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Abstract

Perivascular adipose tissue (PVAT) has emerged as a central regulator of vascular home-
ostasis in large arteries, with its dysfunction driving the pathogenesis of atherosclerosis,
hypertension, and metabolic diseases. In the past, our understanding of PVAT was limited
by bulk omics approaches that obscured the tissue’s profound spatial, cellular, and func-
tional heterogeneity. Here, we review how multimodal single-cell technologies, including
single-cell RNA sequencing, spatial transcriptomics, and Al integration, are now decoding
the PVAT ecosystem with unprecedented resolution. These approaches have generated an
integrated atlas that reveals depot-specific cellular architectures, dynamic phenotypic plas-
ticity, and spatially organized crosstalk between biological circuits that drive vasculopathy.
We highlight novel biomarkers and actionable therapies emerging from these insights, such
as Dpp4* preadipocytes and BMP4-induced browning. Finally, we propose a translational
roadmap that prioritizes human PVAT biobanking, CRISPR-based lineage tracing, and
Al-driven modeling to transform these mechanistic discoveries into precision interven-
tions. Ultimately, by establishing PVAT as a central orchestrator of vascular homeostasis,
these single-cell insights provide the mechanistic foundation to therapeutically intercept
cardiometabolic disease at its cellular source.

Keywords: perivascular adipose tissue (PVAT); single-cell transcriptomics (scRNA-seq);
vascular mechanics; cellular plasticity; intercellular crosstalk

1. Introduction

Perivascular adipose tissue (PVAT) is no longer considered to be an inert structural
support surrounding the vasculature, but is rather known to be a dynamic endocrine
and paracrine organ indispensable for vascular homeostasis [1-3]. Recent investigations
have revealed the role of PVAT in regulating vascular tone [4], inflammation, and extra-
cellular matrix (ECM) remodeling through bidirectional communication with the vascular
wall [5-11]. Its anatomical adjacency creates a specialized niche where paracrine signaling,
immune modulation, thermogenic activity, and mechanotransduction enable dynamic
crosstalk between endothelial cells (ECs), vascular smooth muscle cells (VSMCs), and
resident immune populations [12,13]. This functional interdependence establishes PVAT as
an integral component of the vascular unit, effectively constituting a “fourth layer” of the
vessel wall [14-16].

Because of its unique physical and functional integration with the vessel wall, PVAT
exhibits a critical duality in the context of cardiovascular physiology. Under homeostatic
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conditions, PVAT exerts a net protective influence by secreting vasodilatory and anti-
inflammatory adipokines, such as adiponectin and nitric oxide, that modulate vascular
tone, suppress VSMC proliferation, and preserve endothelial integrity [3,17]. However,
in prevalent cardiometabolic pathologies including obesity, metabolic syndrome, and
diabetes, PVAT undergoes maladaptive remodeling [18,19] characterized by adipocyte
hypertrophy, mitochondrial dysfunction, a shift toward secretion of pro-inflammatory
mediators (e.g., leptin, resistin, IL-6, MCP-1), and robust immune cell infiltration [20,21].
Consequently, this transformation converts PVAT from its baseline vasoprotective role to
a more pathogenic role that drives endothelial dysfunction, aberrant VSMC activation,
and ECM dysregulation [18,22]. Such paradoxical positioning renders PVAT as both a
therapeutic target and biomarker reservoir for a spectrum of cardiovascular diseases, from
atherosclerosis and hypertension to aortic aneurysms [23,24]. Despite its potential clinical
utility, the precise cellular and molecular mechanisms orchestrating this functional switch
in PVAT maladaptation remain elusive.

Conventional bulk transcriptomics, proteomics, and histomorphometry have ad-
vanced our fundamental understanding of PVAT’s cellular and ECM structure, endocrine
functions, and macroscopic contributions to vascular disease. However, these bulk technolo-
gies produce averaged signals across heterogeneous cellular compartments that effectively
mask spatial patterning, transient cell states, and adipose depot-specific biology [25,26].
In the aorta, these measurement limitations have prevented resolution of functional dis-
tinctions between thermoprotective thoracic PVAT (T-PVAT; above the diaphragm) and
inflammation-prone abdominal PVAT (A-PVAT; below the diaphragm). Consequently, there
are fundamental questions related to PVAT function and adaptation that have persisted:
Which cellular subpopulations initiate PVAT dysfunction? How do spatial interactions
within PVAT mechanistically propagate vasculopathy? And what molecular switches
govern phenotypic transitions of PVAT?

The recent emergence of multimodal single-cell technologies has the potential to
address these critical research gaps, thereby catalyzing a new paradigm of PVAT biology
that positions this tissue as a central processor of cardiovascular health and disease. For
instance, single-cell RNA sequencing (scRNA-seq) profiles transcriptomes from individual
cells dissociated from whole tissues to enable the precise identification of distinct cell
types and disease-associated cell states [27]. Single-nucleus RNA sequencing (snRNA-seq)
provides a complementary technique which isolates RNA from nuclei rather than cells
and is particularly important for difficult-to-dissociate tissues, frozen tissues, and lipid-
rich adipocytes [28,29]. Spatial transcriptomic approaches further preserve anatomical
information by mapping gene-expression patterns from local transcriptomic analysis to
defined locations within intact tissue sections. This approach enables the investigation
of spatially organized cellular compositions and signaling relationships within tissues of
interest [30]. Additional multimodal approaches, such as assay for transpose-accessible
chromatin using sequencing (ATAC-seq) and cellular indexing of transcriptomes and
epitopes by sequencing (CITE-seq), integrate transcriptional information with chromatin
accessibility or surface protein expression, respectively, to provide a comprehensive view
of epigenetic changes and cellular regulation [29,31]. Together, these technologies generate
cell-resolved and spatially contextualized information that is fundamentally inaccessible
through bulk averaging approaches alone. Here, we synthesize recent findings on how
single-cell technology has decoded the exceptional cellular diversity and plasticity of
PVAT, mapped the pathogenic communication circuits in PVAT driving vasculopathy,
and unveiled a potential pipeline of novel PVAT-specific biomarkers and therapeutic
targets. Finally, we culminate by positing a forward-looking roadmap intended to overcome
persistent challenges in human validation, dynamic imaging, and species-specific modeling,

https://doi.org/10.3390/ cells15181645


https://doi.org/10.3390/cells15181645

Cells 2026, 15, 1645

30f25

with the goal of charting a course toward establishing PVAT as a therapeutically targetable
regulator of cardiovascular health and disease. While the aorta-PVAT axis serves as the
foundational focus of this review, dedicated single-cell transcriptomics studies specific to
aortic PVAT remain relatively limited. We have therefore incorporated key findings from
coronary PVAT and systemic adipose biology, as these diverse perivascular beds share
highly conserved immunometabolic signaling mechanisms and can inform our broader
understanding of PVAT and vascular pathophysiology.

To construct this narrative review, a series of literature searches were conducted in
PubMed and relevant NCBI databases. A primary focus was placed on reviewing recent
articles published between 2018 and 2026 in an effort to capture the rapid emergence
and maturation of single-cell technologies. Principal literature search keywords included
combinations of “perivascular adipose tissue,” “PVAT,” “single-cell RNA sequencing,”
“scRNA-seq,” “spatial transcriptomics,” and “vascular remodeling”. Studies were pri-
oritized for inclusion in the current review if they utilized single-cell or high-resolution
spatial omics technologies and were able to identify novel cellular subpopulations, state
transitions, or intercellular communication networks within PVAT that were previously
undetectable by bulk methodologies.

2. Decoding Cellular Diversity Through Single-Cell Atlases

By applying the single-cell- and spatially resolved technologies described above, re-
searchers are now able to overcome the methodological barriers of bulk omics approaches,
which average signals across heterogeneous compartments and effectively obscure the
spatial, functional, and depot-specific biology of PVAT [25,26,32]. For example, single-cell
analysis revealed a mischaracterization of macrophage activation states in PVAT identified
from bulk transcriptomics [33,34]; while bulk approaches identified a general macrophage
activation, single-cell analysis uncovered distinct M1, M2, lipid-associated macrophages
(LAM), and metabolically activated macrophage (MMe) populations with specific func-
tions related to PVAT biology [33,35,36]. Similarly, adipocyte heterogeneity was largely
obscured by bulk approaches, yet single-cell analysis of PVAT revealed the presence of mul-
tiple adipocyte subtypes with different metabolic profiles and disease associations [25,37].
Indeed, comprehensive single-cell atlases integrating over 400,000 cells across multiple
PVAT depots and disease states have identified more than sixty transcriptionally distinct
cellular subpopulations within PVAT, organized into four principal compartments (e.g.,
adipocyte, immune, stromal, and vascular), that exhibit specialized functions and spatial
organization [25,32,38].

Inclusion of spatial transcriptomics preserves the anatomical context alongside the tran-
scriptional profile for each measurement in order to illuminate zonal organization within tis-
sues and map ligand-receptor interactions at PVAT-vascular interfaces [38,39]. Other spatial
approaches, such as spatial metabolomics, have identified features of inflamed adipocytes,
such as ceramide gradients, in cardiometabolic disorders including diabetes [40,41]. Adop-
tion of artificial intelligence (Al) analysis frameworks can reliably synthesize such multi-
modal data streams and has been leveraged to predict inflammatory hotspots within PVAT
from cellular colocalization patterns in spatial datasets [29]. As a step further, multimodal
integration-combining transcriptomics, chromatin accessibility (snATAC-seq), histone mod-
ifications (snCUT&Tag), and surface proteomics (CITE-seq)—has decoded gene-regulatory
networks driving pathological PVAT reprogramming [29,31]. By resolving the network of
PVAT cellular diversity at such unprecedented resolution, these approaches have trans-
formed our understanding of PVAT from a simple adipose support layer into a dynamic
and structured cellular ecosystem wherein specialized cells engage in spatially orchestrated
crosstalk with one another and the adjacent vasculature [25,26,28,31]. These findings have
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redefined our understanding of adipose tissue biology and identified new PVAT-specific
therapeutic targets that were previously unrecognized (Figure 1).
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Figure 1. Multimodal single-cell atlases decode the cellular complexity and pathological plasticity
of PVAT. The central schematic illustrates the paradigm shift driven by single-cell transcriptomics
(represented by the central UMAP visualization within the vascular lumen). This technology decon-
structs the bulk PVAT into a highly organized, multi-cellular ecosystem surrounding the vessel wall,
comprising distinct adipocyte, immune, stromal, and vascular cell lineages. High-resolution mapping
reveals several core biological dimensions of PVAT: (Top) Adipocyte Heterogeneity: identification of
functionally distinct adipocyte subpopulations, spanning from thermogenic beige to lipid-storing
white phenotypes, which dictate local PVAT metabolism. (Right) Immune Ecosystem: a dynamic net-
work of resident and recruited immune cells, including macrophages and T cells, that actively surveil
the perivascular niche to regulate vascular inflammation. (Bottom Right) Stromal Architecture: a
specialized structural compartment comprising adipogenic progenitor cells and matrix-producing
fibromyocytes that govern ECM mechanics and vascular stiffness. (Bottom Left) Cell Communication:
spatially coordinated intercellular signaling networks connecting adipocytes, stromal cells, and PVAT
immune populations with the resident vascular wall cells (e.g., endothelial and vascular smooth
muscle cells) drive depot-specific functional diversity. (Left) Pathological Transformation: chronic
metabolic stressors, such as obesity, catalyze a fundamental phenotypic reorganization within PVAT,
exemplified by polarization from a vasoprotective M2 to pro-inflammatory M1 macrophage states,
potentiating a pathogenic cycle of vascular remodeling.

2.1. Comprehensive Cellular Mapping Reveals Unprecedented Heterogeneity

PVAT constitutes a microcosm of cellular heterogeneity whereby the functional spe-
cialization of the cellular compartment dictates interactions with cells and neighboring
tissues. Development of a single-cell atlas for PVAT demonstrated that the adipocyte
compartment exhibits remarkable functional diversification, with five evolutionarily con-
served subtypes distributed throughout aortic PVAT depots. In particular, (1) thermo-
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genic adipocyte progenitors (TAPs), localized predominantly in T-PVAT and characterized
by Pdgfra*/Cd34*/Prdm16* expression [8,42], generate beige adipocytes through BMP4-
mediated mitochondrial biogenesis [43]. Single-cell pseudotime analysis demonstrates the
differentiation of TAPs along a UCP1-high trajectory driven by adrenergic signaling and
cold exposure [8,19]; note that uncoupling protein 1 (UCP1) is a canonical marker of brown
adipocytes and a hallmark of thermogenic adipose identity [44]. Functionally, TAP-derived
beige adipocytes secrete protective adipokines (e.g., adiponectin, apelin) and catabolize
circulating lipids, thereby reducing perivascular lipid deposition and oxidative stress [8].
Moreover, TAP abundance inversely correlates with atherosclerotic severity in human
cohorts [23,45]. On the other hand, (2) lipid-storing inflammatory adipocytes (LSIAs) are
predominantly expressed in A-PVAT during obesity and exhibit hypertrophic morphology
and excess accumulation of ceramides that trigger NLRP3 inflammasome activation [6].
LSIAs secrete interleukin-6 (IL-6) and monocyte chemoattractant protein-1 (MCP-1), effec-
tively driving endothelial dysfunction through impaired insulin signaling and endoplasmic
reticulum stress [35]. These cells characteristically exhibit stearoyl-CoA desaturase 1 (Scd1)
mRNA-protein discordance, which leads to impaired lipid desaturation and promotes
ceramide accumulation [41]. A third population of adipocytes, (3) fibro-inflammatory
adipocytes (FIAs), resides near fibrotic zones in aneurysmal PVAT and sclerotic vessels
and uniquely co-expresses adipocyte (Adipog, Fabp4) and fibroblast (Collal, Col3al, Acta2)
genetic markers, suggesting potential transdifferentiation between cell types [46]. Spatial
transcriptomics has localized FIAs near collagen-dense zones where TGF-f3 signaling in-
duces fibrogenic reprogramming of cells [47]. FIAs produce excessive ECM components
and PAI-1 in a manner that promotes vascular fibrosis and stiffening alongside VSMC
proliferation [48]. Two additional human-specific adipocyte subtypes have been identified
by single-cell omics. First, (4) senescent adipocytes expressing CDKN2A (p16INK4A),
CDKN1A (p21CIP1), SERPINE1 (PAI-1), and senescence-associated secretory phenotype
(SASP) factors (e.g., IL-1x, IL-6, MMP3) have been identified in aged and diabetic PVAT,
which are thought to promote local inflammation and tissue remodeling [49-51]. Next,
(5) microvascular pericytes with MYH11~/PDGFRB*/CD146" genetic signatures exhibit
dual contractile and adipogenic potential to modulate both angiogenesis and vascular
tone [40,52]. Together, these findings from single-cell technologies offer a refined view of
adipocyte diversity that is complemented by an equally complex immune and stromal
landscape, all of which collectively orchestrate PVAT’s functional output.

2.2. Immune Ecosystem: Dynamic Regulators of Vascular Inflammation

Beyond adipocytes, the use of single-cell technologies has further revealed specialized
immune niches in PVAT that dynamically respond to metabolic cues and play decisive
roles in promoting vascular health and disease. Resident thermoregulatory macrophages
(RTMs), characterized by Lyvel*/MHC-IT?/Tim4* expression in healthy T-PVAT, support
beiging through noradrenaline recycling [33,53,54]. Conversely, CD9* lipid-associated
macrophages (LAMs) form crown-like structures in obese A-PVAT, secreting factors such
as interleukin-1f (IL-1p) and matrix metalloproteinase-9 (MMP9) that collectively degrade
elastic laminae [36,55]. The T lymphocyte compartment of PVAT includes Foxp3* /IL-10*
regulatory T cells (Tregs) that suppress adipose inflammation, while pathogenic T helper
17 (Th17) cells (RORyt* /IL-17A") expand in hypertension to promote vascular remodeling
and fibrosis via interleukin-17A (IL-17A) signaling [56,57]. Cytotoxic CD8+ T cells in PVAT
further contribute to atherosclerotic plaque instability through granzyme-mediated apopto-
sis [58,59]. Perivascular mast cells release chymase, which, in turn, activates angiotensin
II to promote vasoconstriction, inflammation, and ECM degradation in diabetes [16,38].
Adding to this complexity, a spatially distinct population of septal LYVE1* macrophages
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has been shown to control adipocyte stem cell (ASC) fate in white adipose tissue (WAT)
via TGF-p1, thereby influencing adipose tissue plasticity and systemic metabolism [60].
Together, dynamic immune surveillance in PVAT is essential for tissue homeostasis, patho-
logical tissue remodeling, and communication with neighboring vascular structures.

2.3. Stromal Architecture: Progenitors and Extracellular Matrix Regulators

The cellular component of PVAT is embedded within a structured stromal ECM scaf-
fold that not only provides structural support but also actively regulates tissue mechanics
and cellular fate. The stromal compartment of PVAT, comprising fibroblasts and progen-
itor cells, dictates the structural and signaling milieu that governs vascular mechanics
and adipogenesis. Indeed, Postn*/Icf21* fibromyocytes maintain mechanical homeostasis
near the vascular adventitia through adaptive collagen production [61,62]. Consistent
with this matrix-regulatory role, biomechanical testing coupled with single-nucleus RNA-
seq reveals that collagen-integrin «5/ 31 interactions mediate PVAT stress relaxation—a
protective mechanism for dissipating cyclic vascular strain [4]. Dysregulation of this
integrin-mediated mechanotransduction pathway in hypertension increases ECM stiffness
and promotes VSMC dysfunction via YAP/TAZ mechanosensing [63].

In addition, perivascular Dpp4*/Prefl* adipogenic progenitors differentiate into
adipocytes upon metabolic stress, thus serving as biological sensors of tissue damage [52,64].
Multi-omics integration demonstrates discordant regulation of Scd1 in these cells: while
Scdl mRNA increases in obese A-PVAT, protein levels decline due to ubiquitin-mediated
degradation [41]. This gene-protein discordance disrupts lipid metabolism and ampli-
fies NF-kB-driven inflammation in PVAT. Beyond adipogenic progenitors, PVAT contains
neural-associated cell populations expressing markers such as Sox10, likely representing
resident glial or Schwann cells [65]. Lineage-tracing studies have identified Gli1*/Scal*
adventitial progenitors capable of migrating within the vascular wall and adopting fi-
broblast or VSMC-like states during instances of vascular remodeling [66]. Single-nucleus
multi-omics (snRNA-seq + snATAC-seq) has been used to delineate how the specific pro-
genitors undergo pathological reprogramming in aneurysms [29]. To this end, epigenetic
remodeling via EZH2-mediated H3K27me3 deposition silences contractile genes in VSMCs
(e.g., Myh11, Acta2), while open chromatin at the KLF4 loci promotes formation of synthetic
VSMC phenotypes [29,67]. The functional specialization of these cellular compartments
within PVAT is not uniform for all adipose depots but is critically defined by their anatomi-
cal location, leading to differing roles for adipogenic progenitors in T-PVAT and A-PVAT.

2.4. Region-Specific Cell Communication Drives Functional Diversity

The cellular building blocks of PVAT are organized into distinct functional units across
anatomical depots, with T-PVAT specializing in thermoprotection and A-PVAT exhibiting a
propensity for inflammation. Taken together, this leads to profound functional perivascular
divergence along the aorta [1,2]. T-PVAT maintains thermogenic competence via TAP-
derived beige adipogenesis, which is thought to limit cardiovascular disease burden [8,68].
Indeed, mitochondrial abundance in T-PVAT correlates inversely with atherosclerosis
severity [23,43]. Specific anti-atherogenic mechanisms include UCP1-dependent fatty acid
oxidation (reducing local free fatty acid (FFA) availability), secretion of vasodilatory nitric
oxide and adiponectin, and catecholamine-induced atheroprotective gene expression by
VSMCs [16,24]. Furthermore, the distinct secretome of browning adipocytes within T-PVAT
provides critical structural protection to the adjacent vessel wall by reducing inflammation,
directly inhibiting VSMC apoptosis, and preventing aortic aneurysm formation [69,70].
Single-cell spatial mapping reveals “immuno-thermogenic niches” where RTMs directly
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contact beige adipocytes to facilitate noradrenaline reuptake and maintain homeostatic
levels of vascular tone [33,54].

In contrast, A-PVAT demonstrates a predisposition toward inflammatory reprogram-
ming [2,6,12,70]. Metabolic dysregulation, primarily characterized by adipose tissue insulin
resistance, triggers uninhibited adipocyte lipolysis, which releases FFAs that activate toll-
like receptor 4 (TLR4)-mediated inflammatory signaling and drive macrophage recruitment
and polarization toward CD9* populations [6,35,36]. The resulting inflammatory milieu
(e.g., IL-1p3, TNF-a, MCP-1) within PVAT induces paracrine effects on EC activation, VSMC
proliferation, and ECM degradation—key processes in aneurysm formation and the devel-
opment of hypertension [48,55,71]. Increased ECM stiffness in hypertensive A-PVAT alters
integrin 31 signaling to promote VSMC switching to a synthetic phenotype [4,63,72]. Spa-
tial transcriptomics of human A-PVAT shows overlapping zones of LEP* adipocytes and
IL1B* macrophages surrounding sclerotic vessels, suggesting an interplay between white
adipocytes, inflammation, and vascular disease [38,73]. Under the pressure of chronic dis-
ease, these adipose depot-specific cellular landscapes undergo profound and coordinated
pathological transformations that further exacerbate vascular dysfunction.

2.5. Pathological Transformation Reshapes Cellular Landscapes

Disease states catalyze a fundamental dysfunction and reorganization of the PVAT
cellular landscape that reshapes cellular proportions, activation states, and communication
networks to drive the initiation and progression of pathology [6,18,48]. During obesity
progression, for example, macrophage populations in PVAT undergo dramatic polarization
from protective M2 phenotypes to inflammatory M1 states, while T cell infiltration into
PVAT increases with enrichment of pro-inflammatory Th1l and Th17 populations [20,36,71].
These immune changes coincide with fibroblast activation and enhanced collagen pro-
duction, creating a profibrotic microenvironment that predisposes to compromised vas-
cular function [21,48,74,75]. Fibroblast activation enhances collagen production, while
adipocyte transdifferentiation generates fibro-inflammatory phenotypes in dysfunctional
PVAT [46,70,72]. This activation also precedes further immune recruitment, with ECM stiff-
ening triggering macrophage TLR4 signaling via integrin clustering [35,48,72]. Temporal
analyses reveal that early immune infiltration initiates self-sustaining pathogenic loops that
ultimately drive irreversible ECM remodeling in the PVAT-vascular complex [1,18,35,76].

Cardiovascular pathology triggers disease-specific cellular adaptations in PVAT. In
atherosclerosis, perivascular SPP1* macrophage accumulation precedes atherosclerotic
plaque formation and correlates with stenosis severity [27,30]. Hypertension induces sex-
specific immune changes, with increased CD4* memory T cells in males and enhanced
M2-like macrophages in females, highlighting the importance of considering biological
sex in PVAT and cardiovascular research [56,77-80]. Complementing these experimental
observations, recent histopathological evidence demonstrates that age and biological sex
significantly modify the association between dyslipidemic profiles and carotid atheroscle-
rotic plaque instability in humans. While this study did not directly assess PVAT, these
clinical findings further underscore the critical need to incorporate both sex and age as
biological variables in future human PVAT studies focused on evaluating the relationship
between metabolic risk factors and vascular remodeling [81]. Collectively, these findings
illustrate that pathological transformation of PVAT is not a passive consequence but an
active and coordinated recalibration of the PVAT cellular ecosystem that potentiates a
self-amplifying cycle of inflammation and fibrosis to drive progressive vasculopathy.

In summary, multimodal single-cell atlases have redefined PVAT as a complex, multi-
cellular ecosystem by revealing specialized adipocyte, immune, and stromal subpopula-
tions and their biological functions in health and disease. The cellular diversity of PVAT

https://doi.org/10.3390/ cells15181645


https://doi.org/10.3390/cells15181645

Cells 2026, 15, 1645

8 of 25

Adipocyte Dynamics

White adipocyte

\ ‘@
NLRP3
\‘Tﬂé”””'é]iﬁo'”e

T CCL2/5, TNF-a

- Vascular Inflammation

® Constrain adipocyte thermogenic capacity
IL-10 )—p(STAT3)—»

is organized into distinct functional units across anatomical depots along the aorta, with
thermogenic T-PVAT contrasting sharply with inflammation-prone A-PVAT. In disease,
this system undergoes a pathological transformation where coordinated shifts in cellular
composition and communication create a self-amplifying loop of inflammation and fibrosis.
This refined cellular atlas provides the essential foundation for mechanistically decoding
PVAT-vascular crosstalk and identifying novel therapeutic targets.

3. Cell Plasticity and Phenotypic Transitions

PVAT cellular plasticity, governed by metabolic, mechanical, and inflammatory cues,
underpins its shift from vasoprotective to pathogenic states [44,82]. Multimodal single-
cell technologies now have the capability to resolve these transitions at unprecedented
resolution, revealing the molecular circuits controlling adipocyte browning/whitening,
fibroblast-myofibroblast differentiation, immune reprogramming, and VSMC phenotypic
switching [38,58] (Figure 2).
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Figure 2. Molecular and epigenetic circuits drive cellular plasticity and phenotypic transitions at the
PVAT-vascular interface. The schematic illustrates the dynamic, stimulus-driven reprogramming of
major adipocyte, stromal, and vascular lineages at the PVAT-vascular interface. Adipocyte Dynamics:
The bidirectional plasticity between lipid-storing white adipocytes and thermogenic beige adipocytes
represents a critical metabolic switch. Fibroblast-to-Myofibroblast Transition (FMT): Stromal fibrob-
lasts undergo profibrotic activation into myofibroblasts, a process driven by TGF-f3, SMAD2/3,
PDGEF-BB, and immune-derived proinflammatory cytokines, that contribute to ECM deposition and
tissue fibrosis. Epigenetic Regulation: Chromatin-level modifications dictate the cellular identity of
adipocytes in PVAT. IL-10/STAT3 signaling constrains thermogenic capacity, while the BMP4/SMAD
axis activates browning programs in adipocytes. In contrast, DNMT1-mediated methylation re-
presses UCP1 to drive adipocyte whitening. Nucleosome-binding proteins (HMGN1/2) stabilize
white adipocyte identity, while dynamic enhancer acetylation (H3K27ac) coordinates broader pheno-
typic transcriptional shifts. VSMC Phenotypic Switching: Within the vascular wall, inflammatory
signaling (e.g., via IRF3) recruits the epigenetic modifier EZH2 to deposit repressive H3K27me3
marks at the promoters of contractile genes (Myh11, Acta2) in VSMC, driving the transition from a
healthy contractile state to a pro-inflammatory, synthetic phenotype.
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3.1. Adipocyte Dynamics: Browning Versus Whitening

The balance between adipocyte browning and whitening represents a critical axis
in PVAT’s functional identity that directly influences vascular health. Browning (or beig-
ing) can be induced by cold exposure, exercise, BMP4/7, (33-adrenergic agonists (e.g.,
mirabegron), or PPARy ligands [9,19,43,83,84]. Mechanistically, this requires activation
of the Ppargcla-Ucpl signaling axis, mitochondrial biogenesis, and suppression of Notch
signaling. Single-Nuclei Adipocyte RNA Sequencing (SNAP-seq) has overcome technical
barriers in profiling lipid-rich adipocytes and has successfully identified 14 transcription-
ally distinct adipocyte populations in PVAT [85]. Among these, there was emergence
of a distinct subpopulation of highly active thermogenic adipocytes characterized by ro-
bust expression of 33-adrenergic receptors, hormone-sensitive lipase, and thermogenic
genes including Ucpl, Cidea, and Dio2. Cold exposure and (3-adrenergic stimulation
dramatically increased the abundance of this adipocyte subpopulation from 3.4% to 23.5%
in PVAT, demonstrating remarkable dynamic cellular plasticity in response to metabolic
demands [85]. Spatial transcriptomics further revealed that BMP4-mediated browning
requires SMAD1/5/8 recruitment to induce Ppargcla transcription and enhance fatty acid
oxidation (FAO) [43,86]. The process of adipose beiging converts lipid-storing adipocytes
to mitochondria-rich thermogenic adipocytes capable of secreting beneficial adipokines
(e.g., adiponectin, FGF21) that can improve vascular reactivity and substantially reduce
plaque burden in murine models [19,43,84]. A recent discovery of vascular injury-induced
PVAT beiging represents a paradigm-shifting finding that reframes our understanding
of adipose-vascular crosstalk. Single-cell analysis revealed that vascular injury triggers
acute PVAT inflammation followed by a phase of adipose beiging that acts as a protective
homeostatic response [87]. In particular, F4/80+ macrophages infiltrate PVAT within 24 h
of injury and induce brown adipose tissue (BAT)-like phenotypic changes in PVAT through
mechanisms involving PRDM16-dependent regulation [19].

In contrast, adipose whitening can be triggered by metabolic stress (e.g., hyper-
glycemia, hyperlipidemia), TGF- superfamily ligands (e.g., BMP3, activin A), or hy-
poxia [2,6,12,18,50]. This process suppresses UCP1 and oxidative phosphorylation while
enhancing adipocyte lipogenesis and cytokine production [6,18]. Spatial lipidomics re-
vealed that ceramide accumulation in whitened adipocytes activates NLRP3 inflamma-
somes [36,49]. Thus, the adipose whitening process creates a self-amplifying pathologi-
cal loop of adipocyte inflammation where (1) lipid-laden adipocytes secrete chemokines
(e.g., CCL2, CCL5) to recruit monocytes [88], (2) macrophage-derived TNF-o further
suppresses Ucpl via NF-«B signaling [89], and (3) adipocyte-derived fatty acids activate
macrophage NLRP3 inflammasomes to promote adipocyte inflammation [36,49]. Con-
sequently, whitened PVAT becomes a reservoir of inflammation capable of accelerating
adjacent vascular pathology [2,20,23]. Therefore, the adipose browning/whitening axis
represents a reversible switch whose position dictates whether PVAT serves as a metabolic
sink or an inflammatory reservoir and provides a level of cellular plasticity that extends to
the stromal compartment where fibroblasts similarly undergo fate-altering transitions.

3.2. Fibroblast-to-Myofibroblast Transition (FMT)

PVAT-resident fibroblasts exhibit extraordinary phenotypic plasticity that underlies
tissue remodeling in health and disease [15,61,87]. Single-cell transcriptomics (scRNA-seq)
trajectory analysis of PVAT identified differentiation of Dpp4* progenitors into xSMA*
myofibroblasts during hypertension [40,47]. TGF-f1 induces this shift through SMAD2/3-
dependent Acta2 activation [67,90]. Similarly, immune-derived cytokines can trigger
fibroblast-to-myofibroblast (FMT) transition states that foster fibrosis and excess ECM
remodeling in the context of abdominal aortic aneurysms [91].
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Multi-omics integration has identified FSP1" fibroblasts as critical cells in the adi-
pogenic niche that create structural microenvironments for adipocyte precursors [25,92,93].
Despite lacking intrinsic adipogenic potential (PPARy ™ /CEBPo ™), these specialized fibrob-
lasts are essential for maintaining preadipocyte pools in PVAT through PDGF-BB-mediated
stromal-epithelial crosstalk [37,52,92-94]. scRNA-seq confirms FSP1" fibroblasts express
high levels of matrix-organizing genes while also secreting PDGF-BB to support adipogenic
differentiation [93]. Cardiovascular disease states trigger disease-specific fibroblast phe-
notypic transitions. For example, scRNA-seq and spatial transcriptomics have demon-
strated that spatially resolved macrophage-fibroblast interactions promote myofibroblast
differentiation, contributing to tissue fibrosis and vascular dysfunction [95-97]. These find-
ings highlight the importance of immune-stromal cell interactions in driving pathological
tissue remodeling.

3.3. Epigenetic Regulation of Cellular Identity

Single-cell epigenetic analysis has revealed the chromatin-level mechanisms control-
ling PVAT cellular plasticity. In particular, IL-10 signaling establishes an immune-metabolic
axis that directly constrains adipocyte thermogenic capacity by limiting chromatin ac-
cessibility at key sites that promote beiging genes (e.g., Ucpl, Ppargcl, Cidea, Dio2) [85].
Additionally, the nucleosome-binding proteins HMGN1/2 stabilize white adipocyte iden-
tity by maintaining chromatin architecture, while H3K27ac dynamics at specific enhancers
coordinate the transcriptional shifts during adipose phenotypic transitions [98]. Mechanis-
tic investigation into the regulation of adipose phenotypic plasticity in PVAT has uncovered
metabolic-epigenetic circuits driving adipocyte browning through BMP4-SMAD /UCP1
activation [43,86] and whitening via DNMT1-mediated Ucp1 repression [25,99].

Transcriptional regulators including Prdm16, Nfia, and Ebf2 act as master genetic
controllers of adipose beiging through their ability to regulate chromatin modifications
that facilitate environmental responsiveness [8,100-103]. These factors co-localize with
transcriptional machinery to modulate cell-specific gene expression programs, where
changes in chromatin accessibility occur in response to thermogenic stimuli to enable rapid
transcriptional responses [103]. This layer of epigenetic regulation is equally critical in the
adjacent vascular wall itself, where it governs the fate of VSMCs, a key determinant of
vascular stability and disease progression.

3.4. VSMC Phenotypic Switching: Epigenetic-Metabolic Control

Since PVAT and the aortic wall function as a bidirectional signaling unit, VSMC
state transitions may also contribute to signaling in the adjacent PVAT niche. To this end,
single-nucleus multi-omics (snRNA-seq + snATAC-seq) of human aneurysmal tissues have
delineated epigenetic drivers associated with disease presentation. In particular, IL-1§3 acti-
vates STING-IRF3 signaling, which recruits EZH2 to deposit H3K27me3 at contractile gene
(e.g., Myh11, Acta2) loci, thereby regulating VSMC phenotypic shifts [67,104]. scRNA-seq
further revealed that deletion of the long, ubiquitously expressed isoform of with-no-lysine
kinase 1 (L-WNKT1) leads to a proinflammatory VSMC phenotype, increased perivascular
immune cell infiltration, and significant aortic dilation with impaired contractility [57].
Studies in murine models demonstrate that PVAT macrophage polarization shifts during
vascular injury [19]. Early phases are dominated by acute inflammatory responses and
subsequent attempts at resolution by reparative MHC-IT" macrophage subsets; pathogenic
CD9* subsets that are highly conserved in human adipose tissue ultimately emerge to
amplify late-stage damage in response to vascular injury [33,34,53].

Single-cell technologies have provided cell-resolved insight into plasticity of the PVAT
ecosystem by defining transcriptional states and regulatory programs associated with
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cellular activation and transition. These transitions include adipose beiging /whitening,
fibroblast activation, and VSMC phenotypic switching, which are all governed by inter-
connected metabolic, inflammatory, and epigenetic circuits. However, these cellular fate
decisions do not occur in isolation. They are coordinated through dense intercellular
communication networks that spatially organize the PVAT-vascular interface. Having
established the cellular composition in PVAT and its plasticity in response to stressors, we
now dissect how their communication networks become dysregulated to drive disease,
moving from cell-intrinsic mechanisms to intercellular pathophysiology.

4. Adipocyte-Vascular Crosstalk in Disease: Intercellular
Communication Networks

The cellular plasticity and diversity within PVAT is functionally integrated through
a complex web of intercellular communication. Single-cell and spatial technologies have
moved beyond cataloging cell types and are now able to map the precise cytokine net-
works, extracellular vesicle trafficking, and spatially organized niches that mediate PVAT
dysfunction in cardiometabolic disease states [35,51,105]. By integrating transcriptomic,
spatial, and functional data, we now resolve how these defined molecular pathways within
PVAT drive vascular pathology (Figure 3).

Cytokine and Chemokine Signaling Networks
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Figure 3. Pathological intercellular communication networks and spatial disruptions at the PVAT-
vascular interface. Single-cell and spatial technologies map the dysregulated signaling circuits
driving cardiometabolic disease. (Top) Cytokine and Chemokine Signaling Networks: Dysregulated
adipocytes initiate paracrine and immune crosstalk. Adipocyte-derived leptin activates endothe-
lial JAK2-STAT3 signaling, increasing reactive oxygen species (ROS) and endothelin-1 production
to induce endothelial dysfunction. Adipocyte-derived CCL2 recruits circulating CCR2* monocytes,
which differentiate into inflammatory CD9* macrophages and subsequently secrete CCL5 to create a
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self-amplifying loop of localized immune recruitment. (Middle) Lymphatic Disruption and Im-
mune Cell Trafficking: Obesity physically and molecularly impairs the perivascular lymphatic
drainage system. This mechanical failure causes retention of pro-inflammatory cytokines and im-
mune cells within the perivascular space that can directly accelerate atherosclerosis and vascular
stiffening. (Bottom) Spatial Disruptions in Vascular Niches: Spatial multi-omics identifies localized
clusters of lactate* /HIF1x* fibroblasts adjacent to capillaries. Within these hypoxic microenviron-
ments, HIF1« stabilization upregulates TWIST1, actively driving the endothelial-to-mesenchymal
transition (EndMT). This spatially organized pathological remodeling results in microvascular rar-
efaction and impaired angiogenesis, leading to further exacerbated tissue hypoxia and irreversible
vascular dysfunction.

4.1. Cytokine and Chemokine Signaling Networks

Single-cell secretome analysis using CellChat and NicheNet has successfully mapped
disease-specific signaling pathways to reveal how dysregulated PVAT-vascular signaling
initiates and perpetuates disease [106,107]. In diabetic PVAT, adipocyte-derived leptin
activates endothelial JAK2-STAT3 signaling, leading to the production of reactive oxygen
species and endothelin-1 that promote vasoconstriction and disruption of barrier func-
tion [9,40,72,108]. Spatial transcriptomics demonstrates compartment-specific signaling via
confirmation of leptin receptor (LEPR) enrichment in ECs present in the lumen of sclerotic
vessels [73,109,110]. Complementing this observation, C-reactive protein (CRP) produced
by PVAT enhances adventitial macrophage infiltration and vasa vasorum proliferation to
exacerbate neointima formation after vascular injury [111]. Within «SMA-positive VSMCs,
PVAT-derived CRP also upregulates MMP2/9 activity to accelerate aneurysm progres-
sion [112]. Furthermore, a critical scRNA-seq discovery involves the IL10 regulatory axis
in adipocytes, wherein lymphocyte-derived IL-10 acts directly on the adipocyte IL10Ro
to antagonize thermogenesis and maintain energy homeostasis [85]. Under 33-adrenergic
stimulation to induce browning, B-cells show a 3-fold increase in IL-10 expression, likely cre-
ating a negative feedback loop that prevents excessive lipolysis during transient instances
of high energy demand [85].

Similarly, neuregulin 4 (NRG4) is a batokine secreted specifically by beige adipocytes
that functions as a key anti-inflammatory mediator in PVAT [19,113]. Single-cell atlases
confirm NRG4 signals through ErbB4 receptors to drive alternative macrophage activa-
tion (M2 polarization) [24,114] and suppress TNF-«, IL-6, and CCL2 production while
simultaneously enhancing expression of 1/10 and Arg1 [24,115]. This specific beige PVAT
axis facilitates the resolution of vascular inflammation and reduces EC activation [113,114].
Chemokine gradients across PVAT depots coordinate leukocyte trafficking, as demon-
strated by time-resolved scRNNA-seq showing the ability of adipocyte-derived CCL2 to
recruit CCR2" monocytes capable of differentiating into CD9* macrophages in obese
PVAT [34,36]. These macrophages subsequently secrete CCL5 to amplify leukocyte and
lymphocyte recruitment [71]. Spatial proteomics further demonstrated that macrophage
migration inhibitory factor (MIF) secreted by inflamed PVAT binds endothelial CD74 and
contributes to exaggerated lipid accumulation and atherosclerosis progression [30]. Beyond
soluble factors, the trafficking and positioning of immune cells themselves are regulated by
a specialized lymphatic system in PVAT, whose dysfunction in obesity and other pathologic
states creates a permissive environment for chronic inflammation.

4.2. Lymphatic Disruption and Immune Cell Trafficking

The bidirectional crosstalk between lymphatic endothelial cells (LECs) and adipose
tissue provides additional links between PVAT dysfunction and cardiovascular pathol-
ogy [84]. Single-cell analysis reveals LECs maintain adipose tissue metabolic homeostasis
through lipid transport and immune surveillance [116,117]. In particular, obesity-induced
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VEGFR3 downregulation impairs lymphatic function in PVAT and exacerbates inflamma-
tion and vascular stiffening [118,119]. Integrated single-cell lymphatic atlases reveal that
reduced VEGF-C in obese PVAT drives cytokine accumulation by impairing lymphatic
drainage [1,54,84]. This was further confirmed using ProxI1-tdTomato reporter mice, where
lymphatic dysfunction accelerated atherosclerosis via excess immune cell retention in
PVAT [120,121].

Immune trafficking and clearance via the embedded lymphatic system maintains
tissue homeostasis; instances of dysfunction drive chronic inflammation through immune
cell retention in tissues and adipose depots [122]. Adipocyte-derived VEGF-D promotes
lymphangiogenesis, but its effects are context-dependent; it improves tissue drainage
and reduces inflammation in lean states, but hyaluronan accumulation blunts VEGF-
D responsiveness and exacerbates PVAT immune cell accumulation in obesity [84,117].
Consequently, therapeutic strategies aimed at promoting lymphangiogenesis to enhance
immune clearance and lower inflammation may need to be tailored to the underlying
metabolic environment and likely require the prior resolution of fibrotic barriers, such as
the excess hyaluronan seen in obese patients.

Alongside these structural drainage networks, multi-omics techniques have high-
lighted how resident immune cells actively dictate the inflammatory milieu. The discovery
of Type 2 innate lymphoid cells (ILC2s) as resident cells in visceral adipose tissue has re-
vealed their crucial role in maintaining eosinophil and alternatively activated macrophage
populations [123]. ILC2-derived IL-5 and IL-13 production promote eosinophil accumula-
tion and M2 polarization, which effectively suppresses inflammation and enhances insulin
sensitivity [123,124]. This axis is amplified during parasitic helminth infections, where
ILC2 expansion improves glucose tolerance [125]. The functional output of these signaling
and trafficking networks is ultimately determined by their spatial configuration within
the tissue, noting that cardiometabolic disease states reshape the anatomical niches of
PVAT-vascular interaction.

4.3. Spatial Disruptions in Vascular Niches

Multimodal spatial omics approaches have begun to map disease-induced reorgani-
zation in PVAT. Indeed, spatial transcriptomics has revealed lactate* /HIF1a* fibroblast
clusters adjacent to capillaries in hypertensive PVAT that correlate with impaired angio-
genesis [29,50,72,73]. CODEX-like high-throughput immunoprofiling of human atheroscle-
rotic plaques identified B-cell follicles with expanded B-cell receptor repertoires near
VEGFC fibroblasts that collectively form tertiary lymphoid organ structures [27,58]. Three-
dimensional MERFISH quantification demonstrated increased macrophage-adipocyte con-
tacts in diabetic PVAT that enhance IL-1f transfer [35,36,73]. These spatially resolved
mechanisms, uncovered exclusively through spatial omics techniques, reveal the formation
of pathological feedback loops. For instance, HIF1« stabilization in stiffened ECM zones
induces endothelial-to-mesenchymal (EndMT) transition through TWIST1 upregulation
while suppressing VEGFA-dependent reparative angiogenesis [50,110,126]. The resulting
microvascular rarefaction in PVAT exacerbates tissue hypoxia to establish self-amplifying
cycles of local vascular dysfunction [127,128].

The convergence of single-cell spatial multi-omics and functional validation exper-
iments has transformed our understanding of PVAT-vascular crosstalk from one of de-
scriptive association to one of mechanistic causality. By mapping signaling circuits at
cellular resolution, we can now identify targetable nodes, such as the CCR2-CCLS5 axis in
monocyte recruitment [34,52] or MIF-CD74 in EC activation [27,29], that drive disease pro-
gression across metabolic and cardiovascular conditions [40,129]. These advances provide
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the foundation for spatially precise interventions that disrupt pathological communication
networks in PVAT while preserving physiological crosstalk between neighboring tissues.

5. From Single-Cell Insights to Clinical Strategies: A Roadmap

By resolving PVAT’s cellular heterogeneity and mechanisms of dysfunction, single-
cell profiling has pinpointed actionable biomarkers and potential therapeutic targets for
intervention. Translating these discoveries, however, requires navigating a path from mech-
anistic insight to clinical application. This section synthesizes the immediate therapeutic
opportunities emerging from single-cell PVAT atlases, critically evaluates the persistent
translational challenges, and outlines a forward-looking technological roadmap to establish
PVAT-targeted precision medicine.

5.1. Emerging Biomarkers and Mechanism-Based Therapies

Single-cell atlases have moved beyond characterization of biological mechanisms to
the identification of actionable biomarkers for early detection and strategies for therapeutic
intervention. Leveraging single-cell transcriptomics, preadipocyte clusters have been identi-
fied as sentinels of vascular dysfunction. scRNA-seq of human pre-diabetic PVAT revealed
DLK1 downregulation in DPP4* /PI16* preadipocytes, which was consistent with future
vascular impairment [52,130]. Complementing this, SPP1* macrophages represent another
high-value therapeutic target identified through single-cell analysis of PVAT in the context
of atherosclerosis. These osteopontin-expressing cells promote fibrosis and extracellular
matrix remodeling [27,131]; however, therapeutic targeting via CXCL4 inhibition reduces
SPP1* macrophage differentiation and ameliorates fibrosis [30].

Using analysis of liquid biopsies from whole blood collection, circulating extracel-
lular vesicles (EVs) from diabetic PVAT carrying the microRNA miR-34a correlate with
inflammation and predict incidence of cardiovascular events [132,133]. Obese adipocyte-
derived miR-34a is thus a potential therapeutic target that shuttles bioactive molecules
into recipient macrophages to promote pro-inflammatory M1 polarization and inhibit
anti-inflammatory M2 polarization, which directly links to cardiovascular complications
in diabetic conditions [132,134]. Another compelling microRNA target, miR-378a-5p, was
revealed by single-cell RNA sequencing of PVAT-derived mesenchymal stem cells and
was found to contribute to metabolic reprogramming of VSMCs and vascular regeneration
through CDK1/p21 pathway regulation [135].

These biomarkers are complemented by mechanism-based therapies such as metabolic
reprogramming agents that leverage single-cell insights into adipocyte plasticity. Specif-
ically, recombinant BMP4 induces adipocyte browning through SMAD1/5-dependent
Ucp1 activation, and treatment has been shown to reduce atherosclerotic plaque burden
in preclinical animal models via enhanced lipid clearance and M2 macrophage polariza-
tion [43,86]. Similarly, pioglitazone activates PPARYy in obese mice to reduce aortic PVAT
inflammation and improve EC function without directly altering PVAT mass or phenotype
(e.g., browning) [9].

Immunomodulatory strategies are another approach to target pathological immune
circuits previously revealed by single-cell mapping. Finerenone, a non-steroidal min-
eralocorticoid receptor antagonist, reduces expression of pro-contractile prostaglandins,
reactive oxygen species (ROS), and inflammatory cytokines in PVAT and perirenal adipose
tissue, which collectively attenuates perivascular fibrosis in diabetic vasculature [136].
The cardiovascular and renal protective effects of finerenone have been demonstrated in
recent phase III clinical trials (e.g., FIDELIO-DKD) and highlight the translational viability
of dampening these localized perivascular inflammatory pathways [137-139]. Similarly,
propagermanium blocks monocyte recruitment to PVAT via CCR2 inhibition, which works
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to restore EC function in type 2 diabetes by disrupting the CCL2-CCR2 signaling axis
identified through time-resolved scRNA-seq [140]. Anti-IL-1 therapy mitigates PVAT
inflammation, and the associated NLRP3 inhibition reduces diabetic vascular aging [49].
Clinically, anti-IL-1f3 therapy with canakinumab reduced recurrent cardiovascular events
in the CANTOS trial partly through dampening lipid inflammation in patients with coro-
nary artery disease [141]. Taken together, development of a safe and effective approach
co-targeting NLRP3 (finerenone) and CCR2 (propagermanium) may amplify benefits in
diabesity-associated vasculopathy.

Collectively, these advances establish a diverse and promising therapeutic pipeline
that spans sensitive cellular sentinels and liquid biomarkers to targeted metabolic, im-
munomodulatory, and epigenetic agents.

5.2. Current Translational Challenges

Despite a promising pipeline for therapeutic intervention in PVAT, the translation of
single-cell findings into clinical practice is impeded by significant biological, technical, and
clinical hurdles.

5.2.1. Species-Specific Biology and Human Relevance

A primary biological barrier impeding clinical translation is the existence of species-
specific differences in adipocyte biology. Murine PVAT exhibits substantially greater brown-
ing capacity than human tissue, with comparative single-cell transcriptomics revealing
higher Ucpl expression in mice than in humans [32,39]. This fundamental divergence limits
extrapolation of browning agent efficacy from preclinical models to human applications.
To address this translational gap, future development of humanized mouse models with
engrafted human PVAT may bridge the differences in browning efficacy by providing
more physiologically relevant platforms for therapeutic validation. Functional human
adipose tissue has been successfully maintained after xenotransplantation into immun-
odeficient mice, suggesting that adapting this approach to human PVAT could provide
a more physiologically relevant platform for therapeutic evaluation [142,143]. Species-
specific differences in adipocyte-derived EV biomarker expression have also been reported,
underscoring the need to validate the identification of murine EV biomarkers in human
PVAT and plasma [144]. Emerging studies demonstrate that circulating adipose-derived EV
profiles can correlate with tissue-level inflammatory parameters. Liquid biopsy approaches
have shown promise for isolating tissue-specific EVs from blood based on unique protein
signatures [145] potentially enabling non-invasive assessment of vascular inflammation in
the future.

5.2.2. Therapeutic Specificity and Side Effects

Therapeutic side effects require mitigation strategies when considering delivery in
humans. For example, PPARy agonists improve PVAT biology by reducing inflammation;
however, pioglitazone causes fluid retention and weight gain in clinical applications [9] and
finerenone therapy carries a hyperkalemia risk [136]. These limitations are driving acceler-
ated development of nanoparticle-based drug delivery systems designed to target specific
perivascular cell types (e.g., macrophages) in an effort to substantially enhance delivery
precision and reduce off-target effects compared to broad systemic administration [146].

5.2.3. Clinical Implementation and Standardization

Finally, clinical implementation frameworks must address cost-effectiveness and stan-
dardization barriers. For example, the proposed Fat Attenuation Index (FAI) biomarker
shows improvement in patient survival risk; however, its value proposition requires bal-
ancing imaging costs against reduced unnecessary treatments [21,23,147]. Namely, deter-
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mination of the FAI requires routine coronary computed tomography angiography (CCTA)
to quantify spatial changes in PVAT radiodensity, measuring shifts in Hounsfield units that
reflect localized inflammation and edema [148,149]. Following the precedent set by FDA
clearance of the FAI for cardiovascular risk assessment, regulatory pathways for clinical
implementation should prioritize comprehensive biomarker qualification through four crit-
ical phases: (1) analytical validation, (2) establishment of biomarker sensitivity/specificity,
(3) clinical validation confirming disease-stratification capability, and (4) demonstration of
biomarker utility in a patient population. Addressing these multifaceted challenges by span-
ning biological relevance, therapeutic safety, dynamic monitoring, and clinical integration
is required for harnessing the full clinical and therapeutic potential of PVAT biology.

5.3. Future Frontiers: Integrated Technologies for Precision Targeting

To move basic PVAT research toward clinical impact, we posit three interconnected
frontiers intended to transform vascular adipose biology from descriptive science on a
benchtop to targetable pathophysiology in the clinic.

5.3.1. High-Resolution Spatial and Dynamic Mapping

To decode spatial contexts within PVAT, integrated spatial platforms can be lever-
aged to resolve zones of specific signaling microenvironments by combining CODEX
multiplexed protein imaging, Xenium subcellular RNA mapping, and mass spectrometry-
based in situ metabolomics to simultaneously profile >100 analytes across PVAT-vascular
interfaces [27-29,40,73,95,150]. This approach identifies pathological microdomains, such
as leptin-enriched adipocyte clusters near inflamed endothelia, and can be readily enhanced
through Al-driven spatial pattern recognition, classification, and processing [48,95,150].
ECM multi-omics further integrates advanced biomechanical profiling with spatial tran-
scriptomics to define biological processes sensitive to mechanical stimulus, such as
the ability of collagen crosslinking and proteoglycan composition to regulate PVAT
mechanosensing and reveal, for example, how fibrosis alters integrin 31 signaling in
hypertension [4,47,63,151].

Coupled with single-nucleus multimodal sequencing (snRNA-seq + snATAC-seq),
these tools will be able to delineate chromatin landscape dynamics during adipocyte
browning/whitening and identify elements, such as the UCP1-associated enhancer, as
therapeutic targets for metabolic reprogramming [29,99,100,152]. CRISPR-based lineage
tracing has been shown to track PVAT progenitor fates across disease progression and
ultimately resolve how Pdgfra™ progenitors, among others, differentially contribute to either
perivascular fibrosis or thermogenesis in response to hemodynamic stress [8,52,74].

Furthermore, advanced intravital imaging, including high-speed multiphoton mi-
croscopy, can capture real-time dynamics of leukocyte adhesion and EV trafficking at
PVAT-endothelial interfaces in awake animals. Such approaches have revealed transient
interactions within tissues, such as calcium wave dynamics, that are otherwise undetectable
in static analyses [40,51,69]. Similarly, in situ photoacoustic imaging with targeted contrast
agents has enabled noninvasive visualization of PVAT oxygenation, lipid content, and
macrophage burden, which could provide a potential image-based approach for longitu-
dinal monitoring of PVAT-specific therapeutic responses in murine models and human
trials [23,72].

5.3.2. Human-Relevant Models for Therapeutic Validation

To bridge the human relevance gap associated with animal studies, a concerted effort
is needed in human biomodeling. Multi-center human PVAT biobanking initiatives could
be implemented to standardize collection protocols across thoracic/abdominal aortic PVAT
depots with paired blood samples, clinical metadata, and multi-omics profiling. This
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sample collection scheme has been pioneered by international consortia such as PVAT-
NET [25,38,44]. At a smaller scale, microphysiological systems incorporating human PVAT-
vascular co-cultures under hemodynamic flow can recapitulate pathological crosstalk,
with artery-on-chip models previously demonstrating EndMT transition in response to
stiffened PVAT matrices and its association with dysregulated integrin signaling [4,47].
Complementing this microfluidic approach, the future development of patient-derived iPSC
models that differentiate into PVAT-specific adipocytes, while accommodating CRISPR-
engineered mutations (e.g., APOE4, PCSK9), will enable high-throughput screening of
genotype-specific PVAT therapies. Such advanced platforms could be directly deployed
to target recently identified pathogenic nodes in PVAT, including NLRP3 inflammasome
activation or mitochondrial dysfunction in cardiometabolic diseases [49,50].

5.3.3. Al-Driven Mechanism Study and Clinical Translation

Looking forward, Al offers potential conceptual frameworks to navigate biologi-
cal complexity, particularly when grounded in high-fidelity models of cellular behavior,
such as with so-called “virtual cells” [153]. These computational models predict a cell’s
functional response to perturbation, explain it via molecular mechanisms, and discover
novel biology through in silico hypothesis generation [153]. By training Al and machine
learning (ML) models on massive interventional datasets, such as those from paired high-
throughput transcriptomics, proteomics, and functional screening studies performed in
PVAT, researchers can create these virtual constructs [154]. Establishment of such a virtual
platform capable of simulating the PVAT ecosystem could theoretically enable the in silico
modeling of complex cellular and molecular perturbations [155], such as combinatorial
drug treatments to map pathogenic signaling circuits and identify key therapeutic nodes,
with unprecedented speed.

Building on this idea of in silico model development, recent advancements in network
pharmacology employ graph neural networks to integrate single-cell ligand-receptor pairs
and predict synergistic drug combinations, such as BMP4 alongside CCR2 inhibitors, that
concurrently enhance thermogenesis and suppress monocyte recruitment [43,106,107,154].
Additionally, clinical trial enrichment strategies can leverage Al-derived biomarkers from
PVAT imaging (e.g., FAI radiomics) to identify responders within the patient popula-
tion, as in the case of finerenone’s efficacy in diabetic cohorts with elevated PVAT in-
flammation [23,136,139,147]. Mechanobiological Al platforms can further predict ECM
stiffness sensors from scRNA-seq atlases and identify therapeutic targets, such as integrin
a5, for nanoparticle-mediated delivery of antifibrotic agents to pathological perivascu-
lar niches [4,63,146]. By integrating the predict-explain-discover capabilities of virtual
cells with network pharmacology and clinical Al, the field can begin to transition from
correlative biomarker discovery to a mechanistic, first-principles approach for target identi-
fication, treatment, and patient stratification. Ultimately, the goal of this proposed pipeline
is to optimize clinical trials and accelerate the development of precision interventions for
vascular-metabolic disease.

Collectively, these integrated strategies have the potential to catalyze the translation of
single-cell discoveries into precision therapies that selectively disrupt pathological PVAT-
vascular crosstalk while preserving metabolic homeostasis. Their eventual convergence
could serve as the foundation for future clinical intelligence platforms that unify deep
phenotyping, predictive Al, and targeted interventions to optimize and transform the
management of vascular metabolic disease.
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6. Conclusions: PVAT as a Therapeutic Nexus in Cardiovascular
Precision Medicine

Multimodal single-cell technologies have redefined the established view of PVAT as a
dynamic regulator of vascular health and disease by resolving its cellular heterogeneity,
disease-associated states, regulatory programs, and spatial organization. These approaches
have generated a comprehensive cellular atlas that has revealed PVAT depot-specific ecosys-
tems, phenotypic plasticity, and pathological signaling circuits driving vasculopathy. To
realize the clinical potential of these findings, future efforts should prioritize the integration
of spatial multi-omics, lineage tracing, and computational modeling across diverse human
cohorts. This concerted effort will help transition the field from descriptive cellular map-
ping to targeted therapeutics and will ultimately enable precise modulation of perivascular
inflammation to improve cardiovascular outcomes.
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