catenin complex and
in the subsequent impairment of adherens junctions. Moreover,
AGEs-mediated f-catenin nuclear translocation promotes the
transcription of A Disintegrin and Metalloproteinase domain-
containing protein 10 (ADAM10) which, in turns, mediates VE-
cadherin shedding and leads to further impairment of EC-EC in-
tercellular connections.[?!1]

An example of how aging affects EC barrier function was re-
ported by Yang et al. and involves the mechanism that allows
plasma uptake by the BBB and its impairment with age.l”?] In
fact, the authors observed that the vast majority of genes down-
regulated with age correlated with plasma uptake—such as trans-
ferrin receptor (Ifrc), clathrins (e.g., Clta, Clth, and Clic) and
clathrin adaptors (e.g., ap2a1, Picalm, and Epnl)-suggesting a
defective receptor-mediated transcytosis in old mice. Differently,
the expression of genes involved in caveolae formation (e.g.,
Cavl, Cav2, and Cavinl) were upregulated with age, indicat-
ing that aging promotes a shift from ligand-specific, receptor-
mediated transcytosis to nonspecific caveolae-mediated transcy-
tosis. This shift changes the identity of the proteins allowed to
transmigrate from the plasma to the brain parenchyma. This way,
neurotoxic proteins such as albumin, fibrinogen and autoanti-
bodies have access to the aged parenchyma where they can trig-
ger neuroinflammation.”?]

3.10. Exosomes and Exosomal miRNAs in Vascular Aging

Altered intercellular communication is considered a major hall-
mark of aging.?l Exosomes, which are small extracellular vesi-
cles (EV), are released by nearly all eukaryotic cells. They serve as
carriers of distinctive biological information (e.g., proteins, small
molecules, and genetic information) from donor cells, function-
ing to regulate the local cellular environment, facilitate signal
transfer among neighboring or distant cells, and influence the
expression of specific genes in recipient cells.[?!2] A proof of con-
cept regarding the impact of exosomes on vascular aging was
given by Feng et al. who showed that these vesicles from in-
duced pluripotent stem cell (iPSC)-derived mesenchymal stem

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

85UB91 SUOLWLLOD aAIEaI 9jedljdde ay) Aq pauienob ale sejole YO ‘@SN Jo o Joj Aeld178UIUQ A1 UO (SUONIPUOD-PUe-SLLBW0D" A8 | 1M Ale.q 1 puluo//Sdny) SUONIPUOD pue sWie | 8yl 8es *[G20g/ZT/LT] uo Akeiqi]auljuo A8|1M ‘659805202 SAPR/Z00T OT/I0p/LL00 A8 1M Arelq 1 puljUO"PeaUeADe/ SNy Wolj pepeojumod ‘0 ‘t8E86TC


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

cells were able to mitigate arterial aging in old mice and cultured
human ECs, ameliorating endothelial dysfunction, arterial stiff-
ness, and hypertension, likely through regulation of the SIRT1-
AMP-activated protein kinase (AMPK)-eNOS pathway, MMPs,
and elastase.[!]

Enclosed within EVs, circulating miRNAs are shielded from
degradation by RNase present in body fluids, thereby enabling
their involvement in intercellular communication through the
transfer of genetic material.?*l A large body of evidence sug-
gests that exosomal miRNAs may have an impact on endothe-
lial dysfunction and vascular cell senescence. In this regard, it
was shown that exosomes derived from human adipose-derived
mesenchymal stem cells and iPSCs are respectively enriched in
miR-125a, miR-181b, and miR-1995-5p, and promote angiogene-
sis, endothelial proliferation, and vascular repair through mech-
anisms potentially impaired by senescence.l?!>21°] On the other
hand, exosomes from senile HUVECs exert detrimental effects
on endothelial adhesion molecules, thereby facilitating a dys-
functional barrier behavior in younger ECs.27218] Importantly,
induced senescent ECs are known for secreting EVs enriched
with miR-31, more present in elderly donors and able to inhibit
osteogenic differentiation of mesenchymal stem cells (MSCs),
thus supporting the hypothesis that these EVs in vivo could con-
tribute to an aged systemic environment.[?"] Similarly, exosomal
miR-767 derived from senescent ECs was found to affect skin fi-
broblast behavior by promoting their senescence. 2]

Another example is described in the process of vascular calcifi-
cation, where senescent ECs might be responsible for producing
EVs carrying proteins (such as bone morphogenetic protein 2,
BMP2; annexin A2; and annexin A6) which are normally involved
in bone formation. These microvesicles are significantly present
in plasma of old donors and were proven to promote human
aortic smooth muscle cells calcification in vitro, thus suggesting
their involvement in promoting the same process in vivo.?2!]

3.11. Loss of Proteostasis and Disabled Macroautophagy

Disequilibrium between protein synthesis, maintenance, quality
control, and degradation (i.e., loss of proteostasis) has long been
known to be involved with ARDs such as Alzheimer’s and Parkin-
son’s disease.l??2] The disruption of protein homeostasis and sub-
sequent accumulation of misfolded aggregates have also been ob-
served in several CVDs.?23] Multiple cellular components taking
part in the proteostatic process are also affected in the aging en-
dothelial compartment. First, chaperones that assist in protein
folding, assembly, and disassembly, as well as in preventing mis-
folding, were found to have decreased expression or activity in
aged or senescent ECs across multiple studies. Hwang et al. re-
ported a diminished heat shock response in senescent ECs, fol-
lowed by an increased protein aggregation.[*?! In addition, 70
kDa heat shock proteins (HSP70) were downregulated in aged
vascular tissues from rats.[??>] Further, the activity of proteasome
20S, important for maintaining protein turnover, was dimin-
ished, and the ubiquitin levels increased in human atheroscle-
rotic vascular tissues from old patients, suggesting an additional
level of dysfunction in the endothelial protein homeostasis.!¢!
Macroautophagy is a cellular process promoting the seques-
tration, digestion and recycling of proteins, cytosolic DNA, lipid
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vesicles, and also entire dysfunctional organelles. This task is per-
formed through the formation of an autophagosome and its sub-
sequent fusion with a lysosome for complete digestion of its con-
tent. A decrease in autophagy due to aging is a significant fac-
tor in decreased organelle renewal, which is a prominent char-
acteristic of aging, along with the decline in proteostasis.[??] La
Rocca et al. showed that vascular markers of autophagy were re-
duced in old mice also having diminished endothelial-dependent
dilation (EDD), a condition frequently linked to aging. Addition-
ally, it was shown that treatments with an autophagy enhancer
were able to partially restore NO-mediated EDD, suggesting a
link between aging, autophagic dysfunction, endothelial dysfunc-
tion, and CVDs.[2?7]

Microvascular aging is exquisitely complex and exhibits a mul-
titude of cellular and molecular hallmarks that deeply intercon-
nect and influence one another. Although some of these hall-
marks have been observed and described in other cell types and
systems, a subset uniquely characterizes endothelial and vascu-
lar aging. Given the highly reactive and instructive role of the
vascular system in maintaining tissue homeostasis, it is crucial
to focus on those hallmarks that underlie these physiological
functions rather than treating them all as equally important. In
this context, phenotypes such as barrier integrity, vasoactive be-
havior, and tissue vascularization—and their underlying causal
mechanisms—should be prioritized when studying how aging
impairs endothelial biology and when seeking therapeutic strate-
gies. Ultimately, targeting these key endothelial hallmarks offers
the greatest promise for preserving vascular health and counter-
acting age-related functional decline.

4, Other Cellular and Molecular Mechanisms of
Vascular Aging

Vascular aging is characterized by structural and functional
changes in blood vessels that occur with advancing age. It is well
established that understanding the role of the cellular players in-
volved in this process is crucial for elucidating the pathophysiol-
ogy of age-related vascular diseases and for the identification of
potential therapeutic targets.

4.1. Pericytes

Pericytes are capillary-associated mural cells located within the
endothelial basement membrane. They interact with ECs by
means of long processes, which allow the interconnection of a
pericyte with several ECs simultaneously.[??®] Pericytes collabo-
rate with ECs in the formation and maintenance of the endothe-
lial barrier by means of tight-, gap-, and adherens junctions.!??!
A classic example is described in the brain, where they are crucial
players within the neurovascular unit as they give a fundamental
contribution to the functionality of the BBB.[23!

Pericytes are emerging as key regulators of vascular aging.[23!]
With aging, the number of these cells decreases in various
tissues, such as kidneys, heart, and brain,!?31232] resulting in
increased vascular leakiness, and impaired capillary flow and
structure.[?33] Additionally, aging may reduce the structural com-
plexity of pericytes, as both their cell body size and the length of
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their cell processes are decreased in the brains of aged mice. This
leads to a dramatic decrease in capillary pericyte coverage, which
falls by about 50%./234] Similar findings were observed in the hu-
man brain, where the dimension of pericyte somata in frontal
cortical capillaries in healthy old (>78 years) individuals was esti-
mated to be 45% less compared to healthy younger (46-65 years)
donors.[2223]

Liu et al. found that age-related elevation of PDGF-BB in
serum and hippocampus promotes pericyte loss and BBB impair-
ment through persistent stimulation that induces MMP14 and
PDGFRp shedding.[?**! Importantly, knockout of PDGF-BB in
pre-osteoclasts reduced serum PDGF-BB and limited age-related
hippocampal pericyte loss.[236]

Additionally, pericytes can undergo a phenotypic switch
to fibroblasts (and myofibroblasts), which can contribute to
ARD development.!'>27] This switch, which involves pathways
such as transforming growth factor beta (TGF-$),12*8] PDGF-
BB/PDGFRR,[2°] and SIRT3,**% is responsible for the age-
dependent fibrotic tissue remodeling in several organs,!?*’! in-
cluding kidneys.[?”) Additionally, regulator of G-protein signal-
ing 5 (Rgs5) emerged as an important gene involved in pericyte-
mediated fibrosis. In fact, Rgs5 is downregulated in pericytes
within the heart of old mice. Deletion of this gene resulted in
the expression of a profibrotic signature, which led to excessive
ECM deposition and secretion of TGF-f and PDGF-BB.[2!]

4.2. vSMCs

vSMCs are a type of smooth muscle cells specifically found in
the walls of blood vessels, especially in arteries.**!] They are
characterized by the ability to acquire different phenotypes in a
context-specific manner, as exemplified by the transition from
a contractile to a synthetic phenotype, which occurs as a con-
sequence of vessel damage.[?*?] In healthy individuals, the vast
majority of vSMCs display a contractile phenotype distinguished
by a state of quiescence and by the expression of contractile pro-
teins, such as alpha smooth muscle actin («SMA).?*] When an
injury affects the vessel, the switch to a highly synthetic pheno-
type is immediately triggered, resulting in a downregulation of
contractile gene expression, upregulation of specific genes (e.g.,
osteopontin, epiregulin, and vimentin), increased proliferation,
and augmented secretion of collagen, elastin, and MMPs. This
way, the repair process is facilitated and, once the injury is fixed,
vSMCs reacquire their contractile phenotype.2*?l However, evi-
dence clearly demonstrates that the dysregulation of this finely
controlled transition plays a pivotal role in atherosclerosis,!*?] vas-
cular calcification,?* and pulmonary hypertension.l?*’] Among
the pathways involved in this switch, the TGF-f pathway is
known for its ability to stimulate vSMCs to adopt a synthetic phe-
notype through Smad3 signaling.[?*¢] Conversely, proteins like
Klotho and the activation of peroxisome proliferator-activated
receptor-y (PPARy) act as inhibitors of this phenotypic change,
thus supporting the maintenance of a contractile state.[2*-248] Tt is
important to note that the senescent phenotype of vSMCs is sim-
ilar to an irreversible synthetic phenotype as it is characterized
by a decrease in terms of contractile markers and an increase in
osteopontin expression.?*?l However, differently than their syn-
thetic counterpart, senescent vSMCs show an increase of inte-
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grins, cytoskeleton proteins, and osteogenic genes (e.g., Runt-
related transcription factor 2, RUNX2; and BMP2).[2*] This kind
of vSMCs is important in the context of vascular stiffness, ECM
remodeling, and arterial aging. In particular, by releasing MMPs
and stimulating elastin degradation, senescent vSMCs in the ar-
terial intima promote inflammatory cell infiltration and vSMCs
migration. Moreover, by secreting collagen, they affect the me-
chanical properties of the ECM. These changes are perceived by
non-senescent vSMCs through their integrin receptors and the
resulting signaling culminates with the acquisition of a synthetic
phenotype, hence contributing to the thickening of the arterial
wall.[242]

4.3. Fibroblasts

Fibroblasts are responsible for the synthesis of essential
molecules of the ECM (e.g., collagen type [, fibronectin, laminin,
and proteoglycans)?*%l and for the secretion of endothelial base-
ment membrane components (especially laminin and collagen
type 1V).[2°!] Moreover, they are directly involved in the process
of new blood vessel formation as they express pro-angiogenic
factors (such as fibroblast growth factor, FGF; MCP-1; and
VEGF)1%2253] and secrete fibronectin, which facilitates the elon-
gation of new developing microvessels.[*] They also secrete
SDF-1 which is important for EPC recruitment.[25>]

Aging affects fibroblasts without exception, leading to modifi-
cations at the transcriptomic, metabolic, and phenotypic level.'*!]
In skin fibroblasts from old donors, for example, the basal pro-
duction of IL-6 was found to be slightly higher than in fibroblasts
from young donors, suggesting that this cell type may also con-
tribute to inflammaging.[*®! Another phenomenon that occurs
in aging fibroblasts is senescence. In the aging skin, for instance,
while the total number of fibroblasts is reduced, the population
of senescent fibroblasts is increased.[?*! This accumulation is
linked to an increased release of SASP-associated factors thatlead
toimbalanced ECM homeostasis, chronic inflammation, and loss
of cell identity.2%]

“Mid-old” fibroblasts, recently identified as cells occupying an
intermediate state between proliferating and senescent pheno-
types, represent major contributors to aging-related organ de-
cline alongside senescent fibroblasts, due to their reduced ECM
formation, proliferation, and regenerative capacity compared to
young cells.?°!] Studies of skin fibroblasts from elderly donors
further revealed a distinct aging-associated secretome, differ-
ent from the SASP profile, which may influence skin aging
processes.[262]

The importance of fibroblasts in vascular aging is highlighted
by their contribution to the onset of various age-related CVDs.[*#]
As mentioned, they are involved in all stages of atherosclerosis:
in the initial phase, adventitial fibroblasts are among the first
cells to respond to injury and become activated, thus partici-
pating in neointima and initial fibrous plaque formation.*! In
advanced stages, they regulate the inflammatory response and
maintain the structural integrity of the atherosclerotic plaque.l®®!
Similarly, during cardiac fibrosis, their pathological activation
results in the excessive deposition of ECM, thus leading to
detrimental consequences in cardiac health.[?632%4] Fibroblast ag-
ing can negatively affect microcirculation, as shown by 3D hu-
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man skin microvasculature models: fibroblasts from individu-
als of various ages differentially modulate EC function. Notably,
young fibroblasts were able to reverse multiple features of vas-
cular degeneration observed in aged microenvironments—such
as basal membrane damage, inflammation, and impaired vessel
permeability—when incorporated into vascular networks with
ECs from an old donor.126]

4.4. Immune Cells and Immunosenescence

Immunosenescence is an age-related condition characterized by
progressive deterioration of the immune system with impaired
adaptive and innate immune responses, contributing to ARD
onset, poor vaccination outcomes, and increased susceptibility
to infections and malignancies. Although the majority of pre-
viously described aging hallmarks (e.g., senescence, mitochon-
drial dysfunction) also affect immune cells, immunosenescence
includes additional specific manifestations such as hematopoi-
etic stem cell dysfunction, disrupted naive/memory ratios in T
and B cells, impaired new antigen responses, shifts in T lympho-
cyte subpopulations with increased CD4/CDS8 ratios, increased
secretion of inflammatory cytokines, and overall immunodefi-
ciency. For a more complete description of this vast array of hall-
marks, we invite the reader to consider some recent comprehen-
sive reviews.[266:267] The intricate link between immune cells and
vascular aging involves both the innate and the adaptive branch
of the immune system.[28268-270] The best example of this con-
nection is represented by the vast array of immune cells involved
in atherosclerosis as previously discussed in the Macrovascular
Aging in CVDs box. Other than atherosclerosis, the immune sys-
tem takes part in other phenomena linked with vascular aging.
Macrophages, for example, are involved in the process of vascu-
lar calcification. Indeed, macrophages tend to shift from an anti-
inflammatory (M2) to a pro-inflammatory (M1) phenotype with
aging.[1 By releasing TNF-a, M1 macrophages promote the
upregulation of carbonic anhydrase I (CA1) and carbonic anhy-
drase IT (CA2) in vSMCs, thus contributing to the mineralization
process.1?2 In turn, calcified vSMCs induce the differentiation of
macrophages into osteoblasts through the RANKL/RANK/OPG
system, thus activating a positive feedback loop that promotes
vascular calcification.[?”!] Additionally, aging is correlated with el-
evated serum levels of complement component C3 and a higher
expression of C3aR1 in ECs [273]. This increase might result in an
over-activation of the C3a-C3aR1 signaling in the endothelium,
thus promoting vascular inflammation, increased BBB leakiness,
lymphocyte infiltration,?”4] and neurodegeneration.[?”>] Further-
more, in addition to their role in atherosclerosis progression, AT1
Agonistic Autoantibodies were revealed to contribute to the pro-
gression of vascular aging by stimulating the induction of senes-
cence in ECs through the activation of AT1 receptors.[?°]

Lastly, as reported for CHIP, distinct mutated clonal immune
cell populations profoundly influence vascular aging, primarily
by promoting an elevated pro-inflammatory phenotype that may
contribute to the inflammaging process. Although a substantial
body of evidence has established CHIP as a causative factor in
macrovascular conditions, direct evidence for its involvement in
microvascular-driven diseases is still lacking, highlighting the
need for further research in this area.l?”’] Nevertheless, existing
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reports indicate that ECs are significantly affected by the pro-
inflammatory profile of upregulated cytokines in CHIP, suggest-
ing this may be at least one key hallmark impacting microvascu-
lar health and associated tissues.

In conclusion, the evidence reported in this chapter highlights
how multiple cell types belonging to or interacting with the vas-
cular niche actively contribute to vascular aging. Beyond the cell-
autonomous changes described, increasing data point to the im-
portance of intercellular communication and to the recognition
that vascular aging follows organ-specific trajectories, consistent
with the well-documented heterogeneity of endothelial and mu-
ral cells across tissues.[”157172278] Embracing this level of com-
plexity and integrating these dimensions—cellular cross-talk, ag-
ing mechanisms, and phenotypic plasticity within organ-specific
vascular contexts—represents a promising avenue to refine our
mechanistic understanding of vascular aging and to guide the
design of targeted, tissue-adapted therapeutic strategies aimed at
preserving vascular health throughout life.

5. Modeling Vascular Aging

Aging is an exceedingly complex process, and its study requires
the use of a variety of model systems in order to answer the wide
range of questions that arise in the field. In this context, the se-
lection of an appropriate model is of paramount importance and
should be strictly related to the specific research question being
addressed. Over the past decades, aging models have largely been
categorized within a dichotomous framework, distinguishing be-
tween reductionist in vitro models and non-reductionist in vivo
models. While the formers offer a simplified view of biological
phenomena, they often fall short in addressing the complexity of
an entire organism. In contrast, the latter provide a more holistic
perspective but present significant challenges due to confound-
ing factors, making these studies time-consuming, costly, and at
times difficult to interpret.[?°] In this section, we will critically
present the most commonly used model systems employed in
vascular aging research, discuss their strengths and weaknesses,
and elaborate on ideal requirements and parameters that should
be considered to increase the relevance of the next-generation of
in vitro models to promote a smoother integration with results
achieved in vivo.

5.1. Animal Models to Study Aging Biology and Vascular Aging

Traditionally, aging research aimed at understanding the ba-
sic aging pathways shared with humans has been performed
in animal models, such as Caenorhabditis elegans, Drosophila
melanogaster, Mus musculus or the shortest-lived vertebrate Notho-
branchius furzeri (Figure 3).12% Using these models, the impor-
tance of molecular players (e.g., sirtuins) and the life-extending
properties of some molecules (e.g., resveratrol) and interventions
(e.g., caloric restriction) was established.!?81282] In fact, these or-
ganisms present a convenient life span that makes them suitable
for aging studies while having some basic biological and genetic
characteristics in common with humans.[?8%]

Importantly, animal models present some interesting advan-
tages. First, they allow for the study of aging in the context
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Figure 3. Capturing features of aging through in vivo model systems. A) Alternative in vivo models of aging are pivotal in understanding how biological
pathways and molecular mechanisms of aging impact lifespan in living organisms. C) Survival curve types highlight how different organisms show pecu-
liar aging patterns, suggesting the existence of species-specific aging mechanisms. Reproduced (Adapted) under the terms of the CC BY 4.0 license.[2%0]
Copyright 2021 Holtze, Gorshkova, Braude, Cellerino, Dammann, Hildebrandt, Hoeflich, Hoffmann, Koch, Terzibasi Tozzini, Skulachev, Skulachev and
Sahm. B) Aging-driven expression trajectories of organ-specific genes. Using mouse models, the authors were able to observe gene clusters with expres-
sion trajectories that behave differently depending on the specific organ. Reproduced (Adapted) with permission. [278] Copyright 2020, The Author(s),

under exclusive license to Springer Nature Limited.

of a whole organism, thus enabling the extraction of infor-
mation at the level of tissues and organs, and capturing the
complete array of possible interactions between them. This
concept could be showcased in the line of work started by
Kenyon et al., who demonstrated that the insulin/insulin-like
growth factor 1 (IGF-1) signaling pathway regulates longevity
in different model organisms.[?** It was only by studying this
phenomenon in mouse that the role of the growth hormone
(GH)/IGEF-1 axis in mammalian aging was confirmed. This axis
is the result of integration of information between different tis-
sues, being IGF-1 a pleiotropic factor. However, even though
several long-lived mouse strains with reduced activity of the
GH/IGF-1 axis were observed, human data still seem to be
contradictory.!?%]

Another example was displayed by Schaum et al., who per-
formed bulk RNA sequencing of 17 organs and plasma pro-
teomics across the lifespan of mice. This study identified con-
verging and deviating aging transcriptomic signatures across tis-
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sues, their shift during aging, as well as the influence of sex
on these signatures. This powerful approach confirmed that
common hallmarks of aging (e.g., inflammaging and mitochon-
drial dysfunction) do exist and have distinct temporal dynamic
patterns. Furthermore, it showed that organ-specific patterns
are also present and that the plasma composition is correlated
with some of the transcriptomic changes detected in different
organs.[?78]

Regarding the vascular compartment, single-cell RNA se-
quencing (scRNAseq) analyses using aged mice showed that ECs
from vastly different and distant tissues share overlapping tran-
scriptional programs and tend to cluster together, suggesting
the existence of a more broad and common endothelial aging
program.[278286] Finally, animal models allow for the study of
the effect of a complex set of alterations that some interventions
have on the aging process at the level of different tissues, such
as exercise and caloric restriction.[?#*] These two candidate life-
extending interventions were initially tested on mice and subse-
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quently moved to human trials due to the deep biological impact
that they exert on the organism.

5.1.1. Heterochronic Parabiosis — A key In Vivo Model for Aging
Research

Heterochronic parabiosis is a condition resulting from the sur-
gical connection of the circulatory systems of two animals of
different chronological ages. It was first described by Paul Bert
in 1864 and has been extensively used to study the effect of
a young systemic environment on an old organism and vice
versa.?®] Conboy et al. were the first to demonstrate through
heterochronic parabiosis that the exposure of aged mice to fac-
tors from a young animal was able to activate hepatic and
muscle stem cells, thereby counteracting major aging hall-
marks (i.e., stem cell exhaustion and reduced regenerative ca-
pacity) and finally rejuvenating the aged tissues.!?88] Moreover,
Villeda et al. showed that blood-borne factors are sufficient
to negatively regulate adult neurogenesis in brains of young
heterochronic parabionts and decrease synaptic plasticity.?%]
Coupling this experimental set-up with metabolomic and pro-
teomic analyses has enabled the identification of factors and
molecular pathways mediating multiple aging processes across
the organism, together with potential therapeutic targets able
to slow or reverse specific aspects of aging. Examples are
growth differentiation factor 11 (GDF11), oxytocin, apelin, and
B2-microglobulin.[?"]

Circulating factors identified through heterochronic parabio-
sis are important in the context of vascular aging and have the
potential to accelerate or revert some aging processes. In this
context, a great example was reported by Katsimpardi et al., who
demonstrated that GDF11 from young blood improved the vascu-
lature of the aging mouse brain.*!! Using this model, Palovics
et al. performed scRNAseq analysis on endothelial subpopula-
tions in different tissues and organs. Collected data showed that
ECs are transcriptionally susceptible to an aged/young systemic
environment, but their response displays only a discrete tissue-
specificity, suggesting that this effect relies more on the direct
contact between vessels and blood-borne factors.?) In a simi-
lar experimental set-up, Ximerakis et al. focused on ECs from
parabiotic mice brains. By performing scRNAseq, they detected
transcriptionally different EC populations within this organ, with
expression patterns heavily influenced by parabiosis, emphasiz-
ing their vulnerability to the effects of aging and the parabiosis-
mediated rejuvenation or accelerated aging.[?%%!

Non-cell-autonomous pro- and anti-geronic factors affecting
the cerebral microvasculature were also investigated by Gulej
et al., who performed heterochronic parabiosis experiments to
study the impact of systemic factors on brain vascular rarefaction
and blood-brain barrier (BBB) leakiness. Using this setup, cou-
pled with intravital two-photon microscopy, the group observed
a significant decrease in brain microvascular length density and
network complexity in old isochronic parabionts compared with
young isochronic parabionts. These phenotypes improved in old
heterochronic parabionts and were worse in young heterochronic
parabionts relative to their young isochronic controls. Moreover,
fluorescent dextran perfusions revealed an age-related increase in
BBB leakiness that was partially reversed by young systemic fac-
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tors and worsened by an old systemic environment.[?)] Another
interesting study based on parabiosis from the same research
group, highlighted that NVC and cerebral blood flow are not only
impaired with age, but are also partially restored by young sys-
temic circulating factors. This suggests that age-related vascular
cognitive impairment could, at least in part, be counteracted by
bloodborne anti-geronic factors.[2%]

Overall, heterochronic parabiosis remains an unparalleled in
vivo model to probe the systemic regulation of vascular aging,
having revealed critical circulating factors and molecular path-
ways. Yet, it represents a highly non-physiological condition, im-
poses significant stress on the animals, and poses challenges
for direct translational relevance. Moreover, in the context of ag-
ing research, most parabiosis studies have primarily focused on
soluble blood components, while the contribution of circulating
cells has remained comparatively underexplored. Acknowledg-
ing these limitations, the development of in vitro models that
can faithfully recapitulate key aspects of this experimental setup
would represent a powerful avenue to further dissect systemic
regulation of vascular aging.

5.1.2. Genetic Models of Aging

Despite the convenience of studying systemic and organ-related
aging using mice, genetic models of accelerated aging are gen-
erally preferred due to the faster onset of ARDs and hallmarks.
In these experimental setups, molecular mechanisms underlying
the biological aging of the animal are disrupted through genetic
engineering, resulting in so-called progeroid or premature aging
phenotypes. For example, given the importance of DNA and nu-
clear integrity to cellular and organismal aging, multiple path-
ways can be targeted to mimic progeroid syndromes that are also
rarely observed in humans. These include mice bearing the Lm-
naG609G mutation, which causes nuclear lamina defects and de-
velops the “murine analog” of the classical human Hutchinson-
Gilford Progeria Syndrome (HGPS), and hypomorphs for the mi-
totic spindle checkpoint protein BubR1, which display chromo-
somal instability and premature aging. Extensive descriptions of
these and other genetic models obtained through genetic manip-
ulations of several aging hallmarks, along with their related phe-
notypes, can be found in another review.>>*! The seminal work
of Weeda et al. generated mutant mouse strains carrying null
and hypomorphic alleles of ERCC1, an endonuclease complex
subunit pivotal for both nucleotide excision repair and homol-
ogous recombination repair.[?l While the initial investigation of
this model revealed a greatly reduced lifespan (=6 months) ac-
companied by multiple age-related phenotypes, such as prema-
ture senescence and other cellular defects across several organs,
subsequent studies confirmed that these mice also exhibited in-
creased signs of CVDs, including hypertension, vascular stiff-
ening, and loss of vasomotor control, compared to age-matched
wild-type mice. This underscores, once again, the contribution of
accelerated aging to the onset of CVDs. Notably, the involvement
of different aging hallmarks and cell types in the development of
cardiovascular conditions has been reported: dysfunctional ECs,
impaired ECM remodeling and deposition, as well as detrimental
phenotypic switching of vSMCs have all been described in these
mice.[107,297]
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Although these models represent a convenient alternative to
normal chronological aging animals, elucidating precise cell-
specific aging mechanisms to disentangle their contribution to
systemic aging is a current priority. Traditionally, research on
macrovascular aging has mainly aimed at preventing major car-
diovascular events. However, the current trend shifts attention
to how dysfunction in the endothelium and microvasculature
contributes to, and shapes, the aging process in specific tissues.
In this context, models carrying endothelial specific removal of
ERCC1 showed not only endothelial dysfunction characterized
by abolished NO-mediated endothelium-dependent vasodilation,
increased senescence and superoxide production, but also re-
duced skin microvascular dilation, increased renal microvascu-
lar leakiness, decreased pulmonary perfusion, and BBB disrup-
tion in the brain.?%®2%l Gao et al. generated and analyzed an
EC-specific Tert knockout model to investigate how accelerated
telomere attrition—a well-established hallmark of aging—in ECs
impacts tissue pathophysiology. Among the observed effects, this
genetic alteration promoted an endothelial glycolytic shift, im-
paired capillary network formation ex vivo, increased tissue hy-
poxia, and induced secondary senescence-like changes in non-
EC populations. Notably, while loss of Tert accelerated telom-
ere shortening and senescence in ECs residing in adipose tis-
sue, the same genetic background led to increased brain vas-
cular leakiness, impaired cognitive function, and reduced mus-
cle fatigue resistance. These latter effects are likely mediated
through telomere-independent mechanisms, suggesting the ex-
istence of aging mechanisms that still have to be completely
understood.''] Another recent publication reported the use of
an HGPS-like model in which ECs selectively express progerin.
These mice exhibited enhanced endothelial DNA damage and
senescence, along with a pro-inflammatory state characterized
by increased VCAM1 and ICAM1 mRNA expression. Using this
model, Rolase et al. demonstrated that endothelial aging, includ-
ing senescence, drive excessive inflammation, as evidenced by el-
evated neutrophil adhesion and crawling along the vessel wall, as
well as neutrophil-dependent microvascular leakage.3%! This cell
type-restricted genetic modeling therefore, represents a highly
promising approach to dissect endothelial specific aging mecha-
nisms and identify potential effects of microvascular dysfunction
in driving tissue-specific aging phenotypes. At the same time, it
is important to recognize a critical limitation: accelerated aging
models cannot fully recapitulate the complexity and temporal dy-
namics of natural aging. As a result, these experimental settings
may bias outcomes toward features of artificially induced aging,
in which the relative contribution of individual aging hallmarks,
and their integration within the broader physiological aging pro-
cess, may not be faithfully represented.

5.1.3. Weaknesses of Animal Models

Although the study of human progeroid syndromes and the anal-
ysis of centenarian genomes have provided valuable informa-
tion regarding the genetic determinants of human aging and
longevity, the use of humans in studies related to aging poses
certain obstacles due to factors such as the extensive lifespan.[83]
Therefore, animal models are the most promising substitute
to approximate human aging and geroprotection mechanisms.
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However, it must be noted that there are some key limitations.
In fact, several crucial aspects of aging biology are known to be
significantly different between animal models and humans. M.
musculus is probably the most relevant and used model for the
study of aging, due to its close resemblance to humans in terms
of genetic background and physiological structure, the possibil-
ity to easily manipulate its genes, its short lifespan, and simple
breeding process.>*!] However, it is important to remember that
the genetic background and the physiological structure of mice
are not identical to humans, and aging is an extremely multi-
faceted process that arises from the interactions between com-
ponents at the level of molecules, cells, tissues, and organs. Not
surprisingly, several publications reported differences in how the
aging biology is regulated in humans and mice, and the existence
of species-specific aging pathways. In 2007, Zahn et al. created
the AGEMAP, a mouse aging gene expression database across
different tissues. Thanks to this tool, the authors were able to
compare transcriptional profiles for aging in mice and humans
and found no overall correlation between the age-driven gene ex-
pression changes in the two species, hence suggesting a funda-
mental difference in the aging processes.’?] Years later, Yang
et al. compared the aging genes from the AGEMAP database
with human aging transcriptional patterns derived from GTEx
(Genotype-Tissue Expression) consortium data and, consistently
with previous studies, suggested a very large expression differ-
ence in aging genes between the human and mouse organisms.
However, the authors also highlighted that this lack of correla-
tion could also be due to differences in terms of sample size,
gender distribution, and age range between the two datasets.[3%*]
In 2019, using GTEx and Gene Expression Omnibus (GEO) data
coupled with more sensitive algorithms than the previous stud-
ies, Zhuang et al. found that 9 out of 18 tissue aging signa-
tures were correlated between humans and mice, showing that
there is a balance between transcriptional similarity and species-
specificity between the two species.['] This aspect was further
confirmed when more accurate analyses were performed at the
level of single tissues.3%4!

From all these studies, the divergence concerning aging bi-
ology across different animal models and humans arises. Such
discrepancies also limit the translation of knowledge gathered
through animal experiments in the context of human aging. Im-
portant examples are the clinical trials aimed at testing the effect
of different interventions on human ARDs, health, and biologi-
cal age/lifespan extension, which have been partly disappointing
despite their efficacy in animal models.[>%!

5.2. In Vitro Models to Study Aging Biology: Strengths and
Weaknesses Through Representative Systems

In vitro models are a valuable substitute for animal models due
to several reasons. First, they are easier to manipulate and treat,
and can be created using human cells, thus presenting a more
direct relevance to human aging biology. Second, they allow for
the exclusion of several confounding factors decoupling the in-
fluence of other cell types and systemic factors. Nonetheless, dif-
ferent levels of complexity can be reproduced in vitro, harness-
ing technologies such as 3D co-cultures with supportive bioma-
terials mimicking different ECMs, organoids and microphysio-
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Table 1. Examples of key endothelial aging models, including their aging-related phenotypes, research advantages, major findings, and corresponding
references, illustrating mechanisms underlying endothelial and vascular aging across various experimental approaches.

Model Aging phenotypes

Advantages Findings

Serial passaging of ECs in vitro
(2D culture) [307]

Decreased proliferation, increased
expression of senescence markers,
impaired angiogenic potential and tube
formation.

Arterial ECs model in early Morphological changes and increased

(young) and late (old) stages of expression of genes with the aging
replication [312] phenotype, including f-galacosidase, p65

subunit of NFxB and TGF-p.

Simple BBB model using trans Induced endothelial senescence in vitro,

wells to evaluate the effect of decreased proliferation and increased
senescence on barrier

breakdown [310]

p16 and p21 expression.

Tissue-engineered blood vessels Induced senescence with increased p21

recapitulating arterial expression and reduced NOS3. Increased
phenotypes to study the relative inflammation was also detected.
influence of endothelial cell and

vSMCs senescence on

vasoreactivity [31]

Arteriole-scale tissue engineered Reduced vasoactivity, increased vascular

blood vessel using wall thickness, calcification and
iPSC-derived SMCs from an

HGPS patient 313

apoptosis.
Long-living human microvascular Impaired vascular basal membrane
networks to study how the deposition, altered microvascular density.
cellular microenvironment and

serum from healthy donors of

different ages modulate

microvascular functionality [26]

Allows for the study of aging impact In vitro aging recapitulates in vivo

on basic endothelial aspects (e.g., phenotypes of endothelial aging. Beta
cell morphology, f-galactosidase

activity, replication).

gal staining is not suitable for
assessing senescence in
tube-forming ECs. Suitable for high
throughput assays.

Complex cell behaviors (e.g.,
EndoMT) are reproducible in vitro

Role of inflammation in inducing
EndoMT in the context of endothelial

and can be studied in aging aging.

contexts.

Uses combined cell types to Impaired barrier integrity in the BBB
recapitulate complex phenotypes

and dissect the effects of single

model, altered tight junction
structures with increased
cell type in age-related dysfunction
of the BBB.

senescence.

Study individual contribution of Endothelium-Dependent Vasoreactivity
aged/senescent cell types to

vascular reactivity and potentially

is diminished in senescent settings.
Vascular inflammation is present
microenvironment (e.g., ECM with senescent ECs.

deposition).

Isolate the effect of the HGPS iSMCs
on vascular function.

HGPS iSMCs impact in vitro
vasculature by conferring aged
phenotypes.

Study the individual contribution of Fibroblasts from young donors restore

cell types to overall aged vascular the functionality of aged ECs, an
phenotypes, presence of 3D EMC, effect also achieved by serum from
and physiological vascular young donors.

structures.

logical systems. Third, they have a high level of reproducibility,
present easier scalability and enable the extraction of a wide range
of information in a relatively short time when coupled with high-
throughput techniques and assays, therefore representing a pow-
erful tool for the study of human aging biology and the screening
of potential geroprotective interventions.l*%! Table 1 and Figure
4 summarize representative in vitro models that have been devel-
oped and employed to investigate endothelial and vascular aging
mechanisms, including their characteristic aging phenotypes,
methodological advantages, and key findings that contribute to
our understanding of vascular aging pathways.

Early studies demonstrated that ECs passaged in vitro reca-
pitulate aging phenotypes observed in vivo, including decreased
proliferation, senescence marker expression, and impaired an-
giogenic capacity. However, traditional 2D models present sig-
nificant limitations, being oversimplified versions of biological
phenomena that lack tissue-scale complexity and mechanical
cues,[307-309]

Advanced models have addressed these limitations through
increasingly sophisticated approaches. Co-culture systems in-
troduced cellular heterogeneity, with BBB models demonstrat-
ing how EC senescence contributes to barrier dysfunction.>1]
Organotypic microphysiological models incorporate human cell
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types within engineered ECMs, enabling precise control over me-
chanical and biochemical stimuli to better recapitulate native tis-
sue complexity. Three-dimensional organoids and microfluidic
devices have further advanced the field, with tissue-engineered
blood vessels successfully modeling endothelial aging hallmarks,
including senescence, reduced eNOS expression, and impaired
vasodilation.[*1!]

Despite these advances, current models struggle to integrate
sufficient biological complexity with the scalability required for
high-throughput screening of geroprotective compounds. The
field lacks comprehensive models that combine 3D multicellu-
lar populations, hemodynamic stimuli, and organ-specific inter-
actions essential for vascular aging research.

6. Future Directions in Vascular Aging Research

Future vascular aging research is expected to prioritize several
concrete and impactful directions. First, the field is moving to-
ward a more holistic assessment of aging by employing marker
panels that capture the multifaceted aspects of the aging spec-
trum. Too often, single hallmarks of aging have been used to de-
fine the aging state of a cell, with terms such as “senescent” and
“aged” applied interchangeably, as if senescence alone could fully
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Figure 4. Capturing features of aging through in vitro model systems. Human primary ECs strains to be used in in vitro models of aging recapitulate
aspects of organismal aging biology. A) Human microvascular ECs lose the ability to organize in tubes as they age while increasing cumulative population
doubling levels (CPDL) in vitro. Reproduced (Adapted) with permission. [397] Copyright 2010, Elsevier Inc. B) 3D in vitro models of microvascular
networks recapitulate aging features (i.e., changes in basement membrane deposition) when put in contact with young/aged microenvironments (i.e.,
young/aged fibroblasts). (B2) The impact of aging on endothelial biology (i.e., endothelial permeability) can be studied with simple in vitro models
employing EC monolayers and fluorescent dextran diffusion gradients. Reproduced (Adapted) under the terms of the CC BY-NC-ND 4.0 license. [26°]
Copyright 2020, Copyright by Simone Bersini, Rafael Arrojo e Drigo, Ling Huang, Maxim N. Shokhirev, Martin W. Hetzer. C) Primary ECs show aging
features such as expression of adhesion molecules (C) or p21 upregulation (C2) when oxidative stress is induced artificially in culture by treating with
H,0,. Reproduced (Adapted) under the terms of the CC BY 4.0 license. 31"l Copyright 2020, Copyright by Ellen E. Salmon, Jason ]. Breithaupt and
George A. Truskey.

recapitulate the molecular aging state. Second, the integration of
multi-omics approaches with Al is anticipated to advance beyond
simple correlation, enabling the identification of causal path-
ways that drive vascular decline. Third, substantial progress will
come from the development and validation of vascular-specific
aging clocks—leveraging cell-free DNA (cfDNA) methylation,
vascular-derived miRNAs, and proteomic markers—to provide
accurate and minimally invasive measures of vascular biologi-
cal age. Fourth, longitudinal cohort studies and interventional
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trials will be crucial to standardize biomarker panels and to as-
sess whether modifying biological aging markers translates to
improved vascular outcomes. Finally, as highlighted in the mod-
eling section, there is a need for advanced models to mimic com-
plex human aging mechanisms, thereby improving the transla-
tion of anti-aging interventions into clinical practice. Together,
these directions will not only deepen mechanistic understanding
but also accelerate the path toward precision vascular medicine
and longevity therapies.
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6.1. Targeting Vascular Aging for Intervention

As discussed, vascular aging involves both structural and func-
tional changes in blood vessels and increases susceptibility to
ARDs. For this reason, targeting vascular aging holds promise for
mitigating the burden of associated pathologies. Recent research
has identified several approaches for delaying vascular aging, fo-
cusing on molecular mechanisms, lifestyle modifications, and
pharmacological approaches. Table 2 provides a comprehensive
overview of anti-aging interventions aimed at mitigating vascu-
lar and endothelial aging, detailing each strategy’s direct and in-
direct mechanisms of action, the resulting vascular phenotypes,
and the strength of the supporting evidence.

6.2. Biomarkers for Vascular Aging Prediction

Biomarkers provide insights into individual risk factors and
guide personalized treatment approaches. As described by The
American Federation for Aging Research, a successful biomarker
of aging should predict the rate of aging of a person and de-
termine the position of an individual in their lifespan more
accurately than chronological age. Moreover, the assay used to
measure such biomarker should be minimally invasive, and
the biomarker should be applicable in both model organisms
and humans, as drug candidates testing is conducted on an-
imals. In the context of vascular aging, various kinds of bio-
logical parameters were suggested as possible biomarker can-
didates, including telomere length,3%! inflammatory cytokines
(e.g., IL-6),3%¢] Klotho,*%] soluble VCAM-1 (sVCAM-1),3%8] cir-
culating miR-29a-3p, miR-574-3p and miR-574-5p,1**! and lev-
els of soluble von Willebrand Factor (vWF).’”°) Among addi-
tional candidates, red blood cell distribution width (RDW) has
also been identified, together with endothelial-specific cfDNA. In
fact, elevated RDW has been linked to increased cardiovascular
risk, 7! whereas high levels of circulating cfDNA, which also re-
flect vascular injury and aging processes, have been associated
with various ARDs, such as CVDs, diabetes, and chronic kid-
ney disease.[’’2374] Moreover, the methylation patterns of cfDNA
have been shown to correlate with age-related changes in vascular
function, providing a non-invasive means to assess biological age
and vascular health.37>376] Altogether, these biomarkers provide
valuable insights into the mechanisms of vascular aging and can
help in the development of targeted interventions to improve car-
diovascular health in aging populations. However, despite these
promising candidates, most vascular aging biomarkers remain
in early validation phases and lack standardized measurement
protocols or cross-population validation in large, ethnically di-
verse cohorts. The field requires systematic validation studies
that demonstrate not only predictive accuracy but also clinical
utility—whether modifying these biomarkers through interven-
tions translates to improved vascular outcomes and healthspan
extension. Until such comprehensive validation is achieved, their
translation from research tools to clinical decision-making re-
mains limited.3”’]

Omics have the potential to transform the field of vascular ag-
ing by providing insights into the underlying molecular mecha-
nisms and opening the path for personalized treatment strate-
gies. Genomic data can help to identify genetic variants that
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represent risk factors for accelerated vascular aging. For exam-
ple, genome-wide association studies have been instrumental
in this regard, revealing specific polymorphisms of apolipopro-
tein E that heighten the risk of developing age-related vascular
conditions by influencing lipid metabolism.3’%] Analyses of pro-
teomic profiles of vascular tissues and biofluids can help to iden-
tify biomarkers, elucidate molecular mechanisms, and discover
potential therapeutic targets for improving vascular aging. For
instance, proteomic analysis of symptomatic carotid plaques re-
vealed specific molecular signatures that could serve as biomark-
ers for atherosclerosis, such as MMP9, cathepsin D, and galectin-
3-binding protein.l*”®! Similarly, the proteomic signature of hu-
man plasma can be used to study how different organs are
aging and whether organ-specific accelerated aging confers in-
creased risk for the development of organ-specific diseases.[**']
Epigenomic analyses instead can allow for the identification
of epigenetic modifications that are linked with vascular func-
tion and aging. For example, differentially methylated DNA re-
gions in the BRCA1 and CRISP2 genes have been observed in
aortic tissues from individuals with atherosclerosis, suggesting
that epigenetic drift may contribute to the progression of CVDs
with age.[*®!] Despite these promising advances, the multidimen-
sional nature of vascular aging requires fundamental integration
within a comprehensive multi-omics framework. Current single-
omics approaches provide only partial insights. However, multi-
omics integration faces significant technical challenges, includ-
ing data heterogeneity across platforms, variable measurement
scales, and a difficult connection between datasets. Furthermore,
achieving systems-level understanding of vascular aging mecha-
nisms requires advanced computational and in vitro approaches
that can identify causal relationships rather than mere correla-
tions across genomic, epigenomic, transcriptomic, proteomic,
and metabolomic data.

6.3. Al and Machine Learning in Aging Research

The large amount of data produced by modern omics technolo-
gies (e.g., genomics, transcriptomics, and proteomics), also in
the context of aging, requires advanced computational methods
to be processed and interpreted. In this context, Al appears to
be a promising tool. Al, and particularly machine learning (ML),
is commonly used to extract knowledge from high-throughput
data. For instance, ML can identify complex and nonlinear as-
sociations between omics data and phenotypes, allowing for the
identification of new biomarkers through the joint analysis of
a huge number of covariates.[*®”] This approach has been em-
ployed, for example, to correlate methylation data with age or
age-related processes (i.e., aging clocks), revealing that a pre-
dicted age surpassing chronological age is often predictive of age-
related disorders.[*®*] In the context of aging, a Bayesian Network-
augmented naive Bayes algorithm was used to classify whether
a gene of C. elegans is related to longevity based on a list of gene
ontology terms describing each gene. Several other studies used
ML to prioritize aging-associated genes based on different sets of
features, often extracted from the analysis of biological networks,
such as functional networks.[*#]

In biomedical research, it is important to interpret ML mod-
els to extract insights that can enable novel discoveries and allow

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

85UB91 SUOLWLLOD aAIEaI 9jedljdde ay) Aq pauienob ale sejole YO ‘@SN Jo o Joj Aeld178UIUQ A1 UO (SUONIPUOD-PUe-SLLBW0D" A8 | 1M Ale.q 1 puluo//Sdny) SUONIPUOD pue sWie | 8yl 8es *[G20g/ZT/LT] uo Akeiqi]auljuo A8|1M ‘659805202 SAPR/Z00T OT/I0p/LL00 A8 1M Arelq 1 puljUO"PeaUeADe/ SNy Wolj pepeojumod ‘0 ‘t8E86TC


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

www.advancedscience.com

Table 2. Overview of some anti-aging interventions targeting vascular aging, detailing their mechanisms of action, observed cardiovascular outcomes,
levels of supporting evidence, and relevant references, encompassing pharmacological, biotechnological, dietary, lifestyle, and genetic approaches.

Intervention Mechanisms of action Cardiovascular outcome
Rapamycin [314313] Inhibition of the mechanistic target of rapamycin (mTOR) Improved cardiovascular function, attenuated heart
pathway (i.e., nutrient sensing). pathologies.
Metformin [316-318] AMPK activation (i.e., metabolic activity regulation), suppresses Improved endothelial function, prevention of endothelial
SASP, reduces inflammation and oxidative stress. inflammatory responses in the arterial wall, and reduces
early progression of coronary plaques.
Irisin [319:320] Pleiotropic effects on endothelial signaling pathways: AMPK and Reduces vascular inflammation, slows atherosclerotic plaque

Senolysis: Dasatinib + quercetin
(D + Q) [321,322]

Navitoclax (ABT-263) [323324]

PAI-1 antagonists [325:326]

Endothelin receptor antagonists
(ERAs), e.g., Bosentan,
Ambrisentan, Macitentan
[327-329]

Statins [330-334]

Platelet rich plasma (PRP) [335-338]

Long-term, regular physical
exercise (in particular
endurance training) [339347]

Specific diets (e.g., Mediterranian
style diet) [348-350]

Caloric restriction regimens [243°1]

Dietary L-arginine, nitrate, and

nitrite supplementation (352333

Antioxidant supplementation
(a-tocopherol, y-tocopherol,
coenzyme Q10, vitamin C,

carotenoids) [3%4-356]

Taurine [357-360]

NMN [150361-363]

Transient expression of a cocktail
of MRNAs encoding Oct4, Sox2,

KIf4, c-Myc, Lin28, and NANOG
(364]

ERK, PI3K/Akt axis stimulation, SIRT6 activation, Nrf2 and
antioxidant response, NO bioactivity increase and others.

Selective elimination of senescent ECs within the vascular wall.

Selective elimination of senescent ECs within the vascular wall

Inhibition of PAI-1, telomere preservation, suppression of p16
expression, prevents PAI-1 binding to eNOS, restores NO
production.

Antagonize endothelin mediated vasoconstriction, promoting
vasodilation and improving blood flow, counteracts
senescence induction, inflammation and SASP modulation.

Pleiotropic effects, including chronic inflammation reduction,
upregulation of eNOS expression, oxidative stress decrease,
and EPC mobilization, reduces AGEs.

Enhance ECs proliferation and migration, reduce inflammation,
modulates SASP, promotes angiogenesis.

Improves Endothelial function, reduces vascular inflammation,
decreases oxidative stress, increases the reparative capacity of
EPCs, improves flow-mediated vascular dilation.

Diminishes ROS production and endothelial senescence,
protects against accelerated telomere shortening, suppress
NF-xB signaling, reducing inflammation and modulating the
SASP, increases circulating EPCs.

mTOR inhibition, SIRT1 activation, AMPK phosphorylation,
increased NO bioavailability and reduced arterial collagen
accumulation and elastin remodeling.

Enhances NO bioavailability.

Enhanced endothelial function, reduced oxidative stress and
inflammatory damage, and preserves DNA integrity.

Suppression of RAAS, promotion of NO release, potent
antioxidant effects, and enhanced H,S generation.

Activation of sirtuins, improved endothelial function, and
reduced oxidative stress, enhances NO bioavailability and
others.

Epigenetic reset.

development/ progression, alleviates ischemia/reperfusion
injury, and inhibits vascular calcification.

Reduces vascular senescence, vasomotor dysfunction and
arterial stiffness.

Reduces vascular senescence, improves arterial function,
ameliorates NO bioavailability, and reduces oxidative stress
and vascular stiffness.

Protective against the development of hypertension, cardiac
hypertrophy, and periaortic fibrosis, enhances
endothelium-dependent vasodilation.

Improves arterial stiffness, decreases blood pressure and
counteracts hypertension, ameliorates cerebral vasospasm.

Reduces vascular stiffness, myocardial infarction, stroke and
general CVDs incidence.

Vascular function improvement, microcirculation remodeling,
enhances blood perfusion in ischemic myocardium,
prevents vascular leakage and fibrosis, induces tissue
regeneration.

Reduced arterial stiffness, improved cardiovascular health
metrics (Fuster-BEWAT score), extends cognitive function.

Improves systolic blood pressure and arterial stiffness,
increases flow-mediated dilation and promotes general
reduced cardiovascular risk.1>’]

Attenuates arterial stiffening, restores EDD, and reduces CVD
risk factor.

Maintains vascular function, improves blood pressure, arterial
stiffness, and cardiovascular health.

Delayed CVD progression, reduced vascular stiffness,
improved exercise induced vasodilation.

Increased vascular relaxation and flow-mediated dilation.

Mitigates vascular dysfunction, improves vascular dilation,
reduces blood pressure, restores neurovascular coupling
and cogpnitive functions.

Reversed cellular aging.
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for prospective validations (e.g., by in vitro experiments), a cru-
cial step that has often shown how ML can pinpoint molecules
that later prove to be active in lab tests.[3*] Sayed et al. identified
CXCL9 as a key predictor of a deep learning model for chrono-
logical age and found that silencing it reversed early senescence.
Hence, by improving the understanding of aging mechanisms,
Al helps identify new therapeutic targets and discovering new
anti-aging drugs.[**] Additionally, ML can also support virtual
screening of compounds (e.g., by predicting their behavior and
interactions from 3D images).’® In this context, Yu et al. imple-
mented a full pipeline of bioinformatics exploiting both super-
vised and unsupervised ML to identify cardiac age-related genes
and possible anti-aging drugs.’®”] Finally, ML can serve aging re-
search also by automatizing time-consuming manual processes,
such as using deep learning to accelerate DNA damage quantifi-
cation from imaging flow cytometry 33 or processing wearable
device data used in elderly care services.[**!

Overall, AI technologies hold great promise for uncovering in-
sights that could promote healthy aging. An important limitation
is, however, the availability of large and unbiased datasets. This
motivates the ongoing effort to collect comprehensive collections
housing information about aging-specific biomarkers or curated
aging-related multi-omic data, such as the Digital Aging Atlas,
HAGR, AgeFactDB, AGEMAP, and the Aging Atlas.[3*"]

6.4. Longevity Medicine and Aging Clocks

Longevity medicine is a branch of precision medicine promot-
ing long and healthy lives.3?!l AT applications contributing to the
field of longevity research include, for instance, deep learning-
based imaging for the diagnosis of ARDs,*?] the so called Inter-
net of Things for monitoring and supporting elderly people,**!
and Al-based coaching to support healthy lifestyle,[*] anti-aging
drug development,** and precision medicine for ARDs.3%] Sev-
eral specialized companies and most biotech industries are en-
gaged in this field.?%!

Aging clocks are a fundamental tool of longevity medicine,
as biomarkers of biological aging are necessary to assess the ef-
fectiveness of health span extending interventions.**'*”] They
are based on ML models trained to predict the chronological
age, but are expected to track also biological aging. Therefore,
they are tested as predictor of aging-related outcomes, such as
all-cause mortality, health span, physical functioning, and vari-
ous ARDs, generally showing a significant correlation with these
outcomes.3%] A plethora of aging clocks has been developed
using different training datasets, inputs, targets, and training
algorithms. Several have been trained on methylation data,[*3]
while others on cytokine data,*®®] metabolomic profiling,>*!
transcriptomics,“? proteomics,**! imaging,[*?l and clinical
parameters.[*®*] Some researchers have also considered develop-
ing aging clocks trained on healthspan indicators different from
chronological age. GrimAge 1%l uses time-to-death due to all-
cause mortality data; PhenoAgel*®] relies on a composite clini-
cal measure of phenotypic age; and DunedinPACE [*%] combines
the longitudinal changes in 19 biomarkers. These clocks improve
the predictive accuracy for their respective training outcomes and
can disclose biomolecules or pathways more specifically associ-
ated with them. According to Rutledge et al., they are also likely to
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be more robustly associated with physiological aging.[*’] Aging
clocks also present fundamental limitations. Faul et al. report that
they often have less predictive power than other phenotypic traits
that are usually much easier and cheaper to ascertain, such as de-
mographics and healthy behaviors.?%! Rutledge et al. highlight
that aging clocks correlate only mildly with each other, suggesting
that each captures only some aspects of aging. They also point out
how often clocks fail to accurately estimate biological aging, and
argue that moving beyond the traditional training on chronologi-
cal age is necessary. However, there is currently no agreement on
which measure of biological age should be used. In this context,
more attention could be devoted to multi-task ML approaches,
which model multiple correlated outcomes simultaneously.!*?’]
For example, Huang et al. implemented a two-task deep learn-
ing model that simultaneously extracts distinct identity- and age-
related features from face features,**®®! while Pan et al. showed
that joint learning can improve both age and cognitive decline
predictions.[*®] Another limitation of current research on aging
clocks is that most studies focus on a single data type, such as
methylation or transcriptomics. Integrative approaches combin-
ing multi-omic data [“1 remain rare, despite their potential to
reveal novel biomarkers and provide deeper insights into biolog-
ical aging.[*!!]

7. Conclusion

Vascular aging plays a central role in the onset and progression
of ARDs, including CVDs and neurodegenerative conditions.
This process, which is characterized by a combination of cellu-
lar and molecular changes, leads to the deterioration of vascular
integrity, including increased arterial stiffness, impaired angio-
genesis, and altered vascular permeability. For this reason, under-
standing vascular aging and developing strategies to counteract it
is critical for enhancing the quality of life in the aging population,
although the translation from bench to bedside shows substantial
challenges that demand critical evaluation.

The selection of appropriate experimental models continues
to present crucial obstacles in vascular aging research. While an-
imal models have provided mechanistic insights into systemic
aging processes, their limited translational validity to human vas-
cular pathophysiology has become increasingly apparent. In vitro
systems, though offering controlled environments for studying
human-specific processes, often fail to recapitulate the complex
multicellular interactions and hemodynamic forces that charac-
terize aging vasculature in vivo. This modeling gap has con-
tributed to the disappointing translation rate of promising pre-
clinical findings to clinical efficacy.

In recent years, candidate therapeutic strategies to miti-
gate vascular aging have been identified. Pharmacological ap-
proaches, such as senolytic administration and the modulation
of nutrient-sensing pathways (e.g., mTOR and AMPK), have
demonstrated promising results in preclinical studies. Similarly,
lifestyle interventions, including regular exercise and dietary
changes, have been shown to enhance vascular health by reduc-
ing oxidative stress, improving endothelial function, and promot-
ing vascular repair. Despite promising preclinical evidence, some
of these interventions face critical challenges, including unclear
mechanisms of action, lack of standardized biomarkers for mon-
itoring therapeutic efficacy, inter-individual variability and con-
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cerns regarding off-target effects and long-term safety profiles.
Overall, these emerging pharmacological and lifestyle interven-
tions offer a promising foundation for translating vascular reju-
venation into effective, personalized therapies.

Despite their promise, vascular-aging interventions must over-
come key hurdles: refining multi-omics integration to reveal
causality beyond correlations; advancing aging clocks through
cross-population validation and clinical outcome linkage; and
standardizing vascular-specific biomarkers for reliable monitor-
ing.
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