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ABSTRACT

Arterial aging is a major risk factor for cardiovascular disease and is associated with progressive changes in vascular structure
and function, including arterial stiffening, reduced elasticity, extracellular matrix remodeling, chronic low-grade inflamma-
tion, and accumulation of senescence-associated cell states. Recent advances in single-cell RNA sequencing (SCRNA-seq) have
provided new opportunities to resolve the cellular heterogeneity underlying these age-related alterations in the arterial wall. In
this review, we summarize current single-cell studies of arterial aging by focusing first on key phenotypic programs, including
cellular senescence, extracellular matrix remodeling, inflammaging, and altered intercellular communication, and then discuss
how these programs are reflected in endothelial cells, smooth muscle cells, fibroblasts, and immune cells. Across studies, aging
is recurrently associated with endothelial dysfunction, smooth muscle cell phenotypic modulation, fibroblast-related matrix
remodeling, and immune activation, although the degree of conservation varies depending on species, vascular bed, sex, and dis-
ease context. We further discuss emerging evidence that vascular aging involves not only cell-intrinsic transcriptional changes
but also alterations in communication networks across the arterial wall. Although current single-cell studies have substantially
improved our understanding of arterial aging, important limitations remain, including inconsistent cell-state annotation across
studies, incomplete functional validation, and limited spatial and epigenetic resolution. Future integration of cross-species anal-
yses with spatial transcriptomics, single-cell epigenomic approaches, and functional studies will help refine the cellular frame-
work of arterial aging and improve its translational relevance.

1 | Introduction chronic inflammation, and altered intercellular communica-

tion (Kroemer et al. 2025; Lopez-Otin et al. 2023). As aging

Global aging is accelerating at an unprecedented rate.
According to the World Health Organization (WHO 2021), the
proportion of the global population aged 65years and older
will reach 22% by 2050. Aging is characterized by a wide array
of biological processes, and researchers have identified key
hallmarks that drive this complex phenomenon, including:
cellular senescence, extracellular matrix (ECM) alterations,

progresses, cardiovascular diseases (CVDs) have emerged as
one of the most common health threats among the elderly
population. Arteries play a crucial role in maintaining overall
health by transporting circulating cells, oxygen, and nutrients
to various tissues and organs (Najjar et al. 2005). However, as
the aging process advances, the structure and function of ar-
teries undergo significant changes. These changes are mainly
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characterized by increased arterial stiffness and reduced elas-
ticity, resulting in hypertension or other severe cardiovascu-
lar conditions, such as atherosclerosis and aneurysms (Lee
and Oh 2010; Weinsaft and Edelberg 2001; Zha et al. 2022).
Arterial aging also impacts smaller arteries and the microvas-
cular system, resulting in widespread cardiovascular dysfunc-
tion (Saz-Lara et al. 2023). Therefore, these age-dependent
changes make aging a major risk factor for CVDs.

In the arterial system, four key cell types—endothelial cells
(ECs), vascular smooth muscle cells (SMCs), fibroblasts, and
immune cells—play vital roles in maintaining the structural
integrity and function of the arterial wall. In vascular inflam-
mation, the infiltrates consist primarily of T lymphocytes,
monocytes, macrophages, and dendritic cells (DCs), which
interact with resident vascular wall cells, including SMCs,
ECs, and fibroblasts (Terekhova et al. 2023). During aging,
arterial cells undergo significant structural and functional
changes, leading to overall declines in arterial health. These
changes include a shift in cellular phenotypes, increased in-
flammation, and impaired tissue integrity (Kitada et al. 2016;
Shehadeh et al. 2011; Tinajero and Gotlieb 2020; van der
Linden et al. 2024).

Recent advances in single-cell transcriptomics have provided
unprecedented resolution into the heterogeneity of cells within
tissues, offering deeper insights into the molecular mechanisms
driving arterial aging (Cheng et al. 2024). These technologies
have revealed diverse transcriptional states across vascular cell
populations during aging. This review aims to synthesize major
single-cell studies into key cell phenotypes that characterize ar-
terial aging and to integrate these findings across vascular cell
types and different species. Through this, we gain insights into
the unique functions of distinct cell subpopulations during ar-
terial aging.

2 | Key Phenotypic Programs Driving Arterial
Aging

In the following sections, we will summarize important key
hallmarks of vascular aging and integrate phenotypic changes
across cell types based on findings from single-cell studies.
Importantly, while many phenotypic alterations such as senes-
cence and inflammation are shared across vascular cell types,
their functional consequences are highly cell type-specific.
Therefore, we first outline key aging-associated programs and
subsequently discuss how these manifest within individual vas-
cular cell populations.

2.1 | Cellular Senescence

Cellular senescence is a well-established hallmark of vascular
aging and has been extensively reviewed in the vascular context
(Bloom et al. 2023; Kovacic et al. 2011). In brief, senescence is
a protective response to acute or chronic damage, where cells
permanently lose the ability to divide and acquire a proinflam-
matory secretory phenotype (SASP). As humans age, senescent
cells accumulate driven by factors such as DNA damage, oxida-
tive stress, and telomere shortening (Gorgoulis et al. 2019).

With the possibility of analyzing transcriptomes at single-cell
resolution, senescence can now be resolved as a heterogeneous
and cell type-specific transcriptional state rather than a uni-
form phenotype. For instance, single-cell analyses support that
senescence represents a transcriptomic continuum rather than
a binary state. Mapping of single-cell transcriptomic data from
senescent ECs on a pseudotime trajectory revealed gradual
transitions from proliferative to senescent states with distinct
intermediate transcriptional programs (Ahn et al. 2025; Tao
et al. 2024). Complementing this, recent machine learning-based
frameworks such as SenCID use bulk or single-cell transcrip-
tomic data to enable the identification of multiple senescence-
associated identities across cell types and conditions, further
highlighting the diversity of senescent phenotypes and their
context dependence.

Single-celland spatial transcriptomic analyses of PCSK9-induced
atherosclerosis have identified multiple senescence-enriched
populations across SMCs, fibroblasts, and immune cells, de-
fined by composite gene signatures (e.g., SenMayo, CellAge)
rather than canonical markers alone (Avelar et al. 2020; Mazan-
Mamczarz et al. 2025; Saul et al. 2022). These data indicate that
classical markers such as pl6 or p21 incompletely capture se-
nescent states in vivo and that senescence is embedded within
broader functional programs, including ECM remodeling and
inflammation. Importantly, by integrating the most consistently
enriched markers across senescent clusters, the authors derived
a vascular senescence scoring system that was not only appli-
cable within the original atherosclerosis model but also trans-
ferable to independent contexts, including doxorubicin-induced
senescence in mice and human senescent SMCs, as well as
human plaque SMC subtypes (Mazan-Mamczarz et al. 2025). Of
note, many of the consistently enriched senescence-associated
transcripts encode secreted or cell surface proteins, rendering
them of interest as potential senescence biomarkers or therapeu-
tic targets for new senolytic agents.

Taken together, single-cell studies have redefined vascular se-
nescence as a dynamic and continuous process and enabled new
tools to identify the heterogenous population of senescent cells
in age-related vascular diseases across species.

2.2 | Extracellular Matrix Remodeling

ECM remodeling is a central feature of arterial aging and a
major determinant of arterial stiffness. At the cellular level, this
process reflects changes across ECs, SMCs, and fibroblasts that
result in arterial stiffening (Chan and Fiscus 2004; Hoffmann
et al. 1998; Kielty et al. 2007; Krajnik et al. 2023; Lacolley
et al. 2017; Osherov et al. 2011; Reed et al. 2022; Stenmark
et al. 2013; Verhamme and Hoylaerts 2006). These changes in
biochemical properties disrupt cellular homeostasis and are
major contributors to chronic inflammation (Lai et al. 2026).

Single-cell transcriptomic studies have refined the view on
aging-related ECM changes by demonstrating that remod-
eling arises from distinct and dynamic cellular states rather
than uniform increases in matrix production. Notably, our
own work combining murine and human single-cell tran-
scriptomics revealed functionally distinct fibroblast subsets,
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including CD55%, CXCL14%, and LOX* populations, which
differentially contribute to collagen accumulation or collagen
crosslinking and arterial stiffening (van Kuijk et al. 2023).
SMCs adopt synthetic, secretory states present in young and
aged mice while there appears to be a decline in expression of
key ECM transcripts (e.g., Eln, Dcn, encoding for Elastin and
Decorin) and loss of a specific, proliferative SMC subset with
age (Rivera et al. 2024). This is accompanied by a maladaptive
mechano-response, driven by upregulation of the mechano-
sensitive ion channel Piezol (Rivera et al. 2024). A recent
meta study combined single cell RNAseq data from human
ECs of various vascular beds, highlighting a shift in ECM-
and glycosylation-associated transcripts across EC subtypes.
Similar to SMCs, ECs from aged humans display alterations
in mechano-signaling that accompany changes in the ECM
(Dobner et al. 2025).

Beyond a link of ECM to cell state, integrative single-cell anal-
yses highlight that ECM remodeling is tightly linked to altered
intercellular communication. Tools developed for differential in-
tercellular communication analysis of aging atlases such as scA-
geCom (Lagger et al. 2021) and scDiffCom (Lagger et al. 2023)
revealed reduced collagen-integrin signaling and downregula-
tion of angiogenesis- and ECM-related gene programs. These al-
terations likely reflect a functional disruption of ECM-mediated
signaling despite increased ECM deposition, highlighting a
shift from structural remodeling toward signaling imbalance in
aging arteries.

Although studies resolving transcriptomic profiles of the aging
vasculature spatially are yet missing, spatial transcriptomics of
murine atherosclerotic plaques, which include senescent cells,
reveal a HMOX1+ and TREM2+ macrophage subset expressing
ECM regulators that could contribute to fibrosis in the shoulder
region of the plaque (Pauli et al. 2025).

2.3 | Chronic Inflammation

Chronic low-grade inflammation, termed inflammaging, is a
hallmark of aging characterized by persistent activation of im-
mune pathways in the absence of acute infection. It is associated
with increased circulating cytokines, impaired immune regula-
tion, and contributes to the development of cardiovascular dis-
eases (Ajoolabady et al. 2023; Aranda et al. 2025).

Single-cell transcriptomic studies have refined the concept of
inflammaging by showing that inflammatory signaling is not
uniformly increased across all cells but instead arises from
specific cell types and cellular states. Across tissues, these
analyses consistently identify subsets of immune cells—partic-
ularly macrophages—as major contributors to age-associated
inflammatory signatures, alongside an increasing fraction of
cells exhibiting senescence-associated transcriptional pro-
grams (Majewska and Krizhanovsky 2025; Wells et al. 2025).
In parallel, aging is associated with increased transcriptional
variability, or noise, between cells, indicating that inflam-
maging reflects a shift in cell state distribution and increased
heterogeneity rather than a coordinated global upregulation of
inflammatory pathways (Elyahu et al. 2019; Grover et al. 2016;
Martinez-Jimenez et al. 2017). Importantly, single-cell data

allows to distinguish between a general increase in propor-
tion of cells expressing inflammatory markers and elevated
expression levels within cells, a differentiation that is not pos-
sible using bulk analyses. Single cell transcriptional profiling
supports a model in which relatively small subpopulations dis-
proportionately drive tissue-level inflammatory signals with
age. Overall, these findings position inflammaging as a cell-
type-specific and cell state-dependent process that is tightly
linked to broader aging-associated changes such as cellular
senescence.

3 | Cell-Cell Communication During Arterial
Aging

Arterial function relies on cell-cell signaling across the vessel
wall, where ECs, SMCs, and adventitial fibroblasts exchange
signals to control vascular tone and coordinate remodeling
after stress (Méndez-Barbero et al. 2021). Immune cells, such
as macrophages, are recruited by chemokine signals released
from SMCs and contribute to vascular remodeling by ampli-
fying local inflammation, supporting a key role for cell-cell
communication in the arterial wall (Qi et al. 2019). With aging,
intercellular signaling in the arterial wall shifts toward endo-
thelial dysfunction, oxidative stress, and chronic low-grade
inflammation (Méndez-Barbero et al. 2021). The arterial wall
also remodels at the structural level, with changes of colla-
gen and elastin proportions and properties that raise stiffness
and alter how vascular cells sense force (Qi et al. 2019). SMCs
respond by changing phenotype, which supports maladaptive
remodeling and can enable osteogenic-like programs linked to
calcification (Lanzer et al. 2021, 2025). Adventitial fibroblasts
can contribute to “outside-in” inflammatory signaling, where
fibroblast-derived cytokines such as IL-6 promote SMC pro-
liferation and migration after injury (Dutzmann et al. 2025).
In parallel, fibroblast-specific Nox2-dependent signaling has
been shown to promote paracrine signaling to SMCs via fac-
tors such as GDF6, thereby driving SMC growth and contrib-
uting to vascular remodeling (Harrison et al. 2021). Interlayer
signaling can also be mediated by extracellular vesicles (EVs):
EC-derived EVs can induce inflammatory and senescent
features in SMCs, whereas EV biogenesis within SMCs con-
tributes to calcification processes that can be attenuated by
epidermal growth factor receptor (EGFR) inhibition in exper-
imental models (Bakhshian Nik et al. 2023; Boyer et al. 2020;
Lanzer et al. 2025).

An important recent single-cell transcriptomic study by Xie
et al. provides additional support for the role of altered inter-
cellular communication in vascular aging. In the mouse aorta,
communication among vascular cells declines while immune-
related interactions increase, with reduced EC-SMC signaling
and enhanced EC-monocyte interactions suggesting a shift
toward inflammatory activation (Xie et al. 2022). ECs also
exhibit dysregulated signaling programs during aging, char-
acterized by increased communication among angiogenic and
proliferative EC subsets but reduced immune-related path-
ways such as tumor necrosis factor (TNF) and CC chemokine
ligand (CCL) signaling (Liu et al. 2023). However, in primate
aorta datasets, EC-SMC signaling is enhanced, particularly
in pathways linked to vascular remodeling and calcification,
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including Notch, PDGF, BMP, and EGF signaling, with
Betacellulin-EGFR interactions highlighted as potential driv-
ers of vascular aging (Yin et al. 2022).

Vascular aging is increasingly understood as a coordinated re-
programming of intercellular communication networks across
the arterial wall, involving endothelial dysfunction, smooth
muscle cell plasticity, fibroblast activation, and immune cell re-
cruitment. Rather than reflecting a uniform change, these in-
teractions are dynamically reshaped toward inflammatory and
remodeling-associated signaling. Future studies that spatially
resolve the effects of functional perturbations of ligand-receptor
interactions will be essential for causal resolution of the cellular
context of immune-vascular interactions and to identify key sig-
naling pathways that govern vascular aging.

4 | Cellular Contributors to Arterial Aging

The following section synthesizes how major vascular cell types
contribute to arterial aging with a focus on the phenotypic
aging hallmarks introduced above. To improve cross-study
comparison and reduce inconsistencies in nomenclature, we
organize vascular cell states across major vascular cell types
based on shared functional programs, rather than relying solely
on study-specific cluster labels. Across ECs, SMCs, and fibro-
blasts, aging-associated phenotypes frequently converge on re-
curring functional features, including senescence-associated,
inflammatory, and extracellular matrix remodeling-related
states. Although the exact transcriptional signatures and rela-
tive abundances vary across studies and species, this functional
perspective provides a useful framework to interpret cellular
heterogeneity during arterial aging.

4.1 | Endothelial Cells

ECs lining the intima layer act as a critical barrier in the arte-
rial wall, regulating vascular tone, preventing thrombosis, and
maintaining vascular homeostasis by releasing vasodilators like
nitric oxide (NO) and prostacyclin, while also producing anti-
inflammatory and antithrombotic factors. Thus, ECs prevent
CVDs such as atherosclerosis by maintaining blood fluidity
and inhibiting platelet aggregation (Boulanger 2018; Hirase and
Node 2012; Indranil and Gausal 2019). During arterial aging,
ECs shift from a vasoprotective to a dysfunctional state. This
includes lower NO signaling, higher oxidative stress, and in-
creased adhesion molecules that promote leukocyte recruitment
(Akhiyat et al. 2025; Herzog et al. 2025; Ungvari et al. 2018).
Endothelial dysfunction also supports ECM remodeling that
contributes to arterial aging (Herzog et al. 2025).

Single cell transcriptomic studies have identified multiple EC
clusters in vascular aging. To facilitate clarity and cross-study
comparison, we propose a unified nomenclature for aging-
associated EC subtypes, categorizing them into senescent ECs,
matrix-remodeling ECs, inflammatory ECs, and vascular ho-
meostatic ECs (Figure 1). These subtypes have been repeatedly
identified across multiple aging datasets in mice and nonhuman
primates, underscoring a degree of evolutionary conservation.
Despite some interspecies differences in cluster naming and

granularity, the recurrence of these EC phenotypes in both
mouse and monkey datasets suggests that key features of endo-
thelial aging are conserved across mammals.

These functionally defined EC states are supported by multiple
single-cell studies across species. Under physiological condi-
tions, homeostatic ECs (vascular tone-regulating ECs) maintain
vascular function through regulation of nitric oxide production,
vasodilation, and endothelial barrier integrity. However, with
aging, there is a shift in EC state composition toward senes-
cent and inflammatory phenotypes. For example, in a study of
young and aged female mouse hearts, Liu et al. identified ten
EC subclusters, including capillary, capillary arterial, capillary
venous, arterial, venous, and lymphatic endothelial populations,
as well as angiogenic, proliferating, and immunology-associated
EC states. The authors showed that ECs from aged mice exhibit
significantly higher senescence-associated secretory phenotype
(SASP) and inflammation gene-set scores. (Liu et al. 2023). This
is in line with findings that suggest endothelial dysfunction in
aging and thus susceptibility to age-related CVDs, is largely at-
tributed to EC senescence (Han and Kim 2023).

Consistently, Xie et al. used sScRNA-seq and scATAC-seq in male
mice aged 4, 26, and 86weeks to identify two endothelial sub-
populations, termed EC1 and EC2, that were present across all
ages. Rather than representing age-specific clusters, EC1 exhib-
ited progressively increased gene set activity associated with cel-
lular senescence, SASP, and inflammation with advancing age.
This was supported by experimental validation showing higher
SA-f-gal staining, increased P53 and P21 protein levels, and re-
duced Ki67 expression in EC1 compared with EC2. EC1 was fur-
ther characterized by high expression of genes such as Veaml,
Cd36, Rgce, and Gpihbpl. In contrast, EC2, marked by Plvap
and Vwf expression, was associated with vascular tone regu-
lation through Nos3, Ednl, and Ace expression and increased
NO production (Xie et al. 2022). This was further substantiated
by in vivo findings indicating higher vasodilatory response in
certain aortic segments enriched with Plvap* ECs. Importantly,
by separating the senescent EC cluster along a pseudotime tra-
jectory that distinguished young, 4 and 26weeks, from old,
86weeks, mice, the authors further assessed motif activity
and transcription factor expression using the accompanying
ScATAC-seq data and identified TEA domain family member 1
(Tead1) as one candidate regulator (Xie et al. 2022).

Importantly, these endothelial states are not unique to aging
but appear to reflect pre-existing endothelial heterogeneity.
Consistent with this, single-cell analysis of the normal mouse
aorta identified three endothelial subpopulations already pres-
ent under physiological conditions, including populations
specialized in extracellular matrix production, lipoprotein
handling, and angiogenesis. (Kalluri et al. 2019). Additionally,
re-analysis of published scRNA-seq from cynomolgus monkey
aortae revealed an EC subtype that exhibited high expression
of genes involved in ECM remodeling, such as FNI, COL3Al,
BMP4, SPARC, which are associated with vascular calcifica-
tion and arterial stiffening during aging (Yin et al. 2022; Zhang
et al. 2020). BMP4 has been involved in SMC calcification and
is upregulated in atherosclerotic lesions (Dhore et al. 2001;
Hayashi et al. 2006; Mikhaylova et al. 2007), while SPARC (en-
coding for osteonectin) and FNI (encoding for fibronectin) are
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Cellular Heterogeneity during Arterial Aging
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FIGURE1 | Graphical abstract showing arterial cell subpopulations and their functional changes during aging. Transcriptomic profiling studies
across species identify age-associated endothelial, smooth muscle, fibroblast, and immune cell states characterized by inflammation, extracellular

matrix remodeling, phenotypic switching, and cellular senescence. Homeostatic endothelial cells of the intima acquire pro-inflammatory and pro-

fibrotic phenotypes, while contractile smooth muscle cells in the media transition toward activated, synthetic, and osteogenic states. Adventitial

fibroblast increase matrix production, and can acquire antigen presenting properties through major histocompatibility complex class II (MHC II) ex-

pression. Immune cells become highly heterogenous in response to inflammatory stimuli and antigen exposure. Persistent cellular stress, including

reactive oxygen species (ROS) mediated damage or increased cell turnover, forces arterial cells into premature or replicative senescence. Detailed

expression profiles contributing to arterial cell heterogeneity during natural aging and in the presence of associated risk factors are listed in Tables 1

and 2.

ECM molecules associated with calcification or fibrosis, poten-
tially exacerbating arterial stiffening (Ciceri et al. 2016; Hoeft
et al. 2023).

Beyond the identification of EC states, several studies have
begun to investigate regulatory mechanisms associated with
endothelial aging. Across the studies discussed, EC clusters
were often annotated using gene set activity or gene ontology
enrichment as proxies for aging, rather than being directly de-
fined based on chronological age groups. This approach con-
strains biological interpretation, as it does not directly capture
age-dependent shifts in EC populations based on real biologi-
cal age. TEAD transcription factors are the main co-factors of
YAP/TAZ transcription factors, which are part of the highly
mechano-sensitive Hippo pathway (Piccolo et al. 2014). As the
mechanical properties of the ECM drastically change during
aging and YAP/TAZ signaling has been shown to guard SMCs
from acquiring a senescent phenotype (Sladitschek-Martens
et al. 2022), investigation of YAP/TAZ and Tead TFs in age-
induced senescence of other vascular cells like ECs and fibro-
blasts represents an intriguing avenue for future research.

Consistent with this hypothesis, Liu et al. showed that YAP is el-
evated in senescent endothelial cells and that inhibition of YAP
attenuates EC senescence in vitro (Liu et al. 2025). Furthermore,
this highlights that not only the age-dependent transcriptional
adaptations themselves, but also their upstream regulators are
important to investigate. In this regard, the transcription factor
BTB and CNC Homology 1, Basic Leucine Zipper Transcription
Factor 1 (BACHI) has been identified as a key regulator of aging-
associated gene expression in ECs of coronary arteries and aor-
tic arches of cynomolgus monkeys as well as the murine cardiac
vasculature (Ge et al. 2021). BACHI1 expression was observed
to be upregulated in vascular ECs of aged mice in vivo, as evi-
denced by immunohistochemistry (IHC) analysis of mouse aor-
tae. Interestingly, knockdown of BACH1 significantly inhibited
H,0, induced senescence in human umbilical vein endothelial
cells (HUVECs), while overexpression promoted senescence.
Mechanistically, BACH1 promoted EC senescence by binding
to enhancer regions of the CDKNIA gene, thereby driving the
transcription of P21, a key effector in cell cycle arrest and senes-
cence (Ge et al. 2021). A separate study on cynomolgus monkeys
underscored the pivotal role of the transcription factor FOXO3A
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Markers
Hmgcs2, Ber; Fbln5;
Lum; Hspbl, Hspalb;

Subsets
Metabolic regulation SMC;

Additional risk factors
Hypertension

Artery/

Microvascular site
Aortic Artery,
Mesenteric Artery

Summary of single-cell transcriptomic studies on cellular heterogeneity in arterial aging with additional risk factors.
Species Ages Gender
Rat 16-18 weeks Male

Cheng et al. (2024)

TABLE 2
Study

ECM remodeling SMC;
ECM-associated SMC;

Nfkbia, Nfkb2, 116

Stress-responsive SMC;

Pro-inflammatory SMC

Gzmk, Prf1, Pdcdl,
Lag3, Nkg7, Ccl5;
Cd11b (Itgam), Cd11c (Itgax),

Age-associated GzmK*

Hypercholesterolemia

Aortic arch
(atherosclerotic plaques)

5months (young), Female

Mouse

Smit et al. (2023)

CDS8™* T cells; Age-
associated B cells (ABCs)

(Ldlr/~ HCD)

22months (old)

Tbx21, H2-Abl, Cd80, Cd86

Sppl

Sppl+ synthetic SMCs;
Spplhigh matrix activated

Hypertension
(Wistar Kyoto, SHR)

Aorta, Femoral artery,

Rat 16 weeks (young), Male

Cheng et al. (2024)

Mesentery artery

72weeks (old)

fibroblasts; Spplhigh scar-

associated macrophage

Fnl, Mfap4
GAS6, SERPING1

Phenotypically
modulated SMCs
Female-enriched in SMCs

Advanced atherosclerotic

Brachiocephalic artery,
Carotid endarterectomy

Male &
Female

Mouse:
16-26 weeks,
Human: 69years

Mouse,

Hartman et al. (2021)

lesions (ApoE—/-)

Human

in EC aging by applying gene regulatory network analysis on
EC clusters of young and aged monkeys identified by scRNA-seq
(Zhang et al. 2020). Functionally, they could show that FOXO3A
downregulation in vitro in human arterial and venous cells re-
capitulated age-associated phenotypes, that is, impaired prolif-
eration and migration of ECs. FOXO3A loss with aging in vivo
might thus disrupt vascular homeostasis and heightens the
risk of cardiovascular diseases, such as atherosclerosis (Zhang
et al. 2020).

Endothelial-to-mesenchymal transition (EndoMT) adds another
layer of EC plasticity and contributes to atherosclerosis, includ-
ing in premature-aging models (Hamczyk et al. 2024; Souilhol
et al. 2018). Single-cell and lineage-informed analyses indicate
that EndoMT does not form a discrete mesenchymal cluster
but instead represents a continuum of mesenchymal activation
across EC subtypes, often appearing as partial or intermediate
states (Lebas et al. 2024; Slenders et al. 2025). Trajectory analy-
ses in human atherosclerotic tissue further show that EndoMT-
associated programs emerge progressively along pseudotime,
with mid-stage signatures reflecting active transition rather
than terminal differentiation (Slenders et al. 2025). This over-
lapping transcriptional state complicates cell type annotation
in scRNA-seq datasets, as transitioning cells retain endothelial
features while acquiring mesenchymal traits. Mechanistically,
mitochondrial Ca?* uptake is required for EndoMT, and its in-
hibition prevents mesenchymal activation in vitro and in vivo
(Lebas et al. 2024).

Together, these findings provide the cellular basis for future
studies aimed at age-dependent vascular heterogeneity in hu-
mans and highlight conserved endothelial states, including
senescent, inflammatory, matrix-remodeling, and homeostatic
ECs, that may serve as therapeutic targets across species.

4.2 | Smooth Muscle Cells (SMCs)

SMCs, located in the media layer, provide structural support,
regulate blood vessel contraction, and are responsible for main-
taining vascular tone through intercellular communication
with ECs (Hu et al. 2021). They synthesize key ECM elements
like elastin and collagen that preserve arterial elasticity and
structural integrity (Kielty et al. 2007; Krajnik et al. 2023; Reed
et al. 2022). With aging, SMCs shift from a contractile to a syn-
thetic phenotype, driven by oxidative stress, inflammation, and
an imbalance between anti- and proaging factors (Chan and
Fiscus 2004; Hoffmann et al. 1998; Lacolley et al. 2017). This
leads to excessive ECM deposition, particularly collagen, con-
tributing to arterial stiffness. While these phenotypic changes
have been well-documented at the cell type level, recent SCRNA-
seq studies have revealed greater heterogeneity within the SMC
population, providing new insights into the molecular mecha-
nisms driving vascular aging. Across species, single-cell anal-
yses have identified conserved SMC subpopulations associated
with vascular aging, including synthetic, proliferative, apoptotic,
and stressed/inflammatory phenotypes (Figure 1). Synthetic
SMCs, representing a homeostatic SMC state, are marked by
Sppl and Fnl. These have been consistently observed in aged
vessels of rats, mice, and monkeys, and appear to persist or even
expand with age. In contrast, proliferative SMCs, identified by
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markers such as Ccl2, Ccl7, and Procr, show a notable decline
during aging in both rats and mice. Evidence from monkey and
human datasets further supports shared transcriptional pro-
grams involving inflammatory and ECM-remodeling pathways.
These conserved SMC states suggest common mechanisms of
phenotypic modulation in vascular aging.

A recent study, using male Wistar Kyoto rats (WKY) as normo-
tensive controls for a hypertension model, has provided detailed
insights into the phenotypic shift of aging SMCs using sScCRNA-
seq. In the aortae of both young and aged rats they identified
synthetic (Spp1*, Pam™, Dcxrt, Fbln5™), stressed (Egrl/2*, Fos®,
Junt), apoptotic (XirpI*t, Mt1*, Sphkl*, Sdc4™), and proliferative
SMCs (Ccl7%, Gsn*, Ccl2*. Procrt) (Cheng et al. 2024). Based on
pathway enrichment analysis and gene expression the authors
suggest that aged SMCs show reduced contractility but in-
creased inflammation and senescence—effects that were inten-
sified when aging was superimposed with hypertension (Cheng
et al. 2024). Importantly, the authors identified SppI (osteopon-
tin) as a marker for synthetic SMCs and could show that Sppl
is markedly increased in a-SMA positive SMCs in hypertensive
aging (Cheng et al. 2024). This is in line with previous results
highlighting that arteries of hypertensive rats are stiffer than
those of WKY rats which has been attributed to extracellular
dysfunction of SMCs (increased collagen secretion and collagen
fibril disorganization) and was accompanied by a diminished
adaptability to stretch of SMCs (Hays et al. 2018). Similarly,
SMCs of aged mice show defects in mechano-sensation com-
pared to those of younger mice (Luu et al. 2024). Interestingly,
sex-stratified bulk RNA sequencing data from human CVD
studies combined with lineage tracing scRNA-seq data revealed
key differences in SMC phenotype switching, with female-
specific drivers of gene regulatory networks like GAS6 and FN1
being expressed primarily in SMCs that lost their traditional
markers (Hartman et al. 2021), suggesting that sex-specific fac-
tors influence SMC plasticity in atherosclerosis and highlight-
ing the need to investigate sex-specific differences for other
age-related CVDs. In cynomolgus monkeys, pathway enrich-
ment analysis of differentially expressed genes between young
and ages vessels indicated that aging-associated alterations in
SMCs include changes in inflammatory response and ECM or-
ganization (Zhang et al. 2020). A study investigating age-related
changes in the murine ascending thoracic aorta found that
SMCs display enhanced f-galactosidase hydrolysis, indicating
increased senescence-associated features during aging (Rivera
et al. 2024). However, rather than defining a discrete senescent
SMC state, the authors identified two VSMC subsets, one that
declined markedly with aging and was associated with prolifer-
ative and regenerative programs, and another that was relatively
preserved and displayed a more secretory phenotype. They
identified two distinct SMC subsets, one of which drastically
declined during aging (Rivera et al. 2024). Based on pathway
enrichment analysis, they characterized the declining subset
as proliferating SMCs, while the subset that remained stable in
aging was characterized as synthetic (Rivera et al. 2024).

Together, these studies consistently identify a set of conserved
SMC states across species and experimental conditions, in-
cluding synthetic, proliferative, apoptotic, and stressed/in-
flammatory phenotypes. These recurrent states suggest that
SMC phenotypic modulation during aging follows shared

transcriptional programs rather than representing entirely dis-
tinct, study-specific populations. However, the mechanisms
underlying SMC-specific responses to aging, particularly in dif-
ferent vascular beds, and the interplay of these responses with
comorbidities such as hypertension or hypercholesterolemia are
not fully understood.

4.3 | Fibroblasts

Fibroblasts, residing primarily in the adventitial layer, contribute
to ECM production and structural stability (Michel et al. 2022).
Fibroblasts are primarily responsible for synthesizing collagen
(particularly types I and III), critical components of the ECM
in the adventitia (Stenmark et al. 2013). Fibroblasts continu-
ously remodel the ECM in response to mechanical stress and
biochemical signals, increasing the production of collagen and
proteoglycans, which are key to sustaining vascular integrity
(Osherov et al. 2011; Stenmark et al. 2013). It has been shown
that when collagenase is used, the stiffness of the adventitia is
reduced 45-fold, emphasizing the key role of collagen produced
by fibroblasts (Beenakker et al. 2012). With aging, increased re-
modeling of the ECM and inflammation accelerate arterial stiff-
ness and functional decline. In particular, adventitial collagen
accumulation precedes the onset of medial fibrosis suggesting
the involvement of adventitial fibroblasts (Longtine et al. 2024;
van Kuijk et al. 2023). In addition, fibroblasts are essential in
vascular injury repair. In response to damage, they can tran-
sition into myofibroblasts, which secrete additional ECM pro-
teins to facilitate tissue repair (Zalewski and Shi 1997) and are
marked by ACTA2 expression (Fleenor et al. 2010).

In the aged murine ascending thoracic aorta, fibroblasts upreg-
ulated collagen-related genes, including Collal, Colla2, Col3al,
and Col6a2, which was accompanied by increased collagen
deposition in the media and aortic stiffening (Rivera et al. 2024).
Similarly, adventitial collagen content significantly increased
in carotid arteries of old (29-32month) compared to young
(4-7months) mice, accompanied by an increase in smooth mus-
cle actin (ACTA2) positive cells in the adventitia, indicating en-
richment of myofibroblasts (Fleenor et al. 2010). While there is
evidence for the importance of collagen deposition in vascular
aging and adventitial fibroblasts have been identified as major
collagen-producing cells, no experimental studies have directly
demonstrated the causal role of fibroblasts or their collagen
production in vivo using fibroblast depletion or gene silencing
approaches.

In single-cell RNAseq studies of the mammalian vasculature,
we and others identified distinct fibroblast subsets which can be
synthesized as follows: ECM remodeling fibroblasts, progenitor
fibroblasts, and inflammatory fibroblasts (Figure 1).

At the cross-tissue level, broader fibroblast heterogeneity has
been described. A cross-tissue fibroblast scRNA-seq-based
atlas identified ten distinct fibroblast subsets in mice (Buechler
et al. 2021). In particular, Pil6* and Coli5al* fibroblast sub-
types were present surrounding vasculature in all organs and
tissues and broadly distributed across both homeostatic and
pathological states. Their gene expression pattern resembled fi-
broblast subsets found in humans (Buechler et al. 2021). Based
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on lineage inference analysis, the authors suggested that Pil6*
fibroblasts might serve as a progenitor cell capable of differen-
tiating into specialized, organ-specific fibroblasts, while they
associated the Coll15al* subtype with the ability to secrete base-
ment membrane proteins based on expressed genes. However,
the authors did not specifically address the functional changes
in arterial fibroblasts during the aging process. We have previ-
ously performed scRNA-seq analysis in healthy and diseased
murine and human arteries and identified three subpopula-
tions of fibroblasts marked by CD55, CXCL14, and LOX that dis-
played functional differences in different trajectories (van Kuijk
et al. 2023). In detail, CD55* and CXCL14™" fibroblasts were par-
ticularly associated with collagen accumulation and adventitial
thickening, while LOX+ fibroblasts were associated with col-
lagen crosslinking-related gene expression and coincided with
increased collagen deposition and arterial stiffening (van Kuijk
et al. 2023). The plasticity of fibroblasts, including their ability
to express stem cell markers like Sca-1/Ly6a, allowed them to
switch between functional states, contributing to both tissue
repair and disease progression in aging arteries (van Kuijk
et al. 2023). Xie and colleagues subsetted their sScRNA-seq data
from the aortae of young and aged mice for fibroblasts and used
a pseudotime-based approach to distinguish two cell fates that
accumulated in aged mice and a pre-state primarily present in
young mice (Xie et al. 2022). Based on gene ontology enrichment
analysis, the authors identified two fibroblast populations: one
enriched for pathways related to connective tissue development,
muscle cell proliferation, and muscle adaptation, and another
characterized by high expression of genes associated with col-
lagen metabolism and immunoinflammatory processes (Xie
et al. 2022). Using matching scATAC-seq data, the authors fur-
ther investigated transcription factor activity specific for each
cell fate. For the proliferative subset, they associated expression
and enhanced promoter motif activity of Stat3, Nfil3, and Hoxa5
with senescence (Xie et al. 2022). For the immunoinflammatory
subset, they showed high expression and motif activity of Creb5
(Xie et al. 2022), which has been associated with inflammaging
in humans (Nevalainen et al. 2015).

Using cynomolgus monkey data, Zhang et al. observed that
adventitial fibroblasts exhibited a significant increase in tran-
scriptional noise during aging, indicating greater instability in
gene expression as the cells aged (Zhang et al. 2020). Aging fi-
broblasts showed changes in gene expression associated with in-
flammatory responses, lipid metabolism, and calcium signaling
pathways. Additionally, the authors identified a specific mRNA
marker phosphatidylethanolamine-binding protein 4 (PEBP4)
for adventitial fibroblasts. However, based on the provided cell
classification and the expression of PEBP4 among cell clusters,
it seems that PEBP4 is also expressed in SMCs, although to a
lesser extent (Zhang et al. 2020). Moreover, its expression in in-
tact tissue on protein level was not studied (Zhang et al. 2020).
These studies reveal consistent findings on the role of adventi-
tial fibroblasts in arterial stiffness and ECM remodeling; how-
ever, differences in aging patterns and inflammatory responses
exist. For instance, the priorly referenced study of Xie et al.
highlighted increased transcriptional noise and upregulation of
proinflammatory pathways (e.g., TNF-a, NF-kB) with age (Xie
et al. 2022). Although primate models also show increased tran-
scriptional noise as fibroblasts age, they also reflect additional
changes in lipid metabolism and calcium signaling pathways,

reflecting a potentially more complex age-related phenotype
(Zhang et al. 2020). These interspecies variations indicate that
while the fundamental role of fibroblasts in arterial aging is
shared, certain molecular pathways and susceptibility to stimuli
may be species-specific.

Importantly, sex differences in aging-associated fibroblast func-
tion and subset specification remain unresolved. Zhang et al. in-
cluded equal numbers of male and female mice (n =4 per group)
for young and aged groups, but the analysis did not explicitly
stratify results by sex. Moreover, the study by Xie et al. focused
exclusively on male mice to avoid transcriptomic alterations due
to differences in sex hormone expression upon menopause entry.
This highlights the need for future research to incorporate sex-
stratified analyses to deepen our understanding of fibroblast
behavior across sexes and its implications in cardiovascular
disease. For this, we will need larger cohorts including equal
numbers of female and male animals (or humans) and need to
find ways to account for age-related changes in sex hormone
secretion.

Despite the findings described in this review, the research on
fibroblast alterations during arterial aging remains relatively
sparse compared to other vascular cell types. While fibroblasts
play a crucial role in arterial stiffening and fibrosis in hyperten-
sion, their contributions in vascular aging are not as thoroughly
investigated as ECs or SMCs (Guzik and Mikolajczyk 2014). The
potential of fibroblasts to transition into myofibroblasts, likely
driving ECM remodeling and inflammation, underscores their
potential importance in vascular aging. Also, many aspects of
their involvement, particularly the molecular mechanisms gov-
erning their plasticity and response to aging stimuli, are not yet
fully understood.

4.4 | Immune Cells

In arteries, immune cells play a pivotal role in maintaining
vascular function and regulating inflammation. As aging pro-
gresses, immune cell function gradually declines, leading to in-
flammaging (Ajoolabady et al. 2023). Rather than being solely
defined by changes in cell proportions, immune aging is increas-
ingly recognized as a shift toward distinct functional and tran-
scriptional states across immune cell populations. Importantly,
there are extensive datasets investigating immune aging in hu-
mans by profiling peripheral blood mononuclear cells (Filippov
et al. 2024; Gong et al. 2025), but data on tissue resident and
infiltrating immune cells remain rather sparse. Here, we aim to
group recent findings on immune cells from single cell studies
of arterial aging along the key phenotypic hallmarks of vascular
aging (inflammaging, immuno-senescence).

During aging, both human and mouse macrophages have been
reported to adopt a more proinflammatory phenotype, often re-
flected by enhanced TNF and IL-6 production, particularly after
ex vivo stimulation, although these responses vary across tis-
sues and macrophage populations. (van Beek et al. 2019). These
proinflammatory macrophages contribute to persistent inflam-
matory responses, particularly in CVDs (Barcena et al. 2022).
In this process, reparative macrophage functions decline, as
indicated by reduced expression of Argl and Sod3 (Haschak
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et al. 2021), suggesting an imbalance between inflammatory
and tissue-resolving programs. In arterial aging contexts, single-
cell analyses further identified transcriptionally distinct mac-
rophage states, such as Spp1"h scar-associated macrophages,
which are expanded in aged vessels and enriched for genes
related to inflammation, extracellular matrix remodeling, and
oxidative stress (Cheng et al. 2024). These findings suggest that
macrophage-driven inflammaging may be mediated by specific
molecular programs rather than uniform activation.

A similar shift toward functionally altered states is observed in
T cells. As arteries age, CD4* and CD8™ T cells exhibit features
of senescence, including reduced proliferative capacity and al-
tered cytokine secretion (Pan et al. 2020). At the single-cell level,
distinct T cell states emerge during aging. For example, GzmK*
CD8* T cells display combined cytotoxic and exhaustion-like
features, expressing effector molecules such as Gzmk and Prfl
alongside inhibitory markers including Pdcdl and Lag3 (Smit
et al. 2023). In humans, aging is associated with accumula-
tion of proinflammatory memory T cell populations, including
GZMK-expressing CD8* effector memory T cells and HLA-DR*
CD4* memory T cells, as well as type-2-skewed CD4* T cells
producing IL-4 (Terekhova et al. 2023). Together, these findings
suggest that T cell aging is characterized not only by senescence
but also by functional reprogramming toward proinflammatory
and dysregulated immune states.

B cells also undergo age-associated molecular changes that
contribute to vascular inflammation. Age-associated B cells
(ABCs), characterized by CD11b*CD11c*T-bett phenotypes,
are expanded in aged arteries and exhibit enhanced antigen-
presenting and proinflammatory capacities (Smit et al. 2023)
and are dependent on Zeb2 transcriptional programs (Dai
et al. 2024). These cells can activate T cells through costimu-
latory signaling (e.g., Cd40, Cd80, Cd86), thereby amplifying
local immune responses and potentially contributing to plaque
progression. Interestingly, aged B cell-depleted mice display
reduced CD4 T cell immune-senescence compared to control
mice, identifying B cells as critical mediators that drive age-
associated adaptive immune dysfunction (Khan et al. 2026).

In addition to these molecularly defined immune states, changes
in immune cell composition are also observed during arterial
aging. Xie et al. reported that increased proportions of neutro-
phils, mast cells, and plasmocytes, together with reduced den-
dritic cells, have been reported (Xie et al. 2022). However, these
compositional changes are accompanied by substantial tran-
scriptional heterogeneity and altered cytokine signaling, includ-
ing increased IL-183, IL-6, and IL-10 expression (Xie et al. 2022),
suggesting that functional reprogramming occurs alongside
shifts in cell abundance.

Together, these findings support a model in which immune
aging in arteries is driven by the emergence of functionally dis-
tinct, proinflammatory and dysregulated immune cell states,
rather than solely by changes in cell proportions. Across spe-
cies, these include proinflammatory macrophage subsets,
cytotoxic and exhaustion-associated T cell populations, and
antigen-presenting B cell states, which collectively contribute
to chronic inflammation, impaired immune regulation, and
vascular remodeling. Understanding these molecular programs

will be essential for developing targeted interventions against
age-related vascular diseases. Moreover, the influence of sex on
these immune-mediated mechanisms remains poorly under-
stood, as most studies focus predominantly on male physiology.

5 | Cross Species Insights From Single Cell Studies

Cross-species comparisons provide an important framework
for interpreting single-cell studies of vascular aging. While
many aging studies focus on changes within a single species,
natural lifespan varies dramatically across mammals, suggest-
ing that mechanisms associated with longevity cannot be fully
understood from one model alone (Ma and Gladyshev 2017,
Tyshkovskiy et al. 2023). Comparative studies further indicate
that longevity is shaped by both conserved and lineage-specific
programs, and that mechanisms associated with naturally long-
lived species are only partly overlapping with those identified
from lifespan-extending interventions within species (Ma and
Gladyshev 2017; Tyshkovskiy et al. 2023). Single-cell studies in-
dicate that arterial aging is driven by partially conserved cellu-
lar programs across species. In mice, rats, nonhuman primates,
and humans, aging is repeatedly associated with endothelial
dysfunction, SMC phenotypic switching, fibroblast-mediated
matrix remodeling, and immune activation. The main cross-
species commonality lies in the recurrence of inflammatory,
senescent, and ECM-remodeling states, whereas the major dif-
ferences concern subtype resolution, relative cell abundance,
and the specific regulatory pathways highlighted in each model.
Thus, current evidence supports conservation of core aging-
associated vascular cell states but also suggests that their mo-
lecular execution is shaped by species, vascular bed, sex, and
disease context. These observations highlight the need for
systematic cross-species integration to distinguish conserved
programs from context-dependent adaptations. Cross-species
integration in vascular biology is no longer just a theoretical
idea, but current studies are still fragmented. Transcriptome-
level comparison across rats, monkeys, and humans has shown
that conserved vascular aging signals do exist, particularly in
matrix- and adhesion-related pathways, yet many canonical
inflammatory and senescence-associated programs are not
uniformly regulated across species, limiting straightforward
extrapolation from animal models to humans (Sun et al. 2024).
Complementing this, integrated single-cell analysis of mouse
and human atherosclerosis has shown that several mononuclear
phagocyte states are transcriptionally conserved across species,
providing evidence that at least part of lesion-associated immune
heterogeneity is evolutionarily preserved (Zernecke et al. 2023).

Thus, while cross-species vascular studies have begun to iden-
tify either conserved pathways or conserved immune-cell states,
a comprehensive framework linking conserved and species-
specific aging programs across EC, VSMCs, fibroblast, and im-
mune compartments is still missing.

6 | Future Perspectives
Despite recent advances, several unresolved questions remain.

A key challenge is the functional validation and causal roles of
subpopulations identified through scRNA-seq. While the studies

10 of 15

Aging Cell, 2026



summarized in this review have provided valuable insights into
cellular heterogeneity, the precise roles of the identified subpop-
ulations were not fully elucidated. One point to address is that in
several studies authors did not show changes in cell type com-
position depending on age or only show composition changes
in supplementary figures without any comments. It would be
of major interest if subtype proportions change with age and
if not, if there are differences in genes expressed in young and
aged groups. Furthermore, future research should focus on
in vivo models and functional assays, including gene-editing
techniques like CRISPR/Cas9, to confirm the causal roles of
these cell subsets in (arterial) aging. Meta-analyses of SCRNA-
seq datasets across species, including humans, mice, and non-
human primates, could further clarify conserved pathways in
arterial aging and improve the translational relevance of animal
studies to human aging.

A crucial area for future research is the exploration of sex-specific
differences in arterial aging at the single-cell level. While recent
advances in scRNA-seq have deepened our understanding of
cellular heterogeneity, relatively little is known about how these
cell populations and their roles may differ between males and fe-
males. Future studies should aim to incorporate both male and
female models to identify sex-specific transcriptomic and epi-
genetic profiles. This approach could provide valuable insights
into distinct aging mechanisms and help develop more personal-
ized strategies for preventing or treating vascular dysfunction in
aging populations. In addition, the limited availability of human
aging-specific/nondiseased arterial data largely reflects techni-
cal challenges associated with tissue dissociation, particularly
in fibrotic or calcified vascular samples. Single-nucleus RNA
sequencing (snRNA-seq) provides an important complementary
approach by enabling transcriptomic profiling from frozen or
hard-to-dissociate tissues. This approach may therefore facili-
tate transcriptomic profiling of human vascular tissues that are
otherwise difficult to analyze, enabling more comprehensive
characterization of arterial aging and improving cross-species
comparability in future studies. Along the same way, new tech-
nical developments now allow the use of archived tissue samples
for transcriptional profiling (e.g., 10x FLEX), facilitating com-
plex sample processing routes for human vascular samples.

Moreover, transcriptomics analysis does not capture epigenetic
modifications, such as DNA methylation and chromatin acces-
sibility, which are critical regulators of gene expression during
aging. Integrating scRNA-seq with epigenetic techniques,
such as scATAC-seq or DNA methylation profiling, could pro-
vide a more comprehensive understanding of the molecular
underpinnings of vascular aging. A key limitation of most ar-
terial aging scRNA-seq datasets is that dissociation removes
spatial context, so we cannot reliably place aging-associated
subpopulations within the layered vessel wall or within spe-
cific microenvironments (e.g., fibrous, inflamed, or calcifying
regions). Spatial transcriptomics can address this by mapping
cell states and their signaling programs back to histologically
defined niches. Recent vascular studies highlight the value of
spatial approaches: spatially resolved analyses of human ath-
erosclerotic plaques have revealed region-specific cell-cell
communication and identified a fibroblast-like vascular smooth
muscle cell state that functions as a signaling hub associated
with plaque stability (Goncalves et al. 2026). Spatial approaches

also localize senescence-associated vascular programs and re-
modeling niches in mouse atherosclerosis and aneurysm models
(Mazan-Mamczarz et al. 2025). Integration of single-cell and
spatial data using deep learning models such as cell2location
and Tangram can infer fine-grained cell-type maps in situ and
link cell states to local microenvironments (Kleshchevnikov
et al. 2022). Looking forward, development in artificial intelli-
gence like single-cell foundation models (e.g., scGPT) may help
automate and harmonize cross-study vascular datasets and pri-
oritize conserved aging programs for targeted spatial and func-
tional validation (Cui et al. 2024).

With the advent of single cell sequencing, it has become in-
creasingly apparent that chronological age and biological age
are sometimes disconnected and that particular cell types have
a higher biological age than others. To evaluate this, research-
ers have introduced “aging clocks” that might help to evaluate
the effect of targeted interventions on cellular age. However,
the results of different clocks show rather low degrees of cor-
relation (Spray et al. 2025). Thus, improving and harmonizing
these aging clocks could help resolve cellular contributions to
vascular aging.

Furthermore, exploration of cell-cell communication is cru-
cial, being a hallmark of aging. Aging impacts not only indi-
vidual cells, but also the signaling networks between them.
Investigating how intercellular signaling evolves with age could
provide new insights into the coordination of vascular responses
to aging stimuli. Additionally, examining the effects of lifestyle
factors—such as diet, exercise, and stress—on arterial aging at
the single-cell level could provide valuable insights into how
external factors modulate cellular and molecular pathways as-
sociated with aging. Based on these insights, future research
should focus on integrating multidisciplinary approaches to
further clarify the cellular and molecular mechanisms of arte-
rial aging, ultimately guiding the development of targeted ther-
apeutic strategies to mitigate vascular dysfunction and promote
healthy aging.

7 | Conclusion

The emergence of scRNA-seq has enabled high-resolution char-
acterization of cellular heterogeneity during vascular aging,
revealing a broad spectrum of EC, SMC, and fibroblast subpopu-
lations. However, as in other single-cell-driven fields, cell states
are often defined by study-specific gene expression signatures
rather than shared functional or phenotypic patterns, which
limits cross-study comparability and interpretability. To address
this, we proposed a harmonized nomenclature for major vascu-
lar cell types that emphasizes conserved functional states along
key aging-related phenotypic programs (Figure 1). For ECs,
we distinguish senescent, matrix-remodeling, inflammatory,
and vascular tone-egulating phenotypes; for fibroblasts, ECM-
remodeling, progenitor-like, and inflammatory states, with
senescence-associated features reported but not clearly resolved
as a discrete fibroblast subset; for SMCs, synthetic, proliferative,
apoptotic, and stressed/inflammatory phenotypes, with senes-
cence likewise observed mainly as a functional overlay rather
than a distinct transcriptional state; and for immune cells, aging
is characterized by functionally distinct but lineage-spanning
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states, including proinflammatory macrophage states, cytotoxic
and exhaustion-associated T-cell states, and antigen-presenting
B-cell populations, whereas senescent immune subsets have not
been consistently or explicitly defined. To provide a structured
overview of the current landscape and to contextualize this
proposed framework, we systematically summarized represen-
tative single-cell studies of vascular aging in Table 1 (natural
aging) and Table 2 (aging with additional risk factors). We an-
ticipate that this framework will improve the integration and re-
producibility of both existing and future datasets and provide a
coherent reference that facilitates communication and discovery
within the vascular aging research community.
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