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Abstract

Panvascular aging is characterized by a systemic decline in vascular integrity that underlies
the pathogenesis of multiple age-related diseases. Rather than affecting isolated vascular
beds, aging triggers widespread changes across the entire circulatory system, including
both large vessels and microcirculation in multiple organs. Core mechanisms encompass
endothelial dysfunction, glycocalyx degradation, oxidative stress, inflammaging, and
disturbed mechanotransduction, which converge to impair vascular homeostasis. At the
cellular level, telomere shortening, epigenetic remodeling, and vascular smooth muscle cell
phenotypic switching accelerate senescence and extracellular matrix stiffening.
Importantly, panvascular aging propagates through systemic inter-organ axes, such as the
brain-vascular and heart-kidney networks, thereby amplifying shared pathogenic pathways
and promoting organ dysfunction. Consequently, it constitutes an integrative framework
linking cardiovascular disease, diabetes, chronic kidney disease, and neurodegeneration.
Recognizing panvascular aging as a common pathophysiological axis underscores the
importance of developing systemic strategies that enhance vascular resilience beyond
singular disease-oriented approaches. Emerging therapeutic strategies - including
senotherapeutics, epigenetic modulators, glycocalyx restoration, and metabolic restoration
- are being explored as promising interventions to attenuate vascular aging and mitigate
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multimorbidity. This review synthesizes current insights into the molecular and mechanobiological mechanisms of
panvascular aging and frames it as a conceptual keystone in aging biology, highlighting translational opportunities
for the prevention and treatment of chronic age-related diseases.

INTRODUCTION

Defining panvascular aging

Panvascular aging refers to the progressive, systemic degeneration of the entire vascular network, including
arteries, veins, and capillaries which are driven by shared molecular and cellular hallmarks of aging. Unlike
localized vascular pathology, it reflects coordinated alterations across macrovascular and microvascular beds,
leading to multi-organ dysfunction. This concept underscores that panvascular aging is not merely aging
occurring in multiple vessels, but rather an integrative biological program that links systemic aging processes
with vascular heterogeneity". Key mechanisms such as endothelial dysfunction, chronic low-grade
inflammation, oxidative stress, mitochondrial impairment, and vascular smooth muscle cells (VSMCs)
remodeling progressively impair vasomotor responses, increase vascular stiffness, and disrupt
microcirculatory regulation, thereby predisposing multiple organ systems to age-related decline.

Systemic nature and clinical significance

The systemic nature of panvascular aging positions it as a unifying pathogenic driver across diverse chronic
diseases. Cardiovascular and cerebrovascular disorders represent prominent clinical manifestations, while
neurodegenerative diseases"), chronic kidney disease (CKD)™, and metabolic syndromes such as diabetes"
similarly exemplify conditions in which vascular aging functions not merely as a consequence, but as a
central pathogenic determinant. For instance, elastin fragmentation and collagen cross-linking in large
arteries elevate pulse wave velocity and systolic load, contributing to heart failure and stroke risk!*”..
Concurrently, endothelial senescence and capillary rarefaction impair cerebral perfusion and clearance
mechanisms, accelerating cognitive decline'. Likewise, renal microvascular stiffening and glomerular
endothelial dysfunction exacerbate nephron loss, while insulin resistance and hyperglycemia intensify
oxidative stress, further perpetuating systemic vascular aging'. Thus, panvascular aging acts as both a
common denominator and a pathophysiological amplifier across organ systems'*..

Distinction from related concepts

Panvascular aging differs from general vascular aging""" - which primarily describes age-related remodeling
of large arteries - and from endothelial aging"?, which is confined to cellular deterioration of endothelial cells
(ECs). Instead, panvascular aging provides a broader, mechanistic framework that integrates aging
phenotypes across all vascular beds and cell types, explicitly linking vascular aging to multi-organ
dysfunction [Figure 1].

Evidence for systemically synchronized vascular aging

High-dimensional omics data offer compelling support for the coordinated nature of vascular aging.
Large-scale plasma proteomic analyses reveal age-dependent protein signatures that correlate with the
biological aging of multiple organs simultaneously"*. These circulating signatures are enriched for vascular
pathways - including insulin-like growth factor (IGF)/insulin signaling"'*, extracellular matrix (ECM)
turnover"*, complement activation, and endothelial inflammatory mediators - supporting the existence of a
systemic axis that integrates vascular aging trajectories across tissues. Similarly, cross-tissue single-cell atlases
in mice have identified conserved endothelial senescence programs!*), marked by upregulation of
Intercellular Adhesion Molecule 1 (ICAM1), Serpin Family E Member 1 (SERPINE1), and pro-inflammatory
senescence-associated secretory phenotype (SASP) components"®, that appear synchronously in diverse

vascular beds with advancing age.
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Figure 1. Comparative overview of vascular aging phenotypes. This table summarizes the defining features of three interrelated aging
processes within the vasculature: Panvascular aging, Vascular aging, and Endothelial aging. The figure was created with https://app.bioren
der.com/citation/69396cbaf8ae54942d60cecc. ECs: Endothelial cells; VSMCs: vascular smooth muscle cells; NO: nitric oxide.

Experimental evidence for circulating regulators

Parabiosis and plasma-transfer studies provide causal evidence that vascular aging is modulated by
blood-borne factors. Heterochronic parabiosis models demonstrate that a young systemic milieu can
partially reverse vascular dysfunction in aged partners. For example, exposure to young blood has been
shown to restore cerebromicrovascular endothelial nitric oxide (NO) bioavailability, improve neurovascular
coupling, and reduce oxidative stress in aged mice!"”’. Conversely, old blood accelerated endothelial
senescence and impaired vascular reactivity in young counterparts"®'?). Complementary plasma-transfer
studies indicate that young plasma or its small extracellular vesicles can rejuvenate microvascular density,
mitochondrial function, and endothelial barrier integrity in aged tissues'®. These findings collectively
support a model in which diffusible endocrine, immunologic, or vesicle-mediated factors orchestrate
vascular aging at the organismal level.

Clinical corroboration of systemic coordination

Clinical observations further reinforce the systemic view, demonstrating coherence of vascular aging
biomarkers across organs. Measures of macrovascular aging such as carotid-femoral pulse wave velocity
(cfPWYV) correlate strongly with microvascular dysfunction in the retina, kidney, and brain, independent of
traditional risk factors. For instance, increased aortic stiffness predicts retinal arteriolar narrowing, reduced
cerebral perfusion, and early CKD, indicating a shared upstream process of systemic vascular stiffening'*’.
Endothelial function metrics, such as flow-mediated dilation (FMD), also correlate with cerebral small-vessel
disease burden, renal microalbuminuria, and peripheral microvascular reactivity, suggesting coordinated
multi-organ endothelial aging™. Longitudinal cohorts further reveal that vascular aging trajectories in one
organ system frequently predict aging phenotypes in other vascular beds, consistent with a systemic
pathophysiology'*.
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Mechanistic coherence across vascular beds
At the mechanistic level, common hallmarks - including mitochondrial dysfunction®’, impaired NO

[24]

signaling"””, endothelial senescence, chronic inflammation, and maladaptive ECM remodeling® - are shared

across vascular beds and appear synchronized by systemic modulators such as circulating cytokines [e.g.,

25]

interleukin (IL)-6, tumor necrosis factor (TNF)-a]”*), metabolic signals [e.g., advanced glycation
end-products (AGEs), lipids]"***”), and endocrine regulators [e.g., Insulin-like growth factor 1 (IGF1),
Klotho]"”**!. Importantly, interventions targeting these systemic pathways exert benefits across multiple

vascular territories rather than in isolated beds"”, highlighting the integrated nature of panvascular aging.

Implications for biomarkers and therapeutics

Recognizing panvascular aging as a coordinated systemic phenomenon has important translational
implications™. Biomarkers of vascular aging should be multi-organ and circulation-based, while therapeutic
strategies targeting the systemic milieu - such as senolytics, anti-inflammatory agents, nicotinamide adenine
dinucleotide (NAD*) boosters, or circulatory-factor modulation - may yield broad, panvascular benefits
across the lifespan®.

This review synthesizes current understanding of the shared mechanisms driving panvascular aging and their
role in the pathogenesis of major age-related diseases. Focusing on endothelial dysfunction, oxidative stress,
inflammatory signaling, and VSMCs abnormalities as central hubs, we propose an integrated framework to
elucidate how panvascular aging coordinates systemic disease progression. By integrating mechanistic
insights with translational perspectives, we highlight the necessity of comprehensive strategies to maintain
vascular health and extend healthspan in aging populations.

PANVASCULAR AGING AS A HETEROGENEOUS, MULTI-SCALE PROCESS

“Panvascular aging” refers to the integrated effects of aging on the entire vascular system, yet it is
increasingly understood as a heterogeneous, rather than uniform, process'”.. The manifestations and
mechanisms of aging differ considerably depending on the vascular bed”" - such as large elastic arteries
versus small resistance arteries versus organ-specific microvessels - and on the cell type involved”, including
ECs, VSMCs, and pericytes or mural cells. Advances in single-cell and spatial transcriptomics are now
beginning to illuminate the complexity underlying this heterogeneity.

Macro- versus microvascular beds: distinct aging signatures

In large elastic arteries such as the ascending thoracic aorta, chronological aging typically leads to increased
arterial stiffness, reduced distensibility, and structural remodeling of the vessel wall. A recent single-cell
transcriptomic study of the aged ascending thoracic aorta, for example, revealed increased collagen
deposition in the medial and adventitial layers, decreased abundance of VSMCs, enhanced inflammatory
signaling, and T-lymphocyte enrichment in the adventitia compared with young controls®****/. These
molecular and cellular alterations corresponded functionally to a decline in passive cyclic distensibility.

In contrast, aging in resistance arteries and smaller muscular arteries is characterized more prominently by
VSMC phenotypic switching (from a contractile to a synthetic or senescent state), ECM remodeling, and
altered vasoreactivity - processes that differ from the stiffening-dominant profile seen in large elastic vessels.
A study of aged hypertensive and normotensive rats, using single-cell RNA sequencing of aorta, femoral, and
mesenteric arteries, demonstrated age- and hypertension-associated shifts in VSMCs composition:
contractile VSMCs declined, while synthetic, apoptotic, and senescent subpopulations expanded®™'.

At the microvascular level - for instance, in capillaries of the brain, adipose tissue, retina, and kidney - aging
manifests as capillary rarefaction (loss of density), impaired angiogenesis, endothelial dysfunction,
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basement-membrane thickening, altered pericyte coverage, and disruption of blood-tissue barriers.
Accumulating evidence highlights a central role for endothelial senescence in the age-associated
deterioration of the blood-brain barrier (BBB) and blood-retinal barrier (BRB)"°..

Moreover, aging in subcutaneous adipose tissue is associated with a reduced proportion of venular ECs and a
pseudotemporal shift toward a terminal metabolic state marked by suppressed oxidative phosphorylation
and enhanced inflammatory signaling, with C-X-C motif chemokine ligand 9 (CXCL9) identified as a
potential mediator linking endothelial metabolic dysfunction to impaired angiogenesis"””. These findings
highlight the heterogeneity of microvascular aging across vascular beds and endothelial subpopulations.

Thus, the dominant aging processes vary by vascular compartment: large elastic arteries undergo stiffening
and ECM remodeling; muscular and resistance arteries exhibit VSMC phenotypic switching and functional
remodeling; and microvessels display capillary rarefaction, barrier impairment, and ECs/pericyte
dysfunction.

Cellular heterogeneity: ECs, VSMCs, and pericytes
ECs

As the inner lining of all vessels, ECs are directly exposed to circulating factors and hemodynamic forces,
playing central roles in vasomotor regulation, barrier function, angiogenesis, and leukocyte adhesion.
Accumulating evidence indicates that ECs in different tissues do not age identically: although common
“core” aging-associated features - such as increased inflammatory gene expression, senescence-related
signatures, and a reduced proportion of capillary ECs - are observed, tissue-specific aging patterns also
emerge, affecting angiogenic capacity, barrier integrity, DNA-repair pathways, and extracellular-matrix
regulation®. Single-cell transcriptomic analyses of cardiac ECs from young and aged mice have further
identified multiple EC subclusters and revealed pronounced age-associated shifts in both their cellular
composition and transcriptional programs, indicating that certain EC subtypes are disproportionately
vulnerable to aging"*®’. These findings support the concept that endothelial aging is intrinsically
heterogeneous, with some EC subpopulations retaining youthful characteristics for longer periods, while
others preferentially transition toward senescent or dysfunctional states.

VSMCs and large-vessel remodeling

VSMCs, the main mural cells in medium- to large-sized arteries, provide contractile force and contribute to
vessel-wall stability. Aging, often in conjunction with hypertension, drives VSMC phenotypic switching from
a contractile to a synthetic, proliferative, ECM-producing, senescent, or even apoptotic phenotype. The
hypertensive-aging single-cell study noted an increased abundance of synthetic/senescent VSMCs in aged
arteries””. Bulk transcriptomic analyses of aging aortic tissues further reveal dysregulation not only of
classical senescence-associated genes, but also of pathways such as molecular chaperones [e.g., 70-kDa heat
shock protein (HSP70) family] and circadian clock genes, indicating broader disruptions in proteostasis and
circadian regulation in the aged arterial wall"*’..

These molecular alterations likely contribute to ECM remodeling, collagen accumulation, elastin
fragmentation, and the resultant increases in stiffness and loss of compliance. Consequently, interventions
targeting vascular aging - such as senolytics or ECM-directed agents - may need to address VSMC phenotype
and ECM homeostasis in large arteries, but are unlikely to suffice for microvascular or endothelial-specific
pathologies.
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Pericytes and mural cells in the microvasculature

Pericytes and other mural cells are critical for capillary stability, blood-flow regulation, and blood-tissue
barrier integrity, particularly in microvascular beds of the brain, retina, adipose tissue, and kidney. Recent
studies highlight pericyte dysfunction as a key contributor to microvascular aging. Pericytes from aged rat
brains display senescence-associated phenotypes and diminished support of BBB function'!, while in vivo
studies in aging mice show that pericyte loss promotes capillary dilation, flow heterogeneity, stalling and
regression, defective remodeling, and reduced capillary network connectivity!*?..

Pericytes are increasingly recognized as a heterogeneous population, varying by tissue origin'**,
developmental lineage**, and local microenvironment. Their functions in vessel stabilization, angiogenesis,
and tissue homeostasis are shaped by distinct signaling pathways, including Platelet-derived growth factor
B/Platelet-derived growth factor receptor p (PDGF-B/PDGFRB), Transforming growth factor-g (TGF-B),
Notch, Vascular endothelial growth factor (VEGF), and Mechanistic target of rapamycin/Transcription
factor forkhead box O (mTOR/FOXO)"***|. During aging, these regulatory pathways may become
dysregulated in a tissue- or context-specific manner, leading to selective loss of certain pericyte subtypes and
consequently to capillary rarefaction or barrier breakdown in particular organs (e.g., brain, retina, kidney).
Loss of pericyte coverage and basement-membrane thickening, observed in aged microvessels, can weaken
EC-pericyte contacts, destabilize capillaries, and impair microvascular perfusion!**.

Notably, age-associated venular EC loss and microvascular rarefaction in adipose tissue are accompanied by
metabolic reprogramming of aged ECs, marked by suppressed oxidative phosphorylation and increased
CXCL9 expression, implicating coordinated inflammatory-metabolic dysregulation in microvascular
aging"”\. Together, these findings indicate that pericytes are active determinants of microvascular aging, and
their heterogeneity across organs likely underlies the differential vulnerability of microvascular beds (e.g.,
brain vs. kidney vs. retina vs. adipose) to aging-associated dysfunction.

ENDOTHELIAL DYSFUNCTION

Decline of nitric oxide bioavailability

With advancing age, endothelial NO bioavailability declines throughout the vascular system due to multiple,
interconnected mechanisms that collectively accelerate panvascular aging. Endothelial NO synthase (eNOS),
the principal enzymatic source of vascular NO, becomes “uncoupled” under conditions of oxidative stress
and tetrahydrobiopterin (BH,) depletion, resulting in superoxide production rather than NO and thereby
exacerbating vascular redox imbalance and dysfunction>*°!, Replicative endothelial senescence further
contributes by elevating the BH,/BH, ratio and downregulating eNOS expression, shifting enzymatic output
toward reactive oxygen species (ROS)"'. Clinical studies in healthy adults demonstrate that aging
significantly increases circulating BH, without reducing BH,, yet still impairs microvascular function, as
evidenced by diminished cutaneous blood flow'?’. Animal models reinforce these findings:
endothelial-specific deletion of guanosine triphosphate cyclohydrolase 1 (GCH1) sensitizes the vasculature to
angiotensin II-induced remodeling, hypertension, and aneurysm formation, underscoring the pathological
role of BH, insufficiency™. Notably, acute BH, supplementation in older adults fails to improve FMD,
suggesting that cofactor replacement alone is insufficient in the context of established endothelial
senescence™.

Emerging evidence identifies adenosine monophosphate (AMP)-activated protein kinase (AMPK) as a
pivotal upstream regulator of the BH,-eNOS axis. AMPK activation stabilizes GCH1, enhances BH,

synthesis, and promotes eNOS recoupling. For example, intermedin (IMD) protects the renal
microcirculation by activating the AMPK-GCH1-BH, pathway, thereby preventing eNOS uncoupling and

attenuating CKD progression'™.. Similarly, the adipokine C1q/TNF-related protein 13 (CTRP13) ameliorates
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endothelial ferroptosis and dysfunction through AMPK-GCH1-BH, signaling”*. Pharmacological AMPK

activators, including metformin and Glucagon-like peptide-1 (GLP-1) receptor agonists, also restore NO
signaling via this pathway, positioning metabolic modulation as a therapeutic frontier!”.

Chronic inflammation further impairs NO bioavailability in panvascular aging. Elevated levels of the
chemokine CCL4 promote oxidative stress, impair angiogenesis, and suppress endothelial progenitor cell
function in aged models, thereby worsening vascular rarefaction and dysfunction”®. Neutralizing CCL4
restores NO signaling and mitigates endothelial injury, indicating that inflammatory chemokine blockade
may synergize with BH,-targeted strategies to maintain vascular homeostasis'**. This inflammatory
amplification loop not only accelerates NO decline but also links systemic immune aging to endothelial
senescence across vascular beds.

Beyond conduit arteries, NO insufficiency extends to microvascular territories, contributing to impaired
neurovascular coupling, BBB disruption, and renal microvascular fragility in aging'®*. Gut microbiota
dysbiosis further exacerbates systemic oxidative and inflammatory burden, indirectly impairing the BH /NO
pathway'®’. Recent insights also highlight that endothelial-derived hyperpolarizing factors (EDHFs),
including epoxyeicosatrienoic acids (EETs) and hydrogen peroxide (H,0,), may partially compensate for

diminished NO bioavailability in the microcirculation'.

In summary, the interplay of BH, depletion, eNOS uncoupling, chronic inflammation (including CCL4
signaling), and oxidative stress collectively erodes NO bioavailability throughout the vascular tree,
representing a central mechanistic pillar of panvascular aging. Therapeutic strategies combining cofactor
repletion, AMPK activation, anti-inflammatory modulation, and microbiome-targeted interventions offer
promise for restoring vascular integrity and delaying the systemic progression of vascular aging [Figure 2].

Endothelial glycocalyx thinning and restoration

In parallel with the well-characterized age-dependent decline in eNOS function, compelling evidence
indicates that the endothelial glycocalyx (EG) - a carbohydrate-rich luminal layer composed of
proteoglycans, glycoproteins, and glycosaminoglycans (GAGs) - undergoes structural degeneration during
panvascular aging. The EG plays an essential role in shear-stress sensing, vascular permeability regulation,
and NO bioavailability. With advancing age, the EG exhibits both thinning and compositional remodeling,
including loss or altered expression of core proteins and changes in GAG side chains, which collectively
compromise its functional capacity. This degradation disrupts mechanotransduction, reduces NO
bioavailability, increases endothelial permeability, and exposes adhesion receptors that promote leukocyte
and platelet recruitment, thereby converting a local vascular insult into a systemic pro-inflammatory and
pro-coagulant state!®>**. Consequently, EG deterioration acts as both a marker and a mechanistic driver of
endothelial dysfunction, accelerating endothelial senescence and systemic vascular aging.

Recent studies have delineated the mechanisms underlying EG degradation and highlighted potential
restorative interventions. In brain capillaries of aged mice, pronounced EG thinning is observed,
accompanied by transcriptional remodeling of genes involved in mucin-type O-glycan biosynthesis and
heparan sulfate metabolism!*?). Mechanistically, excessive ROS, pro-inflammatory cytokines (e.g., IL-6,
TNF-a), and activation of sheddases such as heparanase and matrix metalloproteinases (MMPs) promote
cleavage of proteoglycan ectodomains (notably syndecan-1) and GAGs. Clinical and translational
observations further report elevated plasma levels of EG-shedding markers (e.g., syndecan-1 and heparan
sulfate fragments) that correlate with arterial stiffness and endothelial dysfunction'*”. These circulating
glycocalyx fragments act as damage-associated molecular patterns (DAMPs), which are capable of entering
the circulation and propagating inflammation and endothelial activation at distant vascular beds. Moreover,
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Figure 2. Integrated mechanisms of panvascular aging. Multiple interdependent processes - including NO decline, glycocalyx thinning,
shear stress vulnerability, chronic inflammation, oxidative stress, VSMCs dysfunction, senescence, ECM remodeling, epigenetic
reprogramming, and brain-vascular axis disruption - converge to accelerate systemic vascular deterioration and organ injury. Therapeutic
strategies targeting BH,/NO signaling, AMPK activation, glycocalyx restoration, mechanotransduction reprogramming, anti-inflammatory
interventions, mitochondrial protection, senotherapies, ECM modulation, and epigenetic/microRNA pathways hold promise for mitigating
panvascular aging. The figure was created with https://app.biorender.com/citation/68c8320f7eaabe5720f1b2d6. ECs: Endothelial cells;
VSMCs: vascular smooth muscle cells; NO: nitric oxide; AMPK: adenosine monophosphate-activated protein kinase; ECM: extracellular
matrix; ROS: reactive oxygen species; eNOS: endothelial NO synthase; GCH1: guanosine triphosphate cyclohydrolase 1; BBB: blood-brain
barrier; SASP: senescence-associated secretory phenotype; MMPs: matrix metalloproteinases; AGEs: advanced glycation end-products;
TIMPs: tissue inhibitor of metalloproteinases; YAP: yes-associated protein; TAZ: transcriptional coactivator with PDZ-binding motif; NMN:
nicotinamide mononucleotide; NR: nicotinamide riboside; KLF4/2: Kriippel-like factor4/2; CHIP: clonal hematopoiesis of indeterminate
potential; LoDoCo2: Low-dose colchicine 2; COLCOT: colchicine cardiovascular outcomes trial; IL-1f: interleukin-1beta; CANTOS:
canakinumab anti-inflammatory thrombosis outcomes study; EPC: endothelial progenitor cell; HS: heparan sulfate; JAK: Janus kinase;
cGAS-STING: cyclic GMP-AMP synthase-stimulator of interferon genes; PECAMT1: platelet and endothelial cell adhesion molecule 1;
VEGFR2: vascular endothelial growth factor receptor 2; TRP channels: transient receptor potential channels; RUNX2: RUNX family
transcription factor 2; HuR: human antigen R; YTHDF2: YTH N6-methyladenosine RNA binding protein F2.

endothelium-derived mediators released during glycocalyx loss - including angiopoietin-2, cytokines, and
pro-coagulant factors, can form feed-forward regulatory loops that reinforce remote endothelial dysfunction
and organ injury, positioning the EG as both a sentinel and a therapeutic target for interrupting maladaptive
inter-organ signaling.

Restoration of EG structure is increasingly recognized as a pivotal anti-vascular-aging strategy. Sulodexide,
for example, prevents syndecan-1 shedding, restores glycocalyx integrity, and improves vascular reactivity in
experimental and early clinical settings'***”. Modulation of the Angiopoietin/Tie2 axis has also emerged as a
promising approach: pharmacological Tie2 activation with AKB-9778 (Razuprotafib) increases EG thickness,
reduces leukocyte adhesion, and attenuates inflammation'®*”. Recent studies indicate that Tie2 modulation
can reverse age-related endothelial dysfunction in specialized vascular beds!®”!. In parallel,
sphingosine-1-phosphate (S1P) signaling has been identified as a glycocalyx-stabilizing pathway that inhibits
syndecan-1 shedding and suppresses inflammatory endothelial activation'*®.
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Together, these findings underscore that EG restoration is not merely a local repair process but a central
strategy for counteracting endothelial senescence, preserving flow-mediated vasodilation, suppressing
thrombo-inflammation, and thereby mitigating panvascular aging [Figure 2].

Mechanobiology and shear stress vulnerability

Recent mechanobiological investigations have demonstrated that age-related changes in vascular geometry,
arterial wall stiffness, and EG degradation collectively reshape local hemodynamic profiles. These alterations
increase the prevalence of disturbed or oscillatory shear stress across the arterial tree, accelerating
panvascular aging and elevating susceptibility to atherothrombotic events'®”.

Under physiological unidirectional (laminar) shear stress, ECs activate a junctional mechanosensory
complex composed of Platelet And Endothelial Cell Adhesion Molecule 1 (PECAM-1), vascular endothelial
cadherin (VE-cadherin), and Vascular endothelial growth factor receptor 2 (VEGFR2). Engagement of this
complex initiates intracellular kinase signaling cascades, including the Mitogen-activated protein kinase
5-Extracellular Signal-Regulated Protein Kinase 5 (MEK5-ERKS5) pathway, which upregulate the
shear-responsive transcription factors Kriippel-like factor (KLF)2 and KLF4. These transcriptional programs
maintain an endothelial phenotype characterized by anti-inflammatory, antioxidant, and NO-enriched
properties, thereby preserving vascular homeostasis'**”*!. KLF2 and KLF4 induction constitutes a pivotal
regulatory axis of flow-mediated vascular homeostasis, promoting eNOS expression and genes with
anticoagulant and anti-adhesive functions, while suppressing nuclear factor-kappa B (NF-«B)-dependent
inflammatory signaling. However, this protective endothelial program progressively declines with aging and
in vascular regions exposed to disturbed flow!”>”?).

Conversely, disturbed shear stress activates mechanosensitive ion channels and transcriptional co-activators
that reprogram ECs toward a pro-inflammatory state. The mechanically gated ion channel Piezo1 serves as a
critical upstream sensor; under disturbed flow, it mediates sustained Ca** influx that propagates
pro-inflammatory signaling. Concurrently, disturbed shear facilitates nuclear translocation of the
transcriptional co-activator YAP (Yes-associated protein) and TAZ (transcriptional coactivator with

74-76]

PDZ-binding motif), further amplifying oxidative stress and endothelial dysfunction” ",

Recent mechanistic studies have delineated a Piezo1-soluble adenylyl cyclase (sAC)-Inositol
1,4,5-trisphosphate receptor 2 (IP,R2) axis, through which Piezo1 activation triggers endoplasmic reticulum
(ER) Ca** release and Akt (also known as protein kinase B or PKB) signaling. Dysregulation of this pathway
compromises eNOS phosphorylation and attenuates flow-mediated vasodilation, a hallmark of vascular
aging!”®*l. In parallel, disturbed-flow-induced Piezo1/Ca’* signaling engages Calmodulin
(CaM)/Calcium/calmodulin-stimulated protein kinase IT (CaMKII) and focal adhesion kinase pathways,
enhancing YAP/TAZ nuclear translocation and reinforcing pro-inflammatory endothelial
reprogramming”*”),

Aging aggravates endothelial vulnerability through progressive glycocalyx thinning and shedding, heightened
oxidative stress, cellular senescence, and altered vascular compliance. Together, these changes attenuate
laminar shear-mediated signaling and shift mechanotransduction toward pro-atherogenic pathways”>””).
These insights are informing translational strategies: pharmacological modulators of Piezo1 [e.g., Yoda1 (a
Piezo1 agonist), Dooku1 (an analog of Yodal, is a selective antagonist of the endogenous Piezo1 channel),
GsMTx4 (Grammostola spatulata mechanotoxin 4, is a spider venom peptide that inhibits cationic
mechanosensitive channels (MSCs), for example, TRPC1, TRPCé6 and Piezo channels)] can modify
endothelial Ca** entry and downstream signaling in experimental systems!”**°). Targeting the
Piezo1-sAC-IP,R2-Akt axis restores Akt/eNOS activation and promotes endothelial alignment in preclinical
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models, highlighting IP R2-Akt stabilization as a potential therapeutic approach!*. Concurrently,
interventions aimed at preserving or restoring KLF2/KLF4 expression - via statins, metabolic modulators, or
inhibition of negative regulators such as endothelial y-protocadherins - show promise in reinstating
NO-dependent vasoprotection in aging vasculature!”.

Collectively, these findings identify mechanosensitive channels (Piezo1), ER-Ca* regulatory pathways
(IP,R2/sAC), and mechano-responsive transcriptional regulators (KLF2/KLF4, YAP/TAZ) as critical
determinants of panvascular aging, delineating novel therapeutic targets for promoting protective
NO-enriched endothelial phenotypes [Figure 2].

Inflammation/inflammaging

Aging-associated sterile inflammation, termed “inflammaging”, results from multiple convergent
mechanisms. These include immunosenescence, SASP, mitochondrial DAMPs that activate the
inflammasome and Cyclic GMP-AMP synthase-stimulator of interferon genes (cGAS-STING) signaling, and
age-related gut microbiota alterations. Collectively, these factors disrupt endothelial homeostasis across all
vascular beds - macrovascular, microvascular, and organ-specific - thereby promoting plaque formation,
progression, and instability'® .

In arteries and arterioles, SASP-derived cytokines (e.g., IL-1B, IL-6, TNF), proteases, and pro-thrombotic
mediators enhance leukocyte recruitment, impair eNOS signaling, and increase vascular stiffness. Within
capillary networks - such as those in the coronary, cerebral, renal, and retinal circulations - these mediators
compromise endothelial barrier function and accelerate microvascular rarefaction, which are central features

[81,82]

of panvascular aging!®"*.

Mitochondrial DAMPs, including mitochondrial DNA (mtDNA), sustain innate immune activation via
Nucleotide-Binding Domain, Leucine-Rich-Containing Family, Pyrin Domain-Containing-3 (NLRP3)
inflammasome and cGAS-STING pathways, directly linking bioenergetic dysfunction with chronic
endothelial injury and atherogenesis'®!. Parallelly, age-related gut dysbiosis elevates pro-atherogenic
metabolites (e.g., trimethylamine N-oxide, TMAQ) and endotoxemia while reducing protective short-chain
fatty acids (SCFAs), exacerbating endothelial dysfunction and arterial stiffness. Emerging human cohort data
indicate that a “younger” gut microbial age correlates with lower cardiovascular risk in older adults,
highlighting a modifiable gut-vascular aging axis'®*.

A significant advance in recent years is the recognition that clonal hematopoiesis of indeterminate potential
(CHIP) acts as a systemic, panvascular inflammatory driver. CHIP - particularly mutations in Tet
methylcytosine dioxygenase 2 (TET2) and DNA Methyltransferase 3 Alpha (DNMT3A) - reprograms
myeloid cells toward a hyperinflammatory phenotype characterized by increased cytokine production,
thereby accelerating atherosclerosis and thrombosis. Multi-ancestry cohorts studies and mechanistic models
have established CHIP as an age-related cardiovascular risk factor®**. Notably, low-dose colchicine can
partially attenuate CHIP-driven inflammation and atherogenesis in preclinical TET2-deficient models,
aligning with its established clinical benefits in atherosclerotic disease!*.

Therapeutically, the CANTOS (Canakinumab Anti-Inflammatory Thrombosis Outcomes Study) trial
(NCTo1327846) provided proof-of-concept that targeting IL- 1B reduces recurrent cardiovascular events,
with subsequent analyses confirming decreased total cardiovascular events and clarifying residual
inflammatory risk mediated by upstream and downstream cytokines such as IL-18 and IL-6"". Low-dose
colchicine has since emerged as a clinically actionable anti-inflammatory therapy. The Low-Dose Colchicine
2 (LoDoCo2) trial (2020; Australian New Zealand Clinical Trials Registry; ACTRN12614000093684)


https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/clinical-trial
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demonstrated a reduction in major adverse cardiovascular events (MACE) in patients with stable coronary
disease. Together with the Colchicine Cardiovascular Outcomes Trial (COLCOT; NCT02551094), these
findings supported the 2023 approval by the U.S. Food and Drug Administration (FDA) of low-dose
colchicine (0.5 mg; Lodoco®) to reduce the risk of myocardial infarction, stroke, coronary revascularization,
and cardiovascular death in eligible adults”"*?.. Beyond reducing clinical events, these interventions target
shared inflammatory pathways that drive panvascular aging - offering a mechanistic strategy applicable
across diverse vascular territories [Figure 2].

Oxidative stress

Excessive ROS production and mitochondrial dysfunction form a self-reinforcing cycle, further aggravated
by eNOS uncoupling. Together, these processes induce endothelial damage, accelerate cellular senescence,
and promote widespread vascular remodeling.

Aging-related defects in mitochondrial dynamics - marked by reduced fusion [mediated by Mitofusin 1 and
2 (MFN1/2) and Optic Atrophy 1 (OPA1)], enhanced fission [(via Dynamin-related protein 1 (DRP1)], and
impaired mitophagy - lead to the accumulation of damaged mitochondria. This elevates mitochondrial ROS,
activates redox-sensitive signaling pathways such as NF-«B, and induces SASP, all of which contribute to
vascular stiffening and structural remodeling®***l. Concurrently, eNOS uncoupling diminishes NO
bioavailability while generating additional ROS, further exacerbating endothelial dysfunction and
senescence!*.

Therapeutic strategies targeting these interconnected pathways are increasingly being explored.
Mitochondria-targeted antioxidants such as Mitoquinone (MitoQ) directly neutralize mitochondrial ROS
and have been shown in preclinical studies to improve endothelial function, reduce arterial stiffness, and
delay cellular senescence; early clinical trials also suggest beneficial vascular effects”**”. Similarly,
interventions that restore NAD" levels - through supplementation with precursors such as nicotinamide
mononucleotide (NMN) or nicotinamide riboside (NR) - reactivate sirtuin signaling, enhance autophagy and
mitochondrial biogenesis, suppress inflammation, and improve endothelial and VSMCs function in both
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animal models and early human studies”®*.

In summary, the mutually reinforcing interplay among ROS overproduction, mitochondrial dysfunction,
and eNOS uncoupling plays a central role in panvascular aging, driving endothelial injury, senescence, and
maladaptive vascular remodeling. Therapeutic strategies focused on restoring mitochondrial homeostasis
and NAD" levels therefore represent promising approaches to attenuate vascular aging and its systemic
consequences [Figure 2].

VSMCS DYSFUNCTION

Aging drives a panvascular remodeling process in which inflammatory and oxidative stress signals shift
VSMCs from a contractile phenotype toward synthetic, osteogenic/chondrogenic, foam cell-like,
fibroblast-like, and macrophage-like phenotypes!'**'*"). This phenotypic switch promotes VSMCs
proliferation, migration, ECM deposition, and secretion of cytokines and MMPs, collectively contributing to
arterial stiffening and medial degeneration. Single-cell and lineage-tracing studies in aging models, including
naturally aged mice, progeroid models, and chronically stressed arterial constructs, have shown that these
transitions are driven by DNA-damage responses, mitochondrial ROS, and SASP cytokines. These factors
activate KLF4/TCF21 programs, WNT (WNT signaling pathway)-RUNX2 (RUNX Family Transcription
Factor 2, is a direct target of the canonical WNT signaling pathway) osteogenic signaling, and stress-kinase
pathways [e.g., Receptor-Interacting Serine/Threonine-Protein Kinase 1 (RIPK1)] while suppressing
contractile gene networks!™?),
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Across vascular beds, the cumulative outcome is loss of medial elasticity, fibrotic matrix accumulation, and
calcification, resulting in conduit artery stiffening and impaired microvascular compliance - hallmarks of
panvascular aging that propagate end-organ injury in the heart, brain, kidney, and retina"**'°"),
Mechanotransduction reinforces these changes: increased ECM stiffness and disturbed hemodynamics
activate YAP/TAZ and Transient receptor potential channels (TRP) channel signaling, further promoting
synthetic/osteogenic reprogramming''°>'°*/. Conversely, epigenetic regulators such as TET2 and
Ne6-methyladenosine (m6A) readers [e.g., YTH Ne-Methyladenosine RNA Binding Protein F2 (YTHDF2)]
can restrain osteogenic drift"*>"**. Clinically, these alterations manifest as elevated pulse pressure, isolated
systolic hypertension, vascular calcification, aneurysm susceptibility, and vulnerable atherosclerotic plaques
throughout coronary, carotid, cerebral, renal, and peripheral arteries, representing an integrated
“panvascular” phenotype of aging"” ..

Notably, emerging evidence indicates that pre-senescent VSMCs - transitioning toward senescence and
exhibiting heightened DNA damage susceptibility - contribute to plaque destabilization and amplify
neointimal hyperplasia after vascular injury, even before full expression of canonical senescence
biomarkers"'>"""). Maintaining VSMCs in a non-senescent state facilitates their redifferentiation into a
contractile phenotype, thereby enhancing plaque stability in experimental models"'*"""), underscoring their
central role as drivers rather than passive markers of vascular aging.

Senotherapeutic approaches are advancing from concept to mechanism: in preclinical studies, dasatinib plus
quercetin (D+Q) modifies chromatin organization in senescent VSMCs, reduces vascular senescence
markers, and improves vasomotor function. However, its effects on plaque burden and stability remain
context-dependent, varying with dosage and timing of administration"'*"**. Other emerging strategies aim to
restore VSMCs homeostasis and attenuate the stiffness-calcification axis in panvascular aging. These include
targeting RUNX2, Human antigen R (HuR), or m6A epitranscriptomic machinery to suppress osteogenic
transdifferentiation!">"'; inhibiting RIPK1-mediated necroptosis'"”; and modulating mechanosensitive
YAP/TAZ signaling"*>"** [Figure 2].

TELOMERE SHORTENING & CELLULAR SENESCENCE

Cellular senescence of ECs, VSMCs, pericytes, and adventitial fibroblasts serves as a systemic driver of
panvascular aging'"'”. These senescent cells accumulate throughout the macro- and microvasculature and
secrete a pro-inflammatory, matrix-remodeling SASP, characterized by elevated levels of IL-6, IL-18, MMPs,
chemokines, and growth factors. Through paracrine and endocrine signaling, the SASP disseminates
dysfunction across the vascular wall and to peripheral organs"'®!. This cascade leads to endothelial barrier
dysfunction, impaired angiogenesis, maladaptive VSMC phenotypic switching (e.g., toward
synthetic/osteogenic), ECM degradation and stiffening, vascular calcification, and systemic complications
such as neurovascular and renal degeneration'". Recent studies further indicate that endothelial and pericyte
senescence disrupt neurovascular coupling and BBB integrity!"”), while senescent VSMCs and fibroblasts
exacerbate arterial fibrosis and calcification via SASP-MMP circuits and epigenetic reprogramming'*>’.
Together, this establishes cellular senescence as a central mechanistic link in panvascular pathogenesis.

Both telomere attrition and epigenetic remodeling contribute to aging in a tissue-specific manner, with
evidence pointing to amplified effects within the vasculature. First, ECs and VSMCs face unique extrinsic
stresses - including pulsatile hemodynamic shear, transmural pressure, and a highly oxidative/inflammatory
local milieu. These changes accelerate telomere dysfunction and DNA damage responses compared to many
quiescent parenchymal cells. Endothelial telomere uncapping, for example, triggers a senescent,
pro-inflammatory and pro-thrombotic phenotype that directly impairs vasodilation and barrier integrity
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bzv122] Second, vascular cells exhibit marked phenotypic plasticity: VSMCs can undergo clonal expansion and
phenotype switching in disease contexts, processes tightly regulated by locus-specific epigenetic changes
(e.g., DNA methylation, histone modifications and chromatin accessibility) that amplify pathologic
remodeling, such as neointima formation and calcification!**'**!. Third, epigenetic signatures and
methylation-based “clocks” reveal vascular-enriched alterations that correlate with clinical outcomes such as
arterial stiffness and atherosclerosis, suggesting that vascular epigenetic remodeling is not merely a bystander
of systemic aging but an active contributor to vascular pathology**'*, Collectively, these findings indicate
that telomere shortening, and epigenetic remodeling exert disproportionately profound functional
consequences in vascular tissues due to (i) unique extrinsic exposures, (ii) cell-type-specific responses
(senescence/SASP and VSMC plasticity), and (iii) locus-specific epigenetic reprogramming that promotes
maladaptive remodeling.

These insights have spurred the development of “senotherapeutic” strategies. Senolytics agents which
selectively eliminate senescent cells - most notably the combination of dasatinib and quercetin (D+Q) and
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the flavonoid fisetin - have advanced from preclinical vascular models to early-phase human trials"**. In
idiopathic pulmonary fibrosis, an open-label pilot study suggested that D+Q can improve physical function,
prompting further controlled feasibility studies"””. In early Alzheimer’s disease, a phase I open-label trial of
D+Q demonstrated central nervous system penetration with mixed biomarker signals but acceptable
short-term safety!?*. Additional feasibility studies in broader geriatric and disease-specific populations are

ongoing"*’.

Concurrently, senomorphic approaches - which aim to attenuate the SASP without inducing cell death - are
being explored for vascular applications. These include JAK/STAT (Janus kinase/signal transducer and
activator of transcription signaling pathway) inhibition and interventions targeting metformin- or
mTOR-related pathways. Evidence indicates that modulating IL-6-JAK signaling or alleviating
mitochondrial and telomere stress can suppress senescence programs in ECs and VSMCs!"**'**). Together,
these findings position senolytics and senomorphics as promising therapeutic avenues for lowering or
partially reversing panvascular aging, while underscoring the need for longer-term, randomized controlled
trials to establish efficacy, define relevant vascular endpoints, and evaluate long-term safety [Figure 2].

ECM REMODELING & ARTERIAL STIFFNESS

The progressive stiffening of arteries, a hallmark of panvascular aging, results from interrelated structural
alterations in the vascular wall. Key contributors include the accumulation of AGEs, elastin fragmentation,
increased collagen deposition, and an imbalance between MMPs and tissue inhibitor of metalloproteinases
(TIMPs). Together, these changes disrupt the biomechanical properties of arteries, reducing elasticity and
impairing vascular compliance across both large and small vessels.

AGE crosslinking not only directly stiffens ECM but also promotes oxidative stress and inflammatory
signaling, thereby accelerating vascular senescence and fibrosis'**.. Concurrently, elastin degradation and
collagen deposition form a self-reinforcing cycle that further increases arterial stiffness and exacerbates
hemodynamic stress!'*”). Dysregulation of the MMP-TIMP system also plays a critical role, driving
maladaptive ECM turnover that contributes to plaque instability in large arteries and microvascular
rarefaction in small vessels"*.

Clinically, arterial stiffening is increasingly recognized as a central mechanism linking vascular aging to
end-organ damage. Stiffened conduit arteries transmit excessive pulsatile energy into distal microvascular
beds, promoting BBB dysfunction, glomerular injury, and retinal microangiopathy. These processes help
explain the association between arterial stiffness and age-related conditions such as hypertension, CKD, and
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cognitive decline!"**"**!. At the cellular level, increased mechanical stress from a remodeled ECM activates
mechanosensitive pathways - including YAP/TAZ and Piezo1 signaling in VSMCs and ECs. This reinforces
maladaptive gene expression patterns that perpetuate vascular dysfunction and structural remodeling"*'.

Current treatment strategies are shifting from purely symptomatic management toward directly targeting the
structural drivers of vascular stiffness. In addition to established approaches such as AGEs breakers, elastin
stabilizers, and MMP/TIMP modulators, emerging interventions include senotherapeutics, epigenetic
modifiers, and lifestyle interventions such as regular exercise and dietary AGEs restriction. Together, these
multimodal strategies highlight the potential not only to attenuate arterial stiffness but in some cases,
partially reverse it - offering a promising avenue for mitigating systemic vascular aging and its associated
organ dysfunction [Figure 2].

EPIGENETICS & NON-CODING RNAS

A growing body of research demonstrates that epigenetic mechanisms, including DNA methylation, histone
methylation/acetylation, and emerging acyl modifications, coordinate endothelial and VSMC senescence
throughout the vasculature, driving features of panvascular aging such as arterial stiffening, macrovascular
and microvascular rarefaction, and atherogenesis. Aberrant DNA methylation and histone post-translational
modifications (PTMs) reprogram chromatin at pro-inflammatory and pro-senescence loci in vascular cells.
For example, recent studies link altered methylation and acetylation states to endothelial dysfunction and
VSMCs senescence, which in turn promotes plaque progression**'*.,

Novel histone acyl marks such as lactylation and succinylation integrate cellular metabolism with chromatin
regulation in vascular aging. Histone lactylation increases in response to elevated glycolytic flux and directly
activates pro-senescence and pro-atherogenic transcriptional programs. In VSMCs, Tumor Necrosis Factor
Receptor-Associated Protein 1 (TRAP1)-mediated metabolic reprogramming elevates lactate levels, leading
to histone deacetylase 3-dependent histone H4 lysine 12 lactylation (H4K12la) that enriches SASP gene
promoters and exacerbates VSMCs senescence and atherosclerosis'**. In ECs, glycolysis-driven histone H3
lysine 18 lactylation (H3K18la), mediated by a P300 (E1A-binding protein P300)/ASF1A (anti-silencing
function 1A) complex, upregulates SNAI1 (Snail family transcriptional repressor 1) expression and promotes
endothelial-to-mesenchymal transition (EndMT), thereby accelerating atherogenesis'**. Succinylation also
plays a critical regulatory role: endothelial Sirtuin 5 (SIRT5), a desuccinylase, restrains apoptosis by removing
succinylation marks [e.g., at ERO1A-K396 (Lysine 396 (K396) residue of the Endoplasmic Reticulum
Oxidoreductase 1 Alpha (ERO1A) protein)], revealing a succinylation-stress axis that likely contributes to
vascular aging pathways!"*/,

Beyond chromatin-level control, noncoding RNAs systemically modulate these processes. miR-34a is
consistently implicated in endothelial and VSMCs senescence (often acting through SIRT1 and Notch
signaling) and worsens vascular remodeling, a role supported by recent human and experimental
studies"*>'*). miR-146a functions as a key negative regulator of NF-kB-driven vascular inflammation, with
emerging evidence indicating that modulating its activity can blunt innate inflammatory signaling and
suppress atherogenesis"*'**. Conversely, the endothelial-enriched miR-126 promotes vascular repair and
limits endothelial activation; translational studies suggest that restoring miR-126 activity helps stabilize
plaques and improves endothelial homeostasis in atherosclerosis''****°!. Together, these epigenetic and
microRNA networks integrate metabolic stress, chromatin remodeling, and inflammatory signaling across
diverse vascular beds, collectively advancing panvascular progression from endothelial dysfunction to plaque
growth and arterial stiffening with age [Figure 2].
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BRAIN-VASCULAR AXIS

Aging profoundly affects the neurovascular unit (NVU), the multicellular functional module composed of
cerebral ECs, pericytes, astrocytes, and neurons, which collectively maintains BBB integrity and cerebral
homeostasis. With advancing aging, the BBB undergoes a gradual functional decline, characterized by
increased permeability resulting from endothelial and pericyte senescence, loss of tight and adherens
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junction proteins, basement membrane remodeling, and chronic neuroinflammation'*". Senescent cerebral
microvascular ECs and pericytes not only exhibit impaired proliferative and barrier-forming capacities but

also secrete pro-inflammatory and matrix-remodeling SASP factors, further weakening vascular integrity"*..

This age-dependent BBB dysfunction leads to two main consequences: (1) impaired clearance of neurotoxic
proteins such as amyloid-p and tau, and (2) increased transendothelial passage of plasma-derived proteins
and peripheral immune mediators into the central nervous system. Together, these mechanisms form a
pathophysiological link between systemic vascular aging - characterized by arterial stiffening, endothelial
dysfunction, and chronic low-grade inflammation - and the development of neurodegenerative disorders,
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including Alzheimer’s disease and vascular dementia! .

Recent advances in clinical neuroimaging have shown that subclinical, region-specific BBB breakdown -
detectable via biomarkers such as soluble platelet-derived growth factor receptor-p (sPDGFRp) or dynamic
contrast-enhanced magnetic resonance imaging (MRI) - often occurs in cognitively normal older adults and
can precede the onset of noticeable cognitive decline"*>'**. Thus, BBB dysfunction serves as both an early
indicator and a potential therapeutic target within the broader framework of panvascular aging, highlighting
the pivotal role of neurovascular senescence in mediating bidirectional communication between peripheral
vascular injury and brain pathology [Figure 2].

PANVASCULAR AGING IN MAJOR DISEASES

Cardiovascular diseases

Panvascular aging describes the systemic decline of vascular integrity that affects the entire arterial system,
from large elastic arteries to arterioles and capillary networks. At the macrostructural level, aging-driven
remodeling- characterized by elastin fragmentation, collagen cross-linking, and medial calcification- leads to
progressive arterial stiffening. This is clinically reflected in elevated pulse-wave velocity (PWV) and widened
pulse pressure, both established independent predictors of cardiovascular morbidity and mortality"'*.

At the microvascular level, reduced NO bioavailability, mitochondrial dysfunction, and impaired endothelial
mechanosensing limit vasodilatory capacity and capillary recruitment, contributing to myocardial
supply-demand imbalance and tissue ischemia>'*. Together, these processes underlie the pathogenesis of
coronary artery disease, accelerate atherogenesis, and play a particularly detrimental role in heart failure with
preserved ejection fraction (HFpEF), where microvascular inflammation, capillary rarefaction, and
endothelial senescence are now recognized as central pathological features'*”. Increased arterial stiffness, a
hallmark of aging, also critically impairs coronary perfusion. Normally, the compliant aorta buffers the pulse
wave generated by ventricular ejection. In a stiffened aorta, however, the reflected wave returns prematurely,
reducing diastolic coronary perfusion. This hemodynamic alteration, indicated by increased PWV, can lead
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to myocardial dysfunction and remodeling"*'"**. It is important to note that this phenomenon is not well

replicated in standard mouse models.

Mechanistically, aging endothelium exposed to disturbed shear stress undergoes metabolic reprogramming,
which disrupts the NAD'-sirtuin-mitochondrial axis and alters glycolysis-lipid signaling crosstalk. This
metabolic shift promotes endothelial senescence and the secretion of a SASP, which is enriched in
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interleukins (e.g., IL-6), MMPs, and pro-thrombotic mediators"*»'**/, These inflammatory and proteolytic
factors destabilize atherosclerotic plaques, increasing the risk of rupture and thrombosis. Importantly,
intrinsic vascular aging mechanisms act synergistically with traditional risk factors such as dyslipidemia,
hypertension, and diabetes, creating a feed-forward cycle that accelerates arterial stiffening, plaque
vulnerability, and cardiovascular events"””.

A growing body of clinical evidence demonstrates that biomarkers of panvascular aging - especially arterial
stiffness indices, carotid structural measures, and circulating vascular-inflammatory protein signatures -
robustly predict cardiovascular morbidity and mortality. Carotid-femoral PWV, the gold-standard measure
of central arterial stiffness, consistently predicts MACE, independent of traditional risk factors”'**. Similarly,
estimated PWV from large population cohorts improves risk stratification beyond the traditional models and
correlates with subclinical coronary atherosclerosis and incident atrial fibrillation"*>'*”!. Carotid
intima-media thickness (CIMT) and carotid plaque burden further reflect structural aging of the vasculature
and predict ischemic stroke and coronary events in a dose-dependent manner"*®. Recent plasma proteomic
studies add a systemic dimension, showing that age-associated vascular signatures, which are enriched for
complement activation, matrix remodeling, and endothelial injury pathways, strongly correlate with incident
cardiovascular disease and all-cause mortality"*>'”. Panvascular aging represents not only a localized decline
in vascular resilience but also a systemic driver of cardiovascular disease progression, integrating
macrovascular stiffening and microvascular dysfunction into a unified pathogenic continuum.

Neurodegenerative diseases

The NVU of the brain - composed of ECs, pericytes, astrocytes, and neurons - ages in concert with the
systemic vasculature. Consequently, key features of panvascular aging, such as endothelial dysfunction, ECM
stiffening, and chronic low-grade inflammation, are also evident at the BBB!">'"'!. These alterations
progressively impair BBB integrity and transport function, weaken neurovascular coupling, and diminish
perfusion reserve. As a result, they hinder the clearance of amyloid-p and metabolic waste, elevate
susceptibility to microhemorrhage, and promote neuroinflammation - mechanisms that critically link
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vascular aging to Alzheimer’s disease and vascular dementia'®'**). Recent studies highlight that biophysical
remodeling of the BBB, including basement membrane stiffening, glycocalyx degradation, and impaired
shear sensing, reshapes endothelial phenotype and transporter regulation, thereby exacerbating barrier
leakage and neurovascular uncoupling"*"'”?. Importantly, pericyte dysfunction destabilizes endothelial tight
junctions and increases vesicular transcytosis, further compromising barrier function in aged cerebral
vasculature!””’!, Mechanistically, these insights reveal potential therapeutic strategies, aimed at restoring
shear-dependent endothelial signaling, stabilizing pericyte-endothelial interactions, and preserving
glycocalyx integrity, which have shown promise in preclinical models'>'”*\. Clinically, neuroimaging and
longitudinal biomarker studies demonstrate that BBB leakage increases with age and correlates with
cognitive impairment. This supports the concept that cognitive decline reflects, at least in part, a
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manifestation of panvascular failure within the cerebral microcirculation"”*"”?. Moreover, some biomarkers
of vascular aging are strongly linked to neurodegenerative outcomes, including cognitive decline, cerebral

small-vessel disease, and dementia.

Arterial stiffness has emerged as a key systemic driver of impaired cerebral perfusion and white-matter
injury. Higher PWV is associated with reduced cerebral blood flow, increased white matter hyperintensity
burden, and accelerated cognitive decline in aging populations'”""7?). Carotid structural indices, such as
CIMT, carotid plaque burden, and carotid distensibility, also predict incident dementia and Alzheimer’s
disease, illustrating how extracranial vascular aging contributes to intracranial microvascular
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dysfunction*>'*'!. Furthermore, plasma proteomic signatures of aging, enriched for pathways involving

vascular inflammation, BBB dysfunction, and complement cascades, are strongly correlated with future
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cognitive impairment, brain atrophy, and neurodegenerative disease onset'"*!. Collectively, these findings
indicate that neurodegeneration often develops within a systemic vascular aging milieu, wherein
deteriorating vascular integrity across organs - detectable through accessible biomarkers - can help forecast
long-term neurological outcomes.

CKD

The kidney, as one of the most highly vascularized organs, is particularly vulnerable to systemic vascular
aging. Progressive stiffening and stenosis of renal arteries and arterioles transmit excessive pulsatile energy to
the glomerular microcirculation, leading to glomerulosclerosis, EC senescence, oxidative stress, and capillary
rarefaction"*>'**1. As a consequence, the effective filtration surface area is reduced, while advancing
tubulointerstitial fibrosis further accelerates the decline in glomerular filtration rate (GFR)"**.

Accumulating clinical and epidemiological evidence supports a bidirectional kidney-vascular axis, in which
systemic vascular stiffness exacerbates renal injury, while CKD in turn amplifies vascular aging. Central
arterial stiffness, commonly assessed by PWV, is a robust predictor of incident CKD and accelerated GFR
decline across diverse populations!***) Increased pulsatile load transmitted to the renal microvasculature is
associated with impaired autoregulation, progressive albuminuria, and glomerulosclerosis. Consistently,
cohort studies demonstrate that indices of arterial stiffness - including cardio-ankle vascular index (CAVT)
and carotid-femoral PWV - predict renal functional decline even in individuals without overt hypertension
or diabetes!"¥'¥7),

Beyond hemodynamic measures, structural markers of arterial aging, such as increased CIMT and reduced
arterial distensibility, independently correlate with microalbuminuria and CKD progression"*!. In parallel,
emerging plasma proteomic signatures of vascular aging - reflecting endothelial dysfunction, ECM
remodeling, and inflammatory activation - are associated with future renal events and can predict rapid GFR
decline years before clinical diagnosis'>"*.

Diabetes

Diabetes accelerates a panvascular aging phenotype affecting both micro- and macrocirculation. Sustained
hyperglycemia and insulin resistance elevate endothelial oxidative stress, eNOS uncoupling, thereby reducing
NO bioavailability””'**). Concurrently, the accumulation of AGEs stiffens the ECM and disrupts
receptor-mediated signaling, worsening vascular rigidity and impairing cellular function! ',
Mechanistically, AGEs promote non-enzymatic cross-linking within collagen fibrils, increasing tissue
brittleness and reducing deformability”'*.

In parallel, enzymatic remodeling of the EG - marked by accelerated hyaluronan turnover, elevated
heparanase activity, and syndecan cleavage - leads to thinning of this critical mechanotransductive layer.
Loss of glycocalyx integrity impairs shear-stress sensing and NO production, further exacerbating
endothelial dysfunction*>***. Hyperglycemia-driven oxidative stress also accelerates proteoglycan
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degradation, compounding glycocalyx loss in diabetes!*>*.

Together, these molecular and structural changes reflect a shared vascular aging pathway that is prematurely
activated under diabetic metabolic stress. The resulting panvascular phenotype manifests as the full spectrum
of diabetic angiopathies - including retinopathy, nephropathy, neuropathy, peripheral artery disease, and
coronary artery disease - reflecting coordinated dysfunction across diverse vascular beds"*.

Therapeutically, strategies aimed at preserving glycocalyx integrity and reducing AGEs accumulation are
emerging as panvascular protective approaches. Nutritional and pharmacological interventions targeting
glycocalyx regeneration - such as supplementation with glycocalyx precursors (e.g., glucosamine sulfate,
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high-molecular-weight hyaluronan) - have shown promise in preclinical diabetes models and are under
clinical evaluation**"**). Experimental studies also indicate that co-treatment with agents such as
albumin-bound S1P and heparan sulfate derivatives can synergistically enhance EG restoration”. In clinical
settings, dietary pattern interventions, such as the Mediterranean diet, adequate vitamin D and omega-3
intake, and limitation of dietary AGEs, may also support glycocalyx health and vascular resilience".

In summary, diabetic vascular aging is driven by interconnected mechanisms involving oxidative stress,
eNOS dysfunction, AGE-mediated matrix stiffening, and glycocalyx degradation. A comprehensive
therapeutic strategy that combines glycocalyx-focused interventions, AGEs reduction, and conventional
glycemic and blood-pressure control may offer a unified approach to attenuating panvascular aging in
diabetes">"7.

TRANSLATIONAL STAGING OF CANDIDATE ANTI-PANVASCULAR-AGING STRATEGIES

Translational readiness varies considerably among different approaches targeting panvascular aging. Broadly,
these strategies can be categorized into five groups: (1) pharmacologic removal or modulation of senescent
cells (senolytics and senomorphics), (2) metabolic restoration (particularly NAD* boosting), (3) glycocalyx
restoration, (4) non-pharmacologic interventions (lifestyle modification, structured risk-factor management,
and device- or rehabilitation-based therapies), and (5) epigenetic modulators (particularly Epigenetic
Clocks).

Senolytic and senomorphic agents

These compounds have demonstrated robust efficacy in animal models of vascular dysfunction. For example,
the combination of D+Q reduces senescent cell burden, improves endothelium-dependent vasodilation, and
attenuates arterial stiffening in aged mice. Senomorphic agents such as rapamycin and metformin suppress
the SASP and ameliorate microvascular rarefaction"**'*). Emerging human data from early-phase studies
indicate that short-course senolytic therapy can reduce senescence markers in conditions such as idiopathic
pulmonary fibrosis and diabetic kidney disease!"*>*. Small pilot trials of D+Q and other agents have shown
feasibility and preliminary safety, though definitive efficacy data remain limited. Thus, senolytics currently
occupy an early clinical translational stage (phase I-II exploratory studies)!*>*!).

NAD*-boosting strategies

Approaches that elevate NAD" levels - including supplementation with NR, NMN, and related compounds -
are supported by extensive preclinical evidence for improving cellular energetics and vascular function.
Several randomized and crossover human trials have demonstrated increases in circulating NAD"
metabolites and promising physiologic signals, positioning NAD* boosters at a late-preclinical to
early-clinical stage. The next necessary step is adequately powered phase II trials with clinical endpoints.
Caution is warranted, however, as formulations, dosing, and downstream effects vary across studies>*/,

Glycocalyx restoration strategies

Interventions aimed at restoring the EG - such as sulodexide, heparan-mimetic compounds, or agents that
enhance GAG synthesis - have shown significant improvements in endothelial barrier integrity, capillary
perfusion, and inflammatory signaling in preclinical models”****”\. Clinically, sulodexide has been shown to
improve the sublingual perfused boundary region (a surrogate for glycocalyx thickness) and enhance
microvascular perfusion in patients with metabolic syndrome or early atherosclerosis®*.

Lifestyle and non-pharmacologic interventions

Established lifestyle measures - including aerobic and resistance exercise, dietary modification, smoking
cessation, and blood pressure and lipid control, already occupy an implementation and population-health
stage, given their proven ability to reduce cardiovascular events. However, their specific capacity to reverse
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molecular hallmarks of panvascular aging remains an active translational question, best addressed by
incorporating mechanistic biomarker outcomes within pragmatic clinical trials™”.

Epigenetic clocks as biomarkers for anti-panvascular trials

Epigenetic clocks, which are defined by algorithms that estimate biological age from DNA methylation
patterns - offer a quantifiable biomarker for monitoring intervention efficacy. They integrate cumulative
molecular changes correlated with morbidity and mortality and can be measured longitudinally in accessible
tissues such as blood. DNA methylation age acceleration is associated with vascular pathology and predicts
cardiovascular outcomes, supporting their biological plausibility as surrogate endpoints in vascular-focused
trials®*l.

However, several considerations are important before adopting epigenetic clocks as primary trial biomarkers:
First, many clocks are sensitive to shifts in cellular composition; methodological advances that correct for cell
type or employ tissue-specific clocks are needed™. Second, clock performance and clinical relevance vary by
clock type and population; pre-specification and validation in the target cohort are essential. Third,
investigators should combine multiple complementary aging measures (e.g., epigenetic clocks plus vascular
imaging, endothelial function, and established biomarkers), use longitudinal sampling with standardized
assays, consider tissue- or pathway-informed clocks to increase sensitivity to vascular interventions, and
power studies to detect meaningful changes that correlate with clinical outcomes™'.

In summary, epigenetic clocks are promising monitoring tools but should initially be deployed as exploratory
endpoints within well-controlled trials that pair methylation-based metrics with functional vascular
outcomes and rigorous assay standardization. Only through such iterative validation can they meet the
evidentiary threshold required for regulatory or clinical decision-making®*.

Recommendations for trial design

For investigators planning anti-panvascular aging trials, based on our current knowledge, we recommend a
multi-modular approach including: beginning with mechanism-focused phase I/II studies that combine (a)
targeted biomarkers (e.g., senescence markers, NAD" metabolites), (b) epigenetic clock panels as exploratory
quantitative biomarkers, and (c) vascular physiological measures (e.g., PWV, FMD). This can be followed by
measuring signals in later, larger, event-driven phase III programs.

CONCLUSION AND FUTURE PERSPECTIVES

Panvascular aging constitutes a systemic failure of the vascular hierarchy - spanning conduit, resistance, and
capillary vessels - rather than a mere byproduct of chronological aging. Common pathogenic drivers,
including endothelial dysfunction, mitochondrial impairment, NAD" depletion, oxidative stress, low-grade
inflammation, ECM remodeling, and cellular senescence, converge across diverse clinical spectrums such as
cardiovascular disease, neurodegeneration, and CKD. This shared vascular foundation suggests that local
injuries are not isolated; rather, epigenetic and metabolic dysregulation allow vascular decline to propagate
multisystem effects, ultimately driving multimorbidity.

Consequently, the therapeutic paradigm must shift from organ- specific interventions toward integrated,
system-level approaches. Promising strategies involve restoring metabolic homeostasis - - specifically via
NAD" boosters and senolytics - alongside lifestyle modifications to ensure sustained protection. However,
translating these insights into clinical practice requires addressing critical knowledge gaps.

Future research must prioritize the development of cross-organ biomarker panels - integrating proteomics
and epigenetic clocks - to quantify systemic biological age. Furthermore, longitudinal cohorts utilizing
harmonized imaging (e.g., cfPWV, retinal Optical coherence tomography angiography (OCTA), and
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hemodynamic MRI) are essential to identify signatures that predict multi-organ decline. By leveraging
large-animal models and organ-on-chip technologies, the field can better dissect inter-organ
communication. Ultimately, establishing a coherent framework for panvascular biology will depend on
standardized composite endpoints and biomarker-stratified clinical trials to reverse coordinated vascular
decline across the lifespan.
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