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Perivascular adipose tissue in
vascular pathologies—a novel
therapeutic target for
atherosclerotic disease?

Yusuke Adachi, Kazutaka Ueda* and Eiki Takimoto

Department of Cardiovascular Medicine, Graduate School of Medicine, The University of Tokyo, Tokyo,
Japan

Most blood vessels are surrounded by adipose tissues known as perivascular
adipose tissue (PVAT). Emerging experimental data have implicated the potential
involvement of PVAT in the pathogenesis of cardiovascular disease: PVAT might
be a source of inflammatory mediators under pathological conditions such as
metabolic disorders, chronic inflammation, and aging, leading to vascular
pathologies, while having vasculo-protective roles in a healthy state. PVAT has
been also gaining attention in human disease conditions. Recent integrative
omics approaches have greatly enhanced our understanding of the molecular
mechanisms underlying the diverse functions of PVAT. This review summarizes
recent progress in PVAT research and discusses the potential of PVAT as a target
for the treatment of atherosclerosis.
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1. Introduction

Classically, the pathogenesis of atherosclerosis has been considered to begin with damage
to the intima of blood vessels (1-3), and endothelial cells have been regarded as the primary
therapeutic target (4-6). Recent research, in turn, has demonstrated that perivascular adipose
tissue (PVAT), the connective tissue surrounding blood vessels, substantially contributes to
vascular physiological responses in an outside-in manner (7). Under non-pathological
conditions, PVAT maintains vascular homeostasis and prevents progression of vascular
inflammation and atherosclerosis. However, under pathological conditions, such as
metabolic disorders, chronic inflammation, and aging, PVAT becomes a source of
inflammatory mediators that exacerbate atherosclerosis (8). While the analysis of
atherosclerotic plaque at the single-cell level has been performed (9, 10), integrative omics
approaches involving PVAT could provide insights into a greater understanding of the
pathophysiology of atherosclerosis and the molecular basis of the diverse functions of
PVAT. Recently, glucagon-like peptide-1 receptor (GLP1R) agonists and sodium-glucose
cotransporter-2 (SGLT2) inhibitors demonstrated cardiovascular benefits that might not
be directly attributed to glycemic control (11). These agents have been shown to alter the
quantity and quality of human coronary PVAT and epicardial adipose tissue, where
PVAT might be potentially involved in such pathologies. In this review, we summarize
recent advances in PVAT research and discuss the role of PVAT as a therapeutic target
for atherosclerosis.
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2. PVAT anatomy

Most arteries and veins with a diameter of 100 um or greater
are surrounded by PVAT, with a few exceptions, such as the
cerebral arteries (12). PVAT is a connective tissue composed of
adipocytes, preadipocytes, mesenchymal stem cells, fibroblasts,
immune cells (macrophages, lymphocytes, and eosinophils),
vascular cells, and nerves (13). PVAT has previously been
referred to as epicardial adipose tissue (EAT), specifically
pericoronary EAT for coronary arteries (11, 14), periaortic
adipose tissue for the aorta (15), and visceral periadventitial
adipose tissue for the mesenteric artery (16). Historically, PVAT
was only considered a supportive tissue for blood vessels, but
research conducted in 1991 on rat thoracic aorta revealed that
vessels without PVAT had decreased reactivity to contractile
stimuli such as epinephrine and electrical stimulation compared
to vessels with PVAT, suggesting a potentially important role of
PVAT in vascular reactivity (17).

3. PVAT characteristics

Recent studies have classified adipose tissues into white and
brown adipose tissue based on function and morphology in
mammals (18, 19). Functionally, white adipose tissue mainly
stores energy in the form of triglycerides in cells and, when
fatty acids.
Morphologically, white adipose tissue has only a small amount of

needed, supplies it to the blood as free
cytoplasm and monocular lipid droplets, whereas brown adipose
tissue has multilocular lipid droplets and a high concentration of
mitochondria expressing uncoupling protein 1 (UCP1), a protein
located in the inner mitochondrial membrane that produces heat
instead of adenosine triphosphate (20, 21). The characteristics of
PVAT vary based on animal species and anatomic region. In
rodents, the mesenteric artery is surrounded by white adipose
tissue, the thoracic aorta by brown adipose-like tissue, and the
abdominal aorta by adipose tissue with a mixture of white and
brown adipocytes (22). The coronary arteries in mice have no
surrounding adipose tissue, whereas in humans and large
laboratory animals, such as rabbits and pigs, these vessels are all
surrounded by PVAT (22). As noted above, the human coronary
PVAT is contained within EAT (11, 14).

4. PVAT as an endocrine organ

Recent studies have shown that adipose tissues function as
endocrine organs (23). Adipocytes secrete a variety of cytokines,
hormones, chemokines, and fatty acids referred to as adipokines
(23). For example, PVAT secretes several pro-inflammatory
factors such as interleukin-1B (IL-1pB), interleukin-6 (IL-6), tumor
necrosis factor-o. (TNF-a), and monocyte chemotactic protein 1
(MCP-1), as
adiponectin and nitric oxide (12, 14). Interestingly, the amount

well as anti-inflammatory factors such as

of adipokines secreted from PVAT does not correlate with the
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concentration of adipokines in plasma, suggesting the importance
of the local autocrine or paracrine action of PVAT (14).

5. Function of PVAT in atherosclerosis

The removal of PVAT has been reported to significantly
increase neointima formation after vascular injury, which was
suppressed by transplanting healthy mouse subcutaneous adipose
tissue, implying that PVAT has atheroprotective effects under
non-pathological conditions (8). Consistently, selective deletion
(PPARY)
specifically in vascular smooth muscle cells of mice has been

of peroxisome proliferator-activated receptor y
reported to cause the loss of PVAT while simultaneously
accelerating atherosclerosis (24), suggesting that the absence of
healthy PVAT promotes the development of atherosclerosis. On
the contrary, earlier studies have also shown that the pathological
state of PVAT leads to atherosclerosis. High-fat and high-sucrose
diet-induced obesity was found to cause inflammatory changes in
the PVAT surrounding the femoral artery in mice, exacerbating
the formation of atherosclerotic plaques after vascular injury (8).
A study on the paired samples of EAT and subcutaneous adipose
tissue collected during a coronary artery bypass graft surgery
observed significantly higher levels of mRNA and protein
expression of inflammatory cytokines (IL-1B, IL-6, MCP-1, and
TNF-0) in EAT (14). These findings imply that PVAT in the
pathological state promotes atherosclerosis and that PVAT is a
source of inflammatory mediators in high-risk cardiac patients (14).

Catecholamine or cold stimulation has been shown to convert
white adipose tissue into beige adipose tissue, which expresses
UCP1 and resembles brown adipose tissue morphologically. This
phenomenon is referred to as “browning” or “beiging” (25, 26).
Peroxisome proliferator-activated receptor gamma coactivator
1-alpha (PPARGCIA) and PR domain-containing 16 (PRDM16)
are known as critical regulators of beiging (27-30). Studies in
mouse models of atherosclerosis have shown that in the early
stage of atherosclerosis, the beiging of PVAT is induced and
serves to prevent the development of atherosclerotic plaques (31).
In contrast, in the late stage of atherosclerosis, activation of the
transforming growth factor-B (TGF-B) signaling pathway leads to
fibrosis of the PVAT adjacent to plaques, resulting in PVAT
dysfunction, decreased UCP1 expression, and increased PVAT
inflammation (31). Studies using PVAT stromal cells (PVASCs)
have shown that PPARGCIA is highly expressed in young mice
PVASCs, but PPARGCIA expression in PVASCs decreases with
age, resulting in decreased brown adipogenic differentiation (32).
Recently, a decrease in the beiging of thoracic PVAT has been
observed in an aging hypertensive rat model and has been linked
to vascular dysfunction (33). The age-related loss of beiging
capacity in PVAT may contribute to age-related vascular
dysfunction (Figure 1) (32, 33).

We recently demonstrated that vascular injury induces PVAT
beiging and suppresses vascular remodeling by modulating the
inflammatory response (34). In a mouse model of vascular
injury, macrophages accumulated in the PVAT and caused
phenotypic changes of beiging. Silencing PRDM16, a key
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Role of perivascular adipose tissue (PVAT) in atherosclerosis. Acute vascular injury causes acute inflammation of PVAT (pro-inflammatory inside-out
signaling) and triggers the process of “beiging” in PVAT as a protective mechanism. Beige PVAT then inhibits pathological vascular remodeling
through the secretion of anti-inflammatory factors such as NRG4 (outside-in signaling). Chronic inflammation, metabolic disorder, or aging lead to
PVAT dysfunction, promoting fibrosis adjacent to plaques and reducing the expression of beige adipose markers. Dysfunctional PVAT produces
pro-inflammatory cytokines such as IL-18 and IL-6, exaggerating vascular inflammation (outside-in signaling). PVAT, perivascular adipose tissue; UCP1,
uncoupling protein 1; NRG4, neuregulin 4; TGF-B, transforming growth factor-p; IL-1B, interleukin-1p; IL-6, interleukin-6.
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regulator to beiging, suppressed PVAT beiging and exacerbated
inflammation and vascular remodeling following vascular injury.
the activation of PVAT beiging
inflammation and pathological vascular remodeling via secretion

In contrast, suppressed

of anti-inflammatory factors such as neuregulin 4 (NRG4), which
These
findings suggest that PVAT beiging plays a pivotal anti-

critically regulate alternative macrophage activation.

atherosclerotic role in the resolution of inflammation following
vascular injury (Figure 1) (34).

6. Integrated omics analysis of PVAT

Recent studies using comprehensive analyses of PVAT
uncovered the developmental process of PVAT and its diverse
functions. Through single-cell transcriptomic analysis of perinatal
PVAT from mice, Angueira et al. identified several distinct cell
types, such as preadipocytes and mesenchymal progenitor cells
(35). Subsequent cell differentiation assays and genetic lineage
tracing studies revealed that the formation of PVAT in the aorta
is mediated by fibroblast progenitor cells. In adult mice, the
aortic adventitia was found to lack fibroblastic preadipocytes but
contain adipogenic smooth muscle cells that contribute to
adipocyte formation. These findings were mirrored in human
adult PVAT samples RNA

analyzed using single-nucleus
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sequencing, which revealed presumptive fibroblastic and smooth
muscle-like adipocyte progenitor cells (35).

Pan et al. identified a high degree of transcriptional
heterogeneity within PVASCs in the murine thoracic PVAT
through single-cell RNA sequencing analysis of primary cultured
PVASCs (Scal®/CD90"/CD146'/CD29") (32). They identified 10-
12 distinct subpopulations with diverse lineages, including
adipogenic, epithelial, neural, and endothelial lineages. Gene
ontology analysis revealed that pathways related to vascular
development were enriched in PVASCs, indicating a potential role
in vascular remodeling. Additionally, human PVASCs were found
to be involved in vascular remodeling and neointima formation
upon transplantation into the mouse carotid artery ligation model.
Gu et al. used single-cell RNA sequencing to demonstrate that
expressing  CD29"/Scal*/PLIN17/
PECAMI1™ (referred to as perivascular adipose tissue-derived stem
cells, or PV-ADSCs) reside in PVAT and contribute to vascular
through
differentiation (36). Using a vein graft model, the authors
demonstrated that PV-ADSCs transplanted into the adventitia side
of the vein graft significantly promote neointima formation

mesenchymal stem  cells

remodeling migration and smooth muscle cell

through migration and differentiation to smooth muscle cells in vivo.

Our research group has recently discovered, through the
utilization of bulk RNA sequencing, that PVAT undergoes
beiging vascular  injury, which fine-tunes

after acute
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inflammatory response and thus vascular remodeling as a
protective mechanism (34). Single-cell RNA sequencing further
revealed that beige adipocytes abundantly express Nrg4d (34).
NRG4 is a member of the NRG protein family that acts via the
ErbB receptor tyrosine kinase, and the NRG4-ErbB4 pathway is
reported to suppress inflammation in macrophages (37, 38).
reported that NRG4 can inhibit
endothelial inflammation through the ErbB4-protein kinase B

Consistently, Shi et al

(Akt)-nuclear factor (NF)-xB pathway and protect against
endothelial injury and atherosclerosis (39). These findings imply
that the beiging of PVAT plays a crucial anti-atherosclerotic role
in the resolution of inflammation following vascular injury, in
part through the secretion of NRG4 (Figure 1) (34).

7. Effects of inflamed vessels on PVAT

Inflammation plays a significant role in the development and
progression of atherosclerosis (2, 40, 41). Recent studies have
shown that the inflammatory response induced by vascular
damage expands into PVAT. In the mouse femoral artery wire
injury model and rat iliac artery balloon injury model, vascular
injury significantly upregulated the expression of inflammatory
cytokines in PVAT (42). In a study using EAT specimens from
patients undergoing cardiac surgery, macrophage infiltration and
inflammatory cytokine expression were seen to be higher in the
EAT of patients with coronary artery disease than in that of
patients without coronary artery disease. The ratio of Ml
(inflammatory) to M2 (anti-inflammatory) macrophages was
positively correlated with the severity of coronary artery disease
(43). Inflammatory cells accumulate in perivascular tissues prior
to accumulation in the vessels after vascular injury, and
inflammatory cell infiltration occurs from the outside to the
inside of the vessel (34, 42). Vascular endothelial growth factor
(VEGF), derived from adventitial fibroblasts, contributes to
neointimal hyperplasia through vasa vasorum proliferation by
VEGFR2-extracellular
(ERK)1/2 signaling pathway (44), suggesting that adventitial
in the
inflammatory cells from the outer to the inner vasculature.

activating the signal-regulated kinase

fibroblasts play an important role infiltration of

18F-fluorodeoxyglucose positron emission tomography is a
useful tool for assessing inflammation in adipose tissue, but it is
expensive and not available in all healthcare facilities (45, 46).
Recently, a non-invasive computed tomography angiography
(CTA) technique was developed to quantify PVAT inflammation
caused by vascular damage (47). In this method, the CT marker
fat attenuation index (FAI) was determined by analyzing human
coronary PVAT (EAT) obtained during coronary artery bypass
graft surgery and was found to reflect adipose tissue
inflammation. FAI measurements pertaining to human coronary
arteries have a potential for detecting inflammation in acute
coronary syndromes and vulnerable atherosclerotic plaques with
reasonable sensitivity and specificity (47). In addition, a study
involving 3,912 patients who underwent coronary CTA found
that peri-coronary FAI was able to predict cardiac risk more
than traditional factors  (48).

effectively coronary risk
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Furthermore, peri-coronary FAI levels were significantly higher
in patients with coronary spastic angina compared to those
without, implying that perivascular inflammation may play a role
in the development of coronary spasm (49). In patients with
abdominal aortic aneurysms, high periaortic FAI levels were also
found to be an independent predictor of aortic aneurysm
progression (50). However, perivascular inflammation can be
present even in the absence of plaque, raising the question of
what comes first (51). It is challenging to discern between the
inside-out vs. outside-in issues. This noninvasive approach to
appraising PVAT inflammation by CTA may aid in predicting
atherosclerotic stability and the development of cardiovascular
events, but further evaluation is required to determine its efficacy.

8. PVAT/EAT as a potential therapeutic
target

We recently demonstrated that local activation of beiging in
mouse femoral artery PVAT using a pluronic gel containing
CL316243, a specific B3-adrenergic receptor agonist, suppressed
inflammation and vascular remodeling after vascular injury (34).
Another study confirmed that local injection of human PVASC,
which overexpresses Ppargcla to promote beiging, into the PVAT
after ligation of mouse carotid arteries significantly reduced
perivascular collagen deposition (32). These results suggest that
the beiging activation of PVAT may be a promising therapeutic
target for atherosclerosis. However, some research indicates that
systemic activation of beiging exacerbates atherosclerosis via
fat-mediated  lipolysis  (52), that the
anti-atherosclerotic effects of beiging activation may differ

brown suggesting
depending on which adipose tissue is targeted for beiging.

Recent cardiovascular clinical trials have demonstrated that
antidiabetic medications can provide cardiovascular benefits
beyond glycemic control. GLP1R agonists, which are used to
treat type 2 diabetes and obesity, have been shown to lower the
incidence of cardiovascular death, myocardial infarction, and
stroke (53-55). GLPIR agonists have been found to reduce EAT
thickness more effectively than overall weight loss in patients
with type 2 diabetes and obesity (56-58). Notably, GLP1R is
expressed in the EAT but not in subcutaneous adipose tissue
(59), suggesting that GLP1R agonists may directly impact PVAT/
EAT. While studies in rats have indicated that GLP1R agonists
stimulate the thermogenic activity of brown adipose tissue via
hypothalamic AMP-activated protein kinase (60), they may also
exert their effects through other pathways. Dozio et al. collected
EAT from patients with coronary artery disease undergoing
coronary artery bypass graft surgeries and performed microarray
analysis to show that GLPIR expression in the EAT was
positively correlated with the expression of genes that induce
(61). GLPIR
agonists have been proposed to target GLP1R in the EAT to

white-to-brown adipose tissue differentiation
inhibit local adipogenesis, enhance fat utilization, and induce
brown adipose tissue differentiation (11, 61).

SGLT?2 inhibitors, which are used to treat heart failure regardless
of diabetes status, have been shown in cardiovascular outcome trials

frontiersin.org
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to reduce the risk of major adverse cardiovascular events,
cardiovascular death, and heart failure (62, 63). SGLT2 inhibitors
such as dapagliflozin and empagliflozin have significantly reduced
the EAT thickness or volume in humans (64-69). In mice with
diet-induced obesity, SGLT2 inhibition by empagliflozin promotes
fat utilization and beiging of adipose tissue while decreasing
inflammation and insulin resistance by polarizing macrophages in
adipose tissue to an anti-inflammatory state (70-72). The SGLT2
inhibitor luseogliflozin suppresses neointimal hyperplasia after
vascular injury in high-fat diet-fed mice, partly by suppressing
macrophage platelet-derived growth factor subunit B expression in
the PVAT (73). Further research is needed to determine the
independent effects of SGLT2 inhibitors on human PVAT/EAT.

9. Limitations and future direction of
PVAT research

Establishing causality in the relationship between inflamed

vessels and adjacent fat inflammation and signaling is
challenging and may be confounded by outside-in signaling.
While current evidence suggests a bidirectional relationship
between these phenomena, further research is necessary to
determine the directionality and underlying mechanisms.
Additionally, while existing data from mouse studies supports the
hypothesis that PVAT is involved in atherosclerosis, normal mice
differ from humans in susceptibility to atherosclerosis and
vascular remodeling. Therefore, we need to be careful when
applying results obtained in mice to humans. Further research is
necessary to establish the clinical relevance of PVAT and to
identify potential therapeutic targets for human vascular disease.
Finally, while the current data support the hypothesis that
GLPIR agonists and SGLT2 inhibitors may target PVAT/EAT to
exert cardiovascular protection, it is important to note that this
conclusion is based on limited evidence and may be subject to
alternative interpretations. Previous investigations have suggested
that these agents can induce generalized weight loss, improve
insulin sensitivity, reduce blood pressure, lower lipid levels, and
decrease visceral and epicardial adiposity (62, 63, 74-76). To
fully elucidate the mechanisms underlying these effects and their

potential relevance to PVAT/EAT, further research is warranted.

10. Conclusion

Recent studies have shown that PVAT plays a crucial role in

maintaining  vascular homeostasis and preventing the
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