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Abstract

Perivascular adipose tissue (PVAT) is a unique and metabolically active adipose tissue that is adjacent to most
systemic blood vessels. Healthy PVAT exerts anticontractile and anti-inflammatory effects, contributing to vascular
protection. However, during obesity, PVAT becomes proinflammatory and profibrotic, exacerbating vascular
dysfunction. Chemerin, a multifunctional adipokine, has emerged as a key regulator of vascular tone, inflammation,
and remodeling. Although liver-derived chemerin dominates the circulating chemerin pool, PVAT-derived chemerin
plays a more localized and functionally important role in vascular pathophysiology because of its proximity to

the vessel wall. This review highlights the role of PVAT-derived chemerin in vascular health, the mechanistic
involvement of PVAT-derived chemerin in certain aspects of obesity-associated cardiovascular diseases, and the
therapeutic potential of targeting PVAT-derived chemerin.
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Research Insights
‘What is currently known about this topic?

+ PVAT regulates vascular function by secreting
adipokines and vasoactive factors.

« PVAT dysfunction in obesity promotes inflammation
and vascular remodeling.

+ Chemerin is an adipokine linked to hypertension and
cardiovascular diseases.

‘What is the key research question?
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How does PVAT-derived chemerin contribute to
vascular dysfunction in obesity?
What is new?

+ PVAT-derived chemerin plays a greater role in
hypertension than liver-derived chemerin.

+ Chemerin promotes endothelial dysfunction,
oxidative stress, and vascular remodeling.

o+ Targeting PVAT-derived chemerin may be a
potential therapeutic strategy.

How might this study influence clinical practice?

+ PVAT-derived chemerin could be a novel target for
treating obesity-related hypertension.

©The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included

in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1186/s12933-025-02814-5
http://crossmark.crossref.org/dialog/?doi=10.1186/s12933-025-02814-5&domain=pdf&date_stamp=2025-6-13

Man et al. Cardiovascular Diabetology (2025) 24:249

Introduction
Cardiovascular diseases remain the leading cause of mor-
tality worldwide [1, 2], with a significant proportion of
cases linked to obesity and metabolic disorders [3]. Obe-
sity contributes to vascular dysfunction through systemic
inflammation, oxidative stress, and dysregulated adipo-
kine signaling [4, 5]. Among the various adipose tissues,
perivascular adipose tissue (PVAT) is uniquely positioned
adjacent to most blood vessels and plays an active endo-
crine role in vascular physiology and pathology [6, 7].
Under healthy conditions, PVAT exerts anticontrac-
tile and anti-inflammatory effects [7]. However, PVAT
becomes proinflammatory and profibrotic, contributing
to endothelial dysfunction and vascular remodeling dur-
ing obesity [8—10]. Chemerin, a multifunctional adipo-
kine, has recently garnered attention because of its dual
roles in metabolic regulation and vascular homeostasis
[11-13]. While liver-derived chemerin dominates the
circulating pool, the expression of chemerin has recently
been reported in the vasculature, both in the blood ves-
sel wall and its surrounding PVAT [14, 15]. Emerging evi-
dence suggests a critical role for PVAT-derived chemerin
in obesity-induced hypertension and vascular remod-
eling [15]. This review highlights the emerging role of
PVAT-derived chemerin for vascular health and summa-
rizes recent findings on its involvement in certain aspects
of obesity-related cardiovascular diseases.

PVAT

PVAT is the fat surrounding the blood vessel and is
directly adjacent to the vessel wall. Although histori-
cally regarded as merely structural support, PVAT is now
widely recognized as an endocrine organ.

PVAT composition
PVAT is a highly heterogeneous adipose tissue that
contains adipocytes, blood cells, capillaries, stem cells,
immune cells, and nerves. PVATs exhibit regional geno-
typic, phenotypic, and functional differences in differ-
ent anatomical locations in the vascular system [16,
17]. By having different proportions of white, brown,
or beige adipocytes, PVAT can be white adipose tissue
(WAT)-like, brown adipose tissue (BAT)-like, or mixed.
In rodents, the PVAT of the thoracic aorta is BAT-like,
whereas WAT-like PVAT surrounds smaller arteries,
such as the mesenteric, carotid, and femoral arteries. The
abdominal aorta is surrounded by a beige PVAT [16, 17].
White adipocytes in the PVAT mainly perform lipid
storage and endocrine functions [18]. Brown adipocytes
contain multilocular lipid droplets and a high density of
mitochondria, are metabolically active and are respon-
sible for thermogenesis [19]. Brown adipocytes have
the highest expression and white adipocytes have the
lowest expression of uncoupling protein 1 (UCP1) [20].
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UCP1 expression is negatively associated with reactive
oxygen species (ROS) production in adipocytes, imply-
ing that the hierarchy of ROS production in adipocytes
is white > beige >brown [21]. White adipose tissue has a
significant proinflammatory profile, defined by increased
immune cell infiltration and adipokine synthesis linked to
inflammatory regulation [22]. In contrast, BAT is gener-
ally more resistant to obesity-induced local inflamma-
tion [23]. Nevertheless, severe obesogenic stimuli can
promote a proinflammatory milieu within BAT [23, 24].
During obesity, metabolically overloaded brown adipo-
cytes release damaged lipids and mitochondrial com-
ponents, driving the accumulation of lipid-scavenging
macrophages in BAT. These immune cells actively repro-
gram brown adipocytes, facilitating the whitening of BAT
toward a WAT-like state [25].

Recent findings suggest that adipocytes in the anterior
thoracic aortic PVAT predominantly originate from pro-
genitor cells expressing smooth muscle protein 22-alpha
(SM22a) and that adipocytes in the lateral regions of
thoracic PVAT exhibit markers of both SM22a* and
myogenic factor 5 (Myf5*) lineages [26—-28]. In contrast,
another study reported that fibroblastic progenitor cells,
rather than vascular smooth muscle cells (VSMCs, con-
tribute to adipogenesis in thoracic PVAT [29]. The devel-
opmental origins of adipocytes in abdominal periaortic
PVAT remain less well characterized. However, evidence
suggests that these adipocytes may share a common ori-
gin with SM22a" and peroxisome proliferator-activated
receptor gamma-positive (PPARy*) VSMCs, as SM22a-
Cre-mediated PPARYy deletion completely abolishes the
formation of abdominal periaortic PVAT [30]. Moreover,
the same genetic deletion also leads to a marked reduc-
tion in mesenteric PVAT but not in other white adipose
depots, further suggesting a shared developmental lin-
eage between mesenteric PVAT and SM22a*/PPARy*
VSMCs [30]. In contrast, other reports have indicated
that mesenteric PVAT shares developmental origins that
are more closely aligned with visceral WAT [31, 32].

PVAT secretion and PVAT dysfunction

As in all other adipose tissues, PVAT produces and
secretes growth factors, hormones, adipokines, microR-
NAs (miRNAs), and extracellular microvesicles to mod-
ulate multiple biological processes [33, 34]. Moreover,
paracrine crosstalk between PVAT and its connecting
vessels plays a crucial role in regulating vascular inflam-
mation and remodeling [31]. PVAT-derived proinflam-
matory and/or anti-inflammatory vasoactive substances
modulate vascular tone, vascular inflammation, oxidative
stress, and VSMC proliferation and migration [17, 35].
Owing to their anticontractile or contractile functions,
these PVAT-derived substances are also called PVAT-
derived relaxing factors (PVRFs) and PVAT-derived



Man et al. Cardiovascular Diabetology (2025) 24:249

contracting factors (PVCFs), respectively [34]. PVRFs
include adiponectin [36], apelin [37], angiopoietins [38],
vaspin [39], hydrogen peroxide (H,0O,) [40], hydrogen
sulfide (H,S) [41], prostaglandins [42, 43], nitric oxide
(NO) [44], and angiotensin [1-7, 45], whereas PVCFs
include calpastatin [46], chemerin [47], serotonin [48],
norepinephrine [49], angiotensin II, and reactive oxygen
species (ROS) [50]. Under normal physiological condi-
tions, PVAT releases PVRFs, adipokines, and cytokines,
which are mainly anti-inflammatory and promote vascu-
lar function and homeostasis. PVAT-derived factors may
modulate vascular function through two distinct mech-
anisms: endothelium-independent and endothelium-
dependent pathways [44, 51]; they may diffuse directly
into the endothelium or through the vasa vasorum or tiny
media conduit networks that link the medial layer to the
underlying adventitia [16, 52, 53].

Recent data indicate that the vascular wall and PVAT
interact reciprocally, with the vascular wall influencing
PVAT through paracrine signals that alter the secretory
phenotype of PVAT [54]. In obesity, oxidative products
released from the blood vessel wall may diffuse to PVAT
and lead to the upregulation of the expression of adipo-
nectin, which in turn exerts antioxidant effects on the
adjacent vessel wall [55]. Therefore, PVAT can act as a
protective mechanism against oxidative stress in blood
vessels. On the other hand, proinflammatory cytokines
secreted from the vessel wall, such as interleukin-6 (IL-
6), tumor necrosis factor-alpha (TNF-a), interferon-y
(IEN-y), inhibit the differentiation of preadipocytes into
mature adipocytes and lead to a reduction in lipid drop-
let accumulation in PVAT [56]. Typically, adipocytes are
uniform in size and content in the same region of PVAT
[57]. However, in inflamed blood vessel walls, adipocytes
with a gradient in size form in PVAT, with tiny, undiffer-
entiated preadipocytes with lower lipid content proxi-
mal to the vessel surrounded by larger, fat-filled white
adipocytes distal to the vessel wall [56]. In our previous
study, acetylcholine-induced NO-mediated vasodila-
tion was preserved in PVAT-free aortas but impaired in
the PVAT-intact aortas of obese mice [58]. In addition,
the transplantation of PVAT from high-cholesterol diet-
fed apolipoprotein E knockout (ApoE~'~) mice to normal
control diet-fed ApoE™'~ mice resulted in a significant
increase in atherosclerosis development [59]. These find-
ings suggest that PVAT significantly contributes to the
progression of vascular dysfunction and metabolic dis-
ease complications.

During obesity, PVAT dysfunction leads to an imbal-
ance in PVAT-derived factor secretion, resulting in
the impairment of vascular function and homeostasis
[60-63]. The loss of PVAT anticontractile function has
been reported in different animal models of metabolic
and cardiovascular diseases, including hypertension,
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obesity, and diabetes [8, 64, 65]. In addition to pheno-
typic changes, PVAT switches to a proinflammatory
profile, and PVAT adipocytes generate PVCFs and adipo-
kines such as leptin [36], visfatin/nicotinamide phospho-
ribosyltransferase (NAMPT) [66], resistin [67], lipocalin
2 [68], and chemerin [15], which diffuse to the adjacent
blood vessel wall and trigger vasoconstriction, endothe-
lial dysfunction, and vascular remodeling. In addition,
proinflammatory cytokines, including IL-6, TNF-a, IFN-
Y, and monocyte chemoattractant protein-1 (MCP-1),
are secreted by immune cells in PVAT and contribute to
local inflammation [69, 70]. Recent studies have revealed
that PVAT can also secrete different types of extracellu-
lar vesicles, including exosomes and microvesicles [71,
72]. These extracellular vesicles play important roles in
regulating vascular functions by transporting enclosed
messengers, including proteins, lipids, noncoding RNAs,
and miRNAs, for intercellular cross-talk [73]. Circulating
exosomal miRNAs secreted in the form of adipokines can
regulate gene expression locally or distantly [74]. These
extracellular vesicles are crucial for crosstalk between
PVAT and cells in the vasculature, including endothelial
cells, VSMCs, and macrophages [72, 73, 75]. A recent
study revealed that encapsulated miRNAs secreted from
PVAT, such as miR-221-3p, can trigger early vascular
remodeling in vascular inflammation [71]. Additionally,
PVAT-derived exosomes reduce macrophage foam cell
formation through the miR-382-5p-mediated upregula-
tion of cholesterol efflux transporter expression (76).

Chemerin and its receptors

Chemerin expression

Chemerin was first discovered in psoriatic lesions, where
its gene expression increased after topical exposure to the
retinoid tazarotene; hence, it was first named tazarotene-
induced gene 2, which was later renamed retinoic acid
receptor responder 2 (RARRES2) [77]. Chemerin synthe-
sis begins with preprochemerin [78]; it is a small protein
comprising 163 amino acids encoded by the RARRES2
gene [79]. Preprochemerin undergoes proteolytic cleav-
age to remove its 20-amino-acid signal peptide and is
secreted as a biologically inactive isoform, prochemerin,
into the bloodstream [80].

Chemerin isoforms are generated from prochemerin
via proteolytic C-terminal cleavage by proteases such as
plasmin, carboxypeptidases, and serine proteases, gener-
ating isoforms with distinct biological activities [81-85].
Isoform diversity depends on cleavage sites, tissue origin,
and detection methods [86]. While some isoforms are
highly active, shorter variants are often inactive or antag-
onistic [87]. Inactive isoforms include chemerin-155,
produced via elastase cleavage, and chemerin-154, which
lacks chemoattractant activity and fails to induce intra-
cellular calcium mobilization—indicating functional
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inactivity [88, 89]. In contrast, chemerin-156 and
chemerin-157 are active forms, with chemerin-157 show-
ing the highest potency in stimulating chemotaxis and
receptor signaling [90]. Proteolytic sites are conserved
between human and murine chemerin, supporting trans-
lational studies [88]. Isoform quantification in serum and
tissues is achievable using liquid chromatography—mass
spectrometry (LC—MS) techniques and isoform-specific
ELISAs validated for both species [89]. Total chemerin
levels and active/inactive isoform ratios vary across adi-
pose depots; however, the isoform composition in spe-
cific PVAT regions remains poorly defined. Mapping
protease expression profiles within PVAT will be essen-
tial to understand local chemerin processing and its role
in vascular and metabolic regulation.

Chemerin is highly expressed in the liver [91]. The
hepatic knockdown of chemerin in rats results in an
almost complete absence of circulating chemerin, sug-
gesting that the liver is the predominant source of cir-
culating chemerin [92, 93]. However, chemerin is also
highly expressed in both brown and white adipocytes in
adipose tissue [91, 94]. Two studies, including one from
our group, have recently shown chemerin expression in
the vasculature, both in the blood vessel wall and its sur-
rounding PVAT [14, 15].

To date, the regulatory mechanisms underlying
chemerin expression in different cell types remain
obscure. In a recent study, the proximal fragment (- 252
to+258 bp) of the RARRES2 gene promoter was identi-
fied as a key regulator of transcription [95]. Acute-phase
cytokines (IL-1B and oncostatin M) specifically induce
chemerin expression in mouse adipocytes but have little
effect on hepatocytes [95]. These results suggest that
chemerin expression is regulated in a cell type-specific
manner.

Liver-derived versus PVAT-derived chemerin

The important role of chemerin in blood pressure regu-
lation can be seen in experiments with antisense oligo-
nucleotides (ASOs) (Table 1). The administration of
whole-body chemerin ASOs results in the near-complete
depletion of circulating chemerin levels, an effect that
is associated with a reduction in mean arterial pres-
sure (MAP) of approximately 7 mmHg in normotensive

Table 1 The role of chemerin in blood pressure regulation
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Sprague-Dawley (SD) rats [92]. In high-fat diet (HFD)-
fed Dahl salt-sensitive (DSS) rats with obesity and hyper-
tension, the effect is markedly stronger, resulting in a
MAP reduction as high as 29 mmHg [93]. The admin-
istration of an N-acetylgalactosamine (GalNAc)-ASO,
which destroys chemerin mRNA specifically in the liver,
reduces plasma chemerin by 90% and 96% in lean SD
and obese DSS rats, respectively [92, 93]. However, liver-
specific GalNAc-ASOs do not reduce blood pressure in
SD rats [92]. In hypertensive HFD-fed DSS rats, GalNAc-
ASO lowers MAP by only 6 mmHg [93]. These results
suggest that blood pressure is not directly correlated with
plasma chemerin levels and that chemerin from remote
sources is not the major player in local vascular effects.
Instead, extrahepatic sources, such as PVAT or the vas-
cular wall itself, may play a more dominant role in blood
pressure regulation. Indeed, chemerin mRNA and pro-
tein are found in both the smooth muscle layer of the
rat aorta and in PVAT [14]. Moreover, PVAT has been
shown to be the main source of vascular chemerin [13].
Chemerin expression is significantly greater in PVAT
than in the vascular wall, whereas the expression of the
chemerin receptor CMKLR1 is markedly greater in the
tunica media than in PVAT [13]. PVAT-derived chemerin
may have direct effects on VSMCs owing to the close
proximity and absence of a mechanical barrier between
PVAT and the blood vessel wall [96]. Consistent with this
concept, the results of functional studies demonstrated
that the CMKLR1 antagonist CCX832 inhibits norepi-
nephrine- and serotonin-induced vasoconstriction in
PVAT-intact rat aortae but not in PVAT-free aortae [13].
Thus, the majority of functionally relevant endogenous
chemerin in the vasculature is derived from PVAT rather
than the vascular wall, at least under this experimental
setting. Notably, the blood pressure-reducing effects of
whole-body ASO are associated with a 94% reduction in
PVAT chemerin [92]. Collectively, the available evidence
suggests that PVAT-derived chemerin plays a crucial role
in vascular function and blood pressure regulation.

Chemerin receptors

Currently, there are three known chemerin receptors
(Fig. 1). Chemerin primarily acts through the G pro-
tein-coupled orphan receptor chemokine-like receptor

Animals Diet Chemerin ASO Circulating chemerin PVAT chemerin MAP reduction References
SD NCD whole body ASO Undetectable 194% 7 mmHg [92]
SD NCD Liver ASO 1 90% < “ [92]
DSSR NCD whole body ASO Undetectable n.d 10 mmHg [14]
DSSR HFD whole body ASO Undetectable n.d 29 mmHg [93]
DSSR HFD Liver ASO 1 96% nd 6 mmHg [93]

ASO, antisense oligonucleotides; DSSR, Dahl salt-sensitive rats; GaINAc, N-acetylgalactosamine; HFD, high-fat diet; MAP, mean arterial pressure; NCD, normal control

diet; n.d., no data; SD, Sprague—Dawley rats; <>, no significant changes
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Fig. 1 Chemerin expression, receptor activation, and signaling cascades. Preprochemerin is encoded by the RARRES2 gene. Chemerin expression is regu-
lated by various modulators. Preprochemerin undergoes proteolytic cleavage to remove its 20-amino-acid signal peptide and is secreted as a biologically
inactive isoform, prochemerin, from adipocytes into the bloodstream. There are different serine proteases in different tissues that cleave prochemerin into
different active or inactive chemerin isoforms that bind to chemerin receptors present on the cell membrane of different target cells in the vessel wall.
The binding of chemerin to GPR1 or CMKLR1 triggers calcium mobilization, ERK1/2 and PI3K/Akt pathway activation, and NF-kB activation. CCRL2 acts
as a chaperone protein that concentrates and presents chemerin to CMKLR1 and GPR1. Akt, protein kinase B; CCRL2, CC motif chemokine receptor-like
2; CMKLR1, chemokine-like receptor 1; EC, endothelial cell; ERK1/2, extracellular signal-regulated kinase 1/2; FXR, farnesoid X receptor; GPR1, G protein-
coupled receptor 1; NF-kB, nuclear factor kappa B; PI3K, phosphoinositide 3-kinase; PPARy, peroxisome proliferator-activated receptor gamma; RAR,
retinoic acid receptor; RARRES2, retinoic acid receptor responder 2; RXR, retinoid X receptor; SREBP2, sterol regulatory element-binding protein 2; VSMC,

vascular smooth muscle cell

1 (ChemR23, CMKLR1) [78, 79]. CMKLRI1 is the most
widely studied chemerin receptor. CMKLRI is expressed
in adipose tissues, dendritic cells, endothelial cells, mac-
rophages, monocytes, heart, lungs, muscle, placenta,
skin, and spleen [11]. Chemerin binds to CMKLR1 and
leads to the activation of G; and decreases cyclic ade-
nosine monophosphate (cAMP) levels and increases
intracellular calcium release, which results in the phos-
phorylation of the extracellular signal-regulated kinase
1/2 (ERK1/2) and phosphoinositide-3-kinase (PI3K)/pro-
tein kinase B (Akt) pathways and the activation of nuclear
factor kappa B (NF-kB) [97].

Another receptor of chemerin is G protein-coupled
receptor 1 (GPR1), also known as chemokine-like
receptor 2 (CMKLR2) [98]. GPR1 has approximately
40% sequence homology with CMKLR1 [99]. GPR1 is
expressed in the placenta, ovaries, testicles, skin, adi-
pose tissue, skeletal muscle, and brain [100, 101]. GPR1
has more ligands than just chemerin; however, it binds
chemerin with high affinity, resulting in relatively weak
G;-dependent signaling [102]. However, the role of GPR1
as a chemerin receptor remains unclear. Chemerin may
bind to GPR1, resulting in modest calcium release [98]
and G;,,-dependent RhoA signaling [103]. It has also

i/o

been shown that chemerin elicits potent constrictor
actions via CMKLR1 but not GPR1 [104]. On the other
hand, a recent study revealed that mice lacking GPR1
exhibited reduced glucose-stimulated insulin secretion
and increased glucose levels during a pyruvate tolerance
test [105], suggesting a role for GPR1 in regulating glu-
cose homeostasis during obesity.

The third chemerin-binding receptor is CC motif che-
mokine receptor-like 2 (CCRL2), which is believed to
be a chaperone protein that concentrates and presents
chemerin to CMKLR1 and GPR1 [106]. CCRL2 does
not internalize chemerin or transduce downstream sig-
nals [80]. CCRL2 is expressed in adipose tissues, breasts,
dendritic cells, lungs, macrophages, microglia, neutro-
phils, and placenta [80]. GPR1 and CCRL2 appear to
be involved in the peculiar manifestations of chemerin,
but most chemerin effects seem to be dependent on
CMKLRI.

Vascular effects of chemerin

Effects on the endothelium

The proliferation and migration of endothelial cells lead
to angiogenesis, whereas inflammation and hypoxia
may initiate hypoxia-inducible factor (HIF)-driven
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angiogenesis in vascular complications such as athero-
sclerosis [107]. During obesity, increased levels of inflam-
matory cytokines, such as IL-6 and TNF-a, augment
CMKLRI expression and increase monocyte attachment
to endothelial cells [108—110]. Chemerin/CMKLR1 acti-
vates ERK1/2 and p38 mitogen-activated protein kinase
(MAPK) pathways in human umbilical vein endothelial
cells and stimulates angiogenesis [108].

In addition, chemerin is involved in the activation of
matrix metalloproteinases-2/9 (MMP-2/9) in a dose-
dependent manner, thus modulating the degradation of
the extracellular matrix during endothelial cell prolif-
eration and migration [108]. Moreover, the chemerin/
CMKLR1 axis promotes angiogenesis by inducing oxi-
dative stress-mediated autophagy via AMP-activated
protein kinase a (AMPKa) [111]. Treatment with the
mitochondria-targeted antioxidant Mito-TEMPO or
CMKLRI1 knockdown reduced chemerin-induced ROS
generation and ameliorated the upregulation of autoph-
agy-related gene expression [111]. Interestingly, knocking
down CMKLR1, but not CCRL2, completely inhibited the
chemerin-induced migration and proliferation of endo-
thelial cells, thus reversing angiogenesis in vitro [112].

Chemerin attenuated endothelial nitric oxide synthase
(eNOS) activity and diminished NO production in cul-
tured human microvascular endothelial cells [109]. In
rat aortic rings incubated with chemerin, vascular NO/
cyclic guanosine monophosphate (cGMP) signaling and
vascular relaxation were significantly reduced. Chemerin
leads to eNOS uncoupling, increased superoxide produc-
tion, and reduced NO production, which are associated
with decreased soluble guanylyl cyclase (sGC) activation
and ¢cGMP production [113]. These results suggest that
increased chemerin expression is involved in obesity-
related endothelial dysfunction and angiogenesis.

Effects on VSMCs

The synthetic CMKLR1 agonist chemerin-9 has been
shown to induce concentration-dependent vasoconstric-
tion in several vascular beds, including isolated rat aorta,
rat intrapulmonary arteries, human saphenous vein, and
human resistance arteries [47, 104, 114—116]. This vaso-
constrictive effect is mediated by CMKLR1 activation
and is calcium-dependent, indicating the involvement
of intracellular calcium mobilization in the contrac-
tile response [115]. In addition, endogenous chemerin
derived from PVAT has been shown to enhance vasocon-
strictor responses to norepinephrine and serotonin, fur-
ther supporting its role in modulating vascular tone [13].
These vasoconstrictive actions contribute to the blood
pressure—elevating effects of chemerin, underscoring its
relevance in the pathophysiology of vascular dysfunction
and hypertension.
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VSMC proliferation and migration are critically
involved in the pathophysiology of vascular remodel-
ing [117]. In human atherosclerotic lesions, positive
chemerin staining has been observed in VSMCs, PVAT,
and foam cells, whereas chemerin expression has been
shown to be positively correlated with the severity of ath-
erosclerosis [118]. In a metabolic hypertension rat model,
the expression of chemerin and its receptor CMKLR1 are
upregulated in the thoracic aorta and mesenteric arteries,
accompanied by enhanced vascular remodeling in vivo
[119]. In HFD-fed ApoE ™'~ mice, aortic plaque formation
and vascular remodeling are positively correlated with
the expression of chemerin and its downstream targets,
including MAPK [120]. The adenovirus-mediated knock-
down of chemerin normalizes the expression of inflam-
matory cytokines and significantly ameliorates aortic
atherosclerosis and vascular remodeling, suggesting that
chemerin may promote atherosclerosis progression via
the MAPK pathway [120]. Chemerin has been shown to
increase ROS production and stimulate arterial smooth
muscle cell proliferation and migration in vitro [90]. The
proinflammatory and proliferative effects of chemerin in
VSMCs are likely mediated by the activation of NADPH
oxidase and redox-sensitive MAPK signaling, as these
effects are prevented by the inhibition of NADPH oxidase
[109]. In addition, chemerin has been shown to increase
pulmonary artery smooth muscle cell proliferation in an
endothelin-1-dependent manner, whereas endothelin-1
exacerbates chemerin-induced thoracic aorta and pulmo-
nary artery smooth muscle cell migration in vitro [121].

Moreover, clinical studies have reported a significant
positive correlation between circulating chemerin levels
and arterial stiffness in obese patients [122, 123]. Consis-
tent with these clinical observations, the enhanced vas-
cular remodeling in adipocyte-specific eNOS-knockout
mice has been shown to be associated with increased
chemerin expression in PVAT as well as elevated circulat-
ing chemerin levels [15]. Moreover, incubation of mouse
aorta with chemerin-containing serum has been shown
to increase the expression of vascular remodeling-related
genes, an effect that is prevented by a chemerin-neutral-
izing antibody [15]. These results collectively suggest that
chemerin is involved in the pathophysiology of vascular
remodeling.

Effects on PVAT function

Research on the impact of chemerin on PVAT func-
tion in obesity remains limited to date. The systemic
knockout of CMKLR1 significantly reduces the num-
ber of macrophages in adipose tissues, including PVAT,
and has an adverse effect on the phenotypic switching
of adipose tissue macrophages in the PVAT of hyper-
lipidemic mice during atherosclerosis [124]. In cultured
3T3-L1 adipocytes, chemerin has been shown to play
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an important role in regulating adipogenesis and adi-
pocyte metabolism [94]; however, this role has not yet
been investigated in PVAT. In a recent study, knockdown
of chemerin mRNA has been shown to reduce differen-
tiation and fatty acid uptake in brown adipocytes [125].
Moreover, despite increased BAT weight, mitochondrial
content and function are significantly lower in the BAT
of chemerin global knockout mice than in that of con-
trol mice [125]. In addition, compared with control mice,
chemerin global knockout mice exhibit reduced body
temperature, oxygen consumption, carbon dioxide pro-
duction, energy expenditure, and respiratory exchange
ratio. These results suggest that chemerin plays a pivotal
role in BAT differentiation and thermogenesis. As men-
tioned above, chemerin is known to reduce NO produc-
tion in endothelial cells [109, 113]. Therefore, chemerin
may also affect the expression and function of eNOS in
PVAT adipocytes. On the other hand, our recent study
revealed that the adipocyte-specific knockout of eNOS
enhances chemerin expression, indicating that NO may
be a crucial factor limiting chemerin expression in PVAT
[15]. Indeed, there are two nuclear receptors that het-
erodimerize with retinoid X receptor (RXR) and one
nuclear regulatory factor that affects chemerin expres-
sion [126, 127]. Moreover, the promoter of the chemerin
gene includes both a PPARy-binding sequence and a
sterol regulatory element-binding protein 2 (SREBP2)-
binding site [95]. NO-triggered signaling pathways may
regulate chemerin expression through these elements.

Proinflammatory versus anti-inflammatory effects
Chemerin has been implicated in both pro- and anti-
inflammatory processes, with several studies support-
ing its pro-inflammatory potential. In addition to its role
in activating NF-kB signaling, chemerin facilitates the
recruitment of leukocytes to sites of inflammation. In
subcutaneous adipose tissue-specific chemerin-knock-
down mice, the expression of tissue inhibitor of metallo-
proteinases-1 (TIMP1) is reduced, resulting in increased
adipogenesis and improved glucose metabolism, con-
comitant with decreased macrophage infiltration [128].
These findings suggest that chemerin may regulate adi-
pose tissue remodeling through its effects on TIMP1
expression and immune cell recruitment.

Chemerin is known to induce calcium mobilization and
chemotaxis in macrophages and immature dendritic cells
via the CMKLR1 receptor, which is expressed on various
immune cells, including immature dendritic cells, macro-
phages, leukocytes, and natural killer (NK) cells [78, 129].
During obesity, chemerin appears to exacerbate local and
systemic inflammation, a key contributor to insulin resis-
tance and adipose tissue expansion; it has been shown
to recruit circulating dendritic cells to visceral adipose
tissue. The activation of Toll-like receptor 9 (TLR9) in
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dendritic cells leads to the secretion of type I interfer-
ons, thereby initiating a proinflammatory response in
macrophages [130]. Adipose tissue macrophages pro-
mote the recruitment, proliferation, and differentiation
of adipocyte progenitor cells by secreting osteopontin
[131]. Preadipocytes cultured in conditioned medium
from activated macrophages exhibit increased extracel-
lular matrix remodeling [132]. In mice fed a HFD, macro-
phages accumulate around necrotic adipocytes, forming
“crown-like structures” [133]. Collectively, these observa-
tions suggest that chemerin promotes obesity-induced
adipose tissue inflammation by enhancing immune cell
infiltration into PVAT and other adipose tissues.

In contrast, several studies have documented the
anti-inflammatory roles of chemerin and its recep-
tor CMKLR1. Chemerin has been reported to sup-
press the production of proinflammatory cytokines,
thereby exerting an immunomodulatory effect [134]. In
a murine peritonitis model, chemerin inhibited mono-
cyte and neutrophil recruitment and reduced the expres-
sion of proinflammatory mediators [135]. Furthermore,
CMKLRI1 activation in macrophages has been shown to
induce the expression of interleukin-10 (IL-10), an anti-
inflammatory cytokine [136]. In a mouse model of acute
lung inflammation induced by lipopolysaccharides (LPS),
chemerin was shown to exert potent anti-inflammatory
effects by reducing both cytokine production and neu-
trophil infiltration via a CMKLR1-dependent mecha-
nism [137]. Similarly, chemerin attenuates inflammation
by suppressing the production of CC-chemokine ligand
2 (CCL2) in a murine model of allergic asthma [138]. In
addition, chemerin also modulates NK cell activity, which
plays a pivotal role in the early innate immune response
and resolution of inflammation [129]. Chemerin has been
shown to facilitate the recruitment of dendritic cells and
NK cells to inflamed tissues, where they modulate adap-
tive immune responses [139].

The contradictory effects of chemerin may be caused
by the differential activity of its isoforms, which arises
through proteolytic processing of the chemerin precur-
sor. The anti-inflammatory potential of chemerin appears
to depend on its cleavage into specific isoforms, a pro-
cess determined by the activity of serine and cysteine
proteases in the tissue microenvironment [140]. Certain
chemerin isoforms preferentially induce anti-inflam-
matory macrophage phenotypes [137], whereas others
promote proinflammatory polarization [141]. In addi-
tion, proteases present in mast cells and neutrophils can
generate chemerin isoforms that are inactive, nonche-
motactic, or even anti-inflammatory [111, 142]. A nota-
ble example is chemerinl5 (C15), a chemerin-derived
peptide with well-characterized anti-inflammatory
properties. C15 has been shown to inhibit neutrophil
recruitment by suppressing integrin activation and to
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enhance the clearance of neutrophils and apoptotic cells,
thereby promoting the resolution of inflammation [143].

Chemerin in obesity

Changes in chemerin in humans during obesity
Dysregulation of chemerin is consistently observed
in human obesity. Clinical studies report that serum
chemerin levels correlate positively with body mass index
(BMI), triglycerides, and blood pressure in healthy adults
[144]. Obese individuals display significantly elevated
circulating chemerin levels compared to lean controls
[145, 146]. In addition, concentrations of the bioactive
isoform chemerin-157 are markedly elevated—by up to
1000-fold—in omental and subcutaneous adipose tissues
of obese individuals, and are positively associated with
C-reactive protein (CRP), a marker of systemic inflam-
mation [89].

Changes in chemerin in animal models during obesity
Similar trends are evident in animal models of obesity.
Circulating chemerin levels increase in proportion to
visceral fat accumulation, aortic stiffness, and blood
pressure in rodents [14, 92, 147]. Obese mouse models,
such as db/db mice and mice on HFD, exhibit twofold
higher serum chemerin levels than lean controls [147,
148]. Conversely, fasting or caloric restriction reduces
chemerin levels in rodents [149, 150]. Obesity also alters
chemerin receptor signaling; chemerin and CMKLR1
expression in PVAT are approximately twofold higher in
HFD-fed rats than in controls [151].

However, findings on tissue-specific expression are
inconsistent. In db/db mice, one study reported reduced
chemerin expression in visceral WAT [152], while
another found increased chemerin expression in both
subcutaneous and visceral WAT in diabetic Psammo-
mys obesus compared to normoglycemic controls [91].
Moreover, chemerin-knockout mice show complex phe-
notypes: chemerin deletion exacerbates HFD-induced
obesity and adiposity while improving blood lipid pro-
files [153]. In aged male mice, chemerin deletion also
abolishes exercise-induced benefits on weight reduction,
WAT browning, and lipid metabolism [153], indicating a
context-dependent role.

Sex differences in chemerin expression and
function

Sex differences in chemerin in humans

Sex-specific differences in chemerin expression have
been observed in humans, though findings are incon-
sistent. Some studies report higher chemerin mRNA
expression [154, 155] and serum concentrations [156]
in healthy women than in men. Additionally, nocturnal
serum chemerin levels are elevated in obese women but
not in obese men, relative to lean counterparts [157].
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Contrarily, other reports have found no significant sex
differences in plasma chemerin levels [158], and data
from a Japanese cohort with metabolic syndrome or type
2 diabetes indicated higher chemerin levels in males than
in females [159].

Sex differences in chemerin in animal models

In wild-type rats, plasma and tissue chemerin concentra-
tions are lower in females than in males [160]. Sex also
modifies the physiological response to chemerin deletion.
Following treatment with DOCA-salt and uninephrec-
tomy, male chemerin-KO rats exhibit a greater elevation
in blood pressure than wild-type males, whereas female
KO rats show reduced blood pressure compared to wild-
type females under the same conditions [160]. These
findings suggest a sex-dependent role of chemerin in car-
diovascular regulation in experimental hypertension.

Potential mechanisms of sex differences in chemerin
expression

It remains unclear whether the observed sex differences
in chemerin expression are directly driven by sex hor-
mones. In a small clinical trial involving 32 individuals,
an inverse correlation between estradiol (E,) and serum
chemerin levels was observed [158]. However, this asso-
ciation does not necessarily imply a causal effect of
estradiol in the suppression of chemerin expression. An
alternative interpretation is that chemerin may nega-
tively regulate estradiol production, as demonstrated
in cultured bovine ovarian granulosa cells [161]. In the
porcine endometrium, the influence of estradiol on
chemerin secretion appears to be context-dependent,
with increased chemerin secretion observed during the
period of the maternal recognition of pregnancy and
reduced levels during embryo implantation [162]. The
role of estradiol in regulating chemerin expression in
the liver—the principal source of circulating chemerin—
has not been elucidated. Furthermore, in ex vivo stud-
ies using human subcutaneous adipose tissue explants,
no direct effect of 17B-estradiol on chemerin expression
has been observed [163]. The interaction between testos-
terone and chemerin is also poorly characterized. In the
same adipose tissue explant model, testosterone treat-
ment does not alter chemerin expression [163]. How-
ever, the genetic ablation of chemerin in mice leads to
increased serum testosterone concentrations under HFD
conditions but not under NCD conditions, indicating a
potential inhibitory effect of chemerin on androgen syn-
thesis in a diet-dependent manner [164].

Gonadectomy studies provide additional insight.
Ovariectomy in adult female rats decreases whereas
orchidectomy in adult male rats increases chemerin
expression in WAT [165]. Nonetheless, whether these
effects are directly mediated by sex steroids or involve
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other hormonal or metabolic alterations remains to be
determined. Notably, the pubertal increase in gonadal
steroid levels is associated with a marked reduction in
WAT chemerin expression in both male and female
SD rats, suggesting the developmental regulation of
chemerin expression by sex hormones [165].

In summary, current evidence supports a complex and
context-dependent relationship between sex steroids and
chemerin, with differential effects observed across tis-
sues, developmental stages, and metabolic conditions.
The mechanistic basis for the sex-specific regulation of
chemerin remains to be fully elucidated and warrants
further investigation.

Potential research directions and therapeutics
targeting PVAT-derived chemerin in obesity-
associated cardiovascular disease

Although chemerin is implicated in the pathogenesis
of obesity-related metabolic and cardiovascular disor-
ders, no pharmacological agents that specifically target
the chemerin/CMKLR1 axis, including PVAT-derived
chemerin, are currently available. However, a variety of
strategies have been employed in experimental models to
modulate chemerin signaling, which may offer promising
therapeutic avenues for the management of chemerin-
associated complications in humans.

Potential models for studying PVAT-derived chemerin
Rodent models with global deletion of chemerin or its
receptor CMKLR1 are available [124, 160, 166, 167].
However, to elucidate the specific functions of PVAT-
derived chemerin, there is a critical need to develop
PVAT-specific knockout models targeting either
chemerin or CMKLRI1. Currently, the developmental
origin and differentiation pathways of PVAT adipocytes
remain incompletely understood. Emerging evidence
suggests that PVAT, as a distinct anatomical depot, may
contain adipocytes derived from unique progenitor cell
populations, contributing to the morphological and func-
tional characteristics that distinguish PVAT from other
adipose tissues [168-170]. As discussed above, PVAT
adipocytes may originate from SM22a* and/or Myf5*
progenitor cells, supporting the feasibility of generating
PVAT-specific gene knockout models to enable more
precise functional studies—although such an approach
remains challenging. Progress in this area depends on the
identification of lineage-specific markers and progenitor
populations unique to PVAT, which are urgently needed
to facilitate the development of PVAT-selective genetic
tools.

Chemerin antisense oligonucleotides
ASOs are short, single-stranded oligodeoxynucleotides
that inhibit protein translation through sequence-specific
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hybridization to target mRNA, leading to RNA degrada-
tion via RNase H-mediated mechanisms. In a rat model,
the systemic administration of a whole-body chemerin-
targeting ASO resulted in a nearly complete reduction
in chemerin protein expression in PVAT, other adipose
tissues, the liver, and plasma and was associated with
a significant decrease in blood pressure [92]. In con-
trast, a GalNAc-conjugated chemerin ASO designed for
hepatocyte-specific delivery selectively reduces hepatic
chemerin expression but fails to lower systemic blood
pressure, suggesting that extrahepatic sources may be
more relevant for chemerin-mediated vascular effects
[92, 93]. Efforts to achieve the adipocyte-specific knock-
down of chemerin using nanoparticles conjugated with
an adipose-homing peptide have shown limited success.
Although the nanoparticles successfully encapsulate and
deliver ASOs, dominant hepatic uptake impedes adi-
pose-specific targeting, thus limiting the efficacy of this
approach [14, 171]. Overall, these findings highlight the
technical challenges associated with developing PVAT-
specific chemerin ASO delivery systems and underscore
the need for improved targeting strategies to dissect the
tissue-specific functions of chemerin in cardiometabolic
regulation.

Chemerin analogs

Synthetic chemerin analogs may represent another
potential therapeutic strategy for modulating chemerin
receptor signaling. Chemerin-9, a stable nonapeptide
corresponding to the C-terminus of chemerin-157, is an
agonist of CMKLR1 [172]. Unlike full-length chemerin,
which has both pro- and anti-inflammatory proper-
ties depending on context, chemerin-9 predominantly
exerts anti-inflammatory and vasoprotective effects. In
a recent study, chemerin-9 infusion was shown to sig-
nificantly attenuate the development of abdominal aortic
aneurysms in obese ApoE~'~ mice. This effect was asso-
ciated with reduced inflammatory cell infiltration, neo-
vascularization, and MMP expression within the aortic
wall [173]. In another study, the systemic administration
of chemerin-9 was shown to decrease aortic atheroscle-
rotic lesion areas, an effect accompanied by a reduction
in intraplaque macrophage content in vivo. Additionally,
chemerin-9 suppresses TNF-a-induced monocyte adhe-
sion to endothelial cells and attenuates the inflammatory
phenotype of macrophages in vitro [174].

CMKLR1 receptor antagonists

CCX832, developed by ChemoCentryx, is a selective
antagonist of CMKLR1, with minimal affinity for the
other two known chemerin receptors [47]. Multiple in
vitro and in vivo studies have demonstrated that CCX832
effectively mitigates chemerin/CMKLR1 axis-mediated
metabolic and cardiovascular dysfunction [47, 104, 175].
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The pharmacological blockade of CMKLR1 using
CCX832 has been shown to reduce body weight, plasma
insulin and glucose levels, and vascular oxidative stress
in obese mice; additionally, it significantly ameliorates
chemerin-induced vascular inflammation [108, 175].
In addition to its systemic effects, CCX832 has been
reported to inhibit PVAT-derived chemerin-induced
vasoconstriction in isolated rat arteries [13, 47]. These
findings are consistent with studies demonstrating that
ex vivo incubation with CCX832 attenuates vascular con-
traction in isolated rat mesenteric arteries and thoracic
aortas, as well as in human pulmonary and coronary
arteries [176, 177], highlighting its broad vasodilatory
potential via CMKLR1 antagonism (Fig. 2).

Conclusion

PVAT plays a critical role in the regulation of vascular
tone and function through its paracrine and endocrine
properties and is increasingly recognized as the “fourth
layer” of the blood vessel wall. This role becomes par-
ticularly significant in the context of obesity-related car-
diovascular complications, where PVAT exerts distinct
influences on vascular homeostasis.

While circulating chemerin is produced primarily by
the liver, accumulating evidence suggests that PVAT-
derived chemerin plays a pivotal role in the pathogenesis
of hypertension and other obesity-associated vascular
diseases. Given its local effects on vascular function, elu-
cidating the specific role of chemerin produced by PVAT
is essential for the development of targeted pharmaco-
logical interventions for metabolic and cardiovascular
disorders.

To achieve this goal, there is an urgent need to
develop PVAT-specific genetic mouse models, includ-
ing chemerin or CMKLR1 knockout and overexpression
systems, to elucidate the precise signaling mechanisms
involved. Using such models, future research should aim
to address the following critical questions:

+ What is the exact role of PVAT-derived chemerin
in regulating both PVAT function and vascular wall
biology?

+ What are the specific isoform profiles of chemerin in
PVAT and adjacent vascular tissue?

+  Why do chemerin molecules derived from the liver
and PVAT exhibit differential vascular effects?
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Despite the current gaps in knowledge, existing stud-
ies have significantly advanced our understanding
of the vascular actions of chemerin, particularly the
contribution of chemerin to the pathophysiology of
obesity-related vascular dysfunction. Moreover, sev-
eral promising chemerin-targeted therapeutic strate-
gies—including receptor antagonists, isoform-specific
modulators, and antisense oligonucleotides—have been
proposed.

Future research efforts should focus on the selective
modulation of PVAT-derived chemerin, which holds
strong potential for the development of novel therapies
to combat obesity-associated vascular diseases.

Author contributions

AWCM prepared the manuscript draft. NX and HL contributed to conception,
and substantively revised and finalized the manuscript. All authors gave final
approval of the version to be published, and agree to be accountable for all
aspects of the work.

Funding

Open Access funding enabled and organized by Projekt DEAL. This study
was supported by the German Research Foundation [DFG, Project number
407937360; grants LI-1042/5—-1 (H.L) and XI 139/2—=1 (N.X)], Bonn, Germany.

Availability of data and materials
No datasets were generated or analysed during the current study.

Declarations

Competing Interests
The authors declare no competing interests.

Received: 27 January 2025 / Accepted: 4 June 2025
Published online: 13 June 2025

References

1. GBD 2019 Diseases and Injuries Collaborators. Global burden of 369 dis-
eases and injuries in 204 countries and territories, 1990-2019: a system-
atic analysis for the Global Burden of Disease Study 2019. Lancet. 2020;
396(10258):1204-22.

2. Adam CA, Anghel R, Marcu DTM, Mitu O, Roca M, Mitu F. Impact of sodium-
glucose cotransporter 2 (SGLT2) inhibitors on arterial stiffness and vascular
aging-what do we know so far? (A Narrative Review). Life (Basel). 2022;12(6).

3. GBD 2015 Obesity Collaborators, Afshin A, Forouzanfar MH, Reitsma MB, Sur P,
Estep K, et al. Health Effects of Overweight and Obesity in 195 Countries over
25 Years. N Engl J Med. 2017;377(1):13-27.

4. JinX,QiuT,LiL,YuR, Chen X, Li C, et al. Pathophysiology of obesity and its
associated diseases. Acta Pharm Sin B. 2023;13(6):2403-24.

5. Karastergiou K, Mohamed-Ali V. The autocrine and paracrine roles of adipo-
kines. Mol Cell Endocrinol. 2010;318(1-2):69-78.

6. Soltis EE, Cassis LA. Influence of perivascular adipose tissue on rat aortic
smooth muscle responsiveness. Clin Exp Hypertens A. 1991;13(2):277-96.

7. XiaN, Li H.The role of perivascular adipose tissue in obesity-induced vascular
dysfunction. Br J Pharmacol. 2017;174(20):3425-42.

8. Ketonen J, ShiJ, Martonen E, Mervaala E. Periadventitial adipose tissue
promotes endothelial dysfunction via oxidative stress in diet-induced obese
C578BI/6 mice. Circ J. 2010;74(7):1479-87.

9. QiX-Y,Qu S-L, Xiong W-H, Rom O, Chang L, Jiang Z-S. Perivascular adipose
tissue (PVAT) in atherosclerosis: a double-edged sword. Cardiovasc Diabetol.
2018:17(1):1-20.

10. ZouL,WangW, Liu'S, Zhao X, LyvY, Du C, et al. 2016 Spontaneous hyperten-
sion occurs with adipose tissue dysfunction in perilipin-1 null mice. Biochi-
mica et Biophys Acta (BBA)-Mol Basis Disease. 1862;2:182-91.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33.

34.

Page 11 of 15

Ferland DJ, Mullick AE, Watts SW. Chemerin as a driver of hypertension: a
consideration. Am J Hypertens. 2020;33(11):975-86.

Yu M, Yang Y, Huang C, Ge L, Xue L, Xiao Z, et al. Chemerin: A functional
adipokine in reproductive health and diseases. Biomedicines. 2022;10(8).
Wabel EA, Krieger-Burke T, Watts SW. Vascular chemerin from PVAT con-
tributes to norepinephrine and serotonin-induced vasoconstriction and
vascular stiffness in a sex-dependent manner. Am J Physiol Heart Circ Physiol.
2024;327(6):H1577-89.

Wabel E, Orr A, Flood ED, Thompson JM, Xie H, Demireva EY, et al. Chemerin
is resident to vascular tunicas and contributes to vascular tone. Am J Physiol
Heart Circ Physiol. 2023;325(1):H172-86.

Man AWC, Zhou Y, Reifenberg G, Camp A, Minzel T, Daiber A, et al. Deletion
of adipocyte NOS3 potentiates high-fat diet-induced hypertension and
vascular remodelling via chemerin. Cardiovasc Res. 2023;119(17):2755-69.
Gil-Ortega M, Somoza B, Huang Y, Gollasch M, Fernandez-Alfonso MS.
Regional differences in perivascular adipose tissue impacting vascular
homeostasis. Trends Endocrinol Metab. 2015;26(7):367-75.

Brown NK, Zhou Z, Zhang J, Zeng R, Wu J, Eitzman DT, et al. Perivascular
adipose tissue in vascular function and disease: a review of current research
and animal models. Arterioscler Thromb Vasc Biol. 2014;34(8):1621-30.

Miao CY, Li ZY. The role of perivascular adipose tissue in vascular smooth
muscle cell growth. Br J Pharmacol. 2012;165(3):643-58.

Fitzgibbons TP, Kogan S, Aouadi M, Hendricks GM, Straubhaar J, Czech MP.
Similarity of mouse perivascular and brown adipose tissues and their resis-
tance to diet-induced inflammation. Am J Physiol Heart Circulatory Physiol.
2011,301(4):H1425-37.

Cheng CK, Ding H, Jiang M, Yin H, Gollasch M, Huang Y. Perivascular adipose
tissue: fine-tuner of vascular redox status and inflammation. Redox Biol.
2023;62:102683.

Demine S, Renard P, Arnould T. Mitochondrial uncoupling: a key controller of
biological processes in physiology and diseases. Cells. 2019;8(8).

Correa LH, Heyn GS, Magalhaes KG. The impact of the adipose organ plastic-
ity on inflammation and cancer progression. Cells. 2019;8(7).

Villarroya F, Cereijo R, Gavalda-Navarro A, Villarroya J, Giralt M. Inflammation of
brown/beige adipose tissues in obesity and metabolic disease. J Intern Med.
2018;284(5):492-504.

Gu P, Hui X, Zheng Q, Gao Y, Jin L, Jiang W, et al. Mitochondrial uncoupling
protein 1 antagonizes atherosclerosis by blocking NLRP3 inflammasome-
dependent interleukin-Tbeta production. Sci Adv. 2021;7(50):4eabl4024.
Sciarretta F, Ninni A, Zaccaria F, Chiurchiu V, Bertola A, Karlinsey K, et al.
Lipid-associated macrophages reshape BAT cell identity in obesity. Cell Rep.
2024;43(7): 114447,

Ye M, Ruan CC, Fu M, Xu L, Chen D, Zhu M, et al. Developmental and func-
tional characteristics of the thoracic aorta perivascular adipocyte. Cell Mol
Life Sci. 2019;76(4):777-89.

FuM, Xu L, Chen X, Han W, Ruan C, Li J, et al. Neural crest cells differentiate
into brown adipocytes and contribute to periaortic arch adipose tissue
formation. Arterioscler Thromb Vasc Biol. 2019;39(8):1629-44.

Kaviani M, Azarpira N, Aghdaie MH, Esfandiari E, Geramizadeh B, Nikegh-
balian S, et al. Comparison of human mesenchymal stem cells derived from
various compartments of human adipose tissue and tunica adventitia layer
of the arteries subsequent to organ donation. Int J Organ Transplant Med.
2019;10(2):65-73.

Angueira AR, Sakers AP, Holman CD, Cheng L, Arbocco MN, Shamsi F, et al.
Defining the lineage of thermogenic perivascular adipose tissue. Nat Metab.
2021,3(4):469-84.

Chang L, Villacorta L, Li R, Hamblin M, Xu W, Dou C, et al. Loss of perivascu-
lar adipose tissue on peroxisome proliferator-activated receptor-gamma
deletion in smooth muscle cells impairs intravascular thermoregulation and
enhances atherosclerosis. Circulation. 2012;126(9):1067-78.

Chau YY, Bandiera R, Serrels A, Martinez-Estrada OM, Qing W, Lee M, et al.
Visceral and subcutaneous fat have different origins and evidence supports a
mesothelial source. Nat Cell Biol. 2014;16(4):367-75.

Contreras GA, Thelen K, Ayala-Lopez N, Watts SW. The distribution and
adipogenic potential of perivascular adipose tissue adipocyte progeni-

tors is dependent on sexual dimorphism and vessel location. Physiol Rep.
2016;4(19).

Stanek A, Brozyna-Tkaczyk K, Myslinski W. The role of obesity-induced perivas-
cular adipose tissue (PVAT) dysfunction in vascular homeostasis. Nutrients.
2021;13(11).

Man AWC, Zhou Y, Xia N, Li H. Endothelial nitric oxide synthase in the perivas-
cular adipose tissue. Biomedicines. 2022;10(7).



Man et al. Cardiovascular Diabetology

35.

36.

37.

38.

39.

40.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

(2025) 24:249

Omar A, Chatterjee TK, Tang Y, Hui DY, Weintraub NL. Proinflammatory
phenotype of perivascular adipocytes. Arterioscler Thromb Vasc Biol.
2014;34(8):1631-6.

Fésts G, Dubrovska G, Gorzelniak K, Kluge R, Huang Y, Luft FC, et al. Adipo-
nectin is a novel humoral vasodilator. Cardiovasc Res. 2007;75(4):719-27.
Kagota S, Maruyama-Fumoto K, Futokoro R, Shinozuka K. Apelin from perivas-
cular adipose tissue is involved in the regulation of vasorelaxation and renal
function in metabolic syndrome. J Vascular Diseases. 2024;3(4):385-96.
Drosos |, Pavlaki M, Ortega Carrillo MDP, Kourkouli A, Buschmann K, Konstan-
tinou F, et al. Increased Lymphangiogenesis and Lymphangiogenic growth
factor expression in perivascular adipose tissue of patients with coronary
artery disease. J Clin Med. 2019;8(7).

Nakatsuka A, Wada J, Iseda |, Teshigawara S, Higashio K, Murakami K et al.
Vaspin is an adipokine ameliorating ER stress in obesity as a ligand for cell-
surface GRP78/MTJ-1 complex. Diabetes. 2012;61(11):2823-32.

Zaborska K, Wareing M, Austin C. Comparisons between perivascular adipose
tissue and the endothelium in their modulation of vascular tone. Br J Phar-
macol. 2017;174(20):3388-97.

Wojcicka G, Jamroz-Wisniewska A, Atanasova P, Chaldakov GN, Chyliriska-Kula
B, Bettowski J. Differential effects of statins on endogenous H2S formation in
perivascular adipose tissue. Pharmacol Res. 2011,63(1):68-76.

Awata WM, Gonzaga NA, Borges VF, Silva CB, Tanus-Santos JE, Cunha FQ, et al.
Perivascular adipose tissue contributes to lethal sepsis-induced vasoplegia in
rats. Eur J Pharmacol. 2019;863: 172706.

Ozen G, Topal G, Gomez |, Ghorreshi A, Boukais K, Benyahia C, et al. Control
of human vascular tone by prostanoids derived from perivascular adipose
tissue. Prostaglandins Other Lipid Mediat. 2013;107:13-7.

GaoYJ, Lu G, Su LY, Sharma A, Lee R. Modulation of vascular function by
perivascular adipose tissue: the role of endothelium and hydrogen peroxide.
Br J Pharmacol. 2007;151(3):323-31.

Lee RM, Lu C, Su L-Y, Gao Y-J. Endothelium-dependent relaxation factor
released by perivascular adipose tissue. J Hypertens. 2009;27(4):782-90.
Owen MK, Witzmann FA, McKenney ML, Lai X, Berwick ZC, Moberly SP, et

al. Perivascular adipose tissue potentiates contraction of coronary vascular
smooth muscle: influence of obesity. Circulation. 2013;128(1):9-18.

Watts SW, Dorrance AM, Penfold ME, Rourke JL, Sinal CJ, Seitz B, et al.
Chemerin connects fat to arterial contraction. Arterioscler Thromb Vasc Biol.
2013,33(6):1320-8.

Kumar RK, Darios ES, Burnett R, Thompson JM, Watts SW. Fenfluramine-
induced PVAT-dependent contraction depends on norepinephrine and not
serotonin. Pharmacol Res. 2019;140:43-9.

Ayala-Lopez N, Martini M, Jackson WF, Darios E, Burnett R, Seitz B, et al. Peri-
vascular adipose tissue contains functional catecholamines. Pharmacol Res &
Perspect. 2014;2(3): e00041.

Gao Y-J, Takemori K, Su LY, An W-S, Lu C, Sharma AM, et al. Perivascular
adipose tissue promotes vasoconstriction: the role of superoxide anion.
Cardiovasc Res. 2006;71(2):363-73.

Chang L, Garcia-Barrio MT, Chen YE. Perivascular adipose tissue regulates vas-
cular function by targeting vascular smooth muscle cells. Arterioscler Thromb
Vasc Biol. 2020;40(5):1094-109.

Grabner R, Lotzer K, Dépping S, Hildner M, Radke D, Beer M, et al. Lympho-
toxin {3 receptor signaling promotes tertiary lymphoid organogenesis in the
aorta adventitia of aged ApoE—/— mice. J Exp Med. 2009;206(1):233-48.
Campbell KA, Lipinski MJ, Doran AC, Skaflen MD, Fuster V, McNamara CA.
Lymphocytes and the adventitial immune response in atherosclerosis. Circ
Res. 2012;110(6):889-900.

Oikonomou EK, Antoniades C. The role of adipose tissue in cardiovascular
health and disease. Nat Rev Cardiol. 2019;16(2):83-99.

Margaritis M, Antonopoulos AS, Digby J, Lee R, Reilly S, Coutinho P, et al. Inter-
actions between vascular wall and perivascular adipose tissue reveal novel
roles for adiponectin in the regulation of endothelial nitric oxide synthase
function in human vessels. Circulation. 2013;127(22):2209-21.

Antonopoulos AS, Sanna F, Sabharwal N, Thomas S, Oikonomou EK, Herdman
L, et al. Detecting human coronary inflammation by imaging perivascular fat.
Sci Transl Med. 2017,9(398):eaal2658.

Simantiris S, Pappa A, Papastamos C, Korkonikitas P, Antoniades C, Tsioufis C,
et al. Perivascular fat: a novel risk factor for coronary artery disease. Diagnos-
tics (Basel). 2024;14(16).

Xia N, Horke S, Habermeier A, Closs El, Reifenberg G, Gericke A, et al. Uncou-
pling of endothelial nitric oxide synthase in perivascular adipose tissue of
diet-induced obese mice. Arterioscler Thromb Vasc Biol. 2016;36(1):78-85.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

76.

77.

78.

79.

80.

81.

82.

Page 12 of 15

Irie D, Kawahito H, Wakana N, Kato T, Kishida S, Kikai M, et al. Transplantation
of periaortic adipose tissue from angiotensin receptor blocker-treated mice
markedly ameliorates atherosclerosis development in apoE-/- mice. J Renin
Angiotensin Aldosterone Syst. 2015;16(1):67-78.

Sowka A, Dobrzyn P. Role of perivascular adipose tissue-derived adiponectin
in vascular homeostasis. Cells. 2021;10(6).

Man AWC, Zhou Y, Xia N, Li H. Perivascular adipose tissue as a target for
antioxidant therapy for cardiovascular complications. Antioxidants (Basel).
2020,9(7).

Takaoka M, Nagata D, Kihara S, Shimomura |, Kimura Y, Tabata Y, et al. Periad-
ventitial adipose tissue plays a critical role in vascular remodeling. Circ Res.
2009;105(9):906-11.

Chang L, Zhao X, Garcia-Barrio M, Zhang J, Eugene Chen Y. MitoNEET in peri-
vascular adipose tissue prevents arterial stiffness in aging mice. Cardiovasc
Drugs Ther. 2018;32(5):531-9.

Bussey CE, Withers SB, Aldous RG, Edwards G, Heagerty AM. Obesity-related
perivascular adipose tissue damage is reversed by sustained weight loss in
the rat. Arterioscler Thromb Vasc Biol. 2016;36(7):1377-85.

Xia N, Reifenberg G, Schirra C, Li H. The involvement of sirtuin 1 dysfunction
in high-fat diet-induced vascular dysfunction in mice. Antioxidants (Basel).
2022;11(3):541.

Wang P, XuTY, Guan YF, Su DF, Fan GR, Miao CY. Perivascular adipose tissue-
derived visfatin is a vascular smooth muscle cell growth factor: role of
nicotinamide mononucleotide. Cardiovasc Res. 2009;81(2):370-80.

Park SY, Kim KH, Seo KW, Bae JU, Kim YH, Lee SJ, et al. Resistin derived from
diabetic perivascular adipose tissue up-regulates vascular expression of
osteopontin via the AP-1 signalling pathway. J Pathol. 2014;232(1):87-97.
Sena CM, Pereira A, Fernandes R, Letra L, Seica RM. Adiponectin improves
endothelial function in mesenteric arteries of rats fed a high-fat diet: role of
perivascular adipose tissue. Br J Pharmacol. 2017;174(20):3514-26.

Saely CH, Leiherer A, Muendlein A, Vonbank A, Rein P, Geiger K, et al. High
plasma omentin predicts cardiovascular events independently from the pres-
ence and extent of angiographically determined atherosclerosis. Atheroscle-
rosis. 2016;244:38-43.

Guzik TJ, Skiba DS, Touyz RM, Harrison DG. The role of infiltrating immune
cells in dysfunctional adipose tissue. Cardiovasc Res. 2017;113(9):1009-23.

Li X, Ballantyne LL, Yu'Y, Funk CD. Perivascular adipose tissue-derived
extracellular vesicle miR-221-3p mediates vascular remodeling. FASEB J.
2019;33(11):12704-22.

Ogawa R, Tanaka C, Sato M, Nagasaki H, Sugimura K, Okumura K, et al.
Adipocyte-derived microvesicles contain RNA that is transported into macro-
phages and might be secreted into blood circulation. Biochem Biophys Res
Commun. 2010;398(4):723-9.

van Niel G, D’Angelo G, Raposo G. Shedding light on the cell biology of
extracellular vesicles. Nat Rev Mol Cell Biol. 2018;19(4):213-28.

Thomou T, Mori MA, Dreyfuss JM, Konishi M, Sakaguchi M, Wolfrum C, et al.
Adipose-derived circulating miRNAs regulate gene expression in other tis-
sues. Nature. 2017;542(7642):450-5.

Zhang Y, Mei H, Chang X, Chen F, Zhu Y, Han X. Adipocyte-derived microves-
icles from obese mice induce M1 macrophage phenotype through secreted
miR-155. J Mol Cell Biol. 2016;8(6):505-17.

LiuY, SunY, Lin X, Zhang D, Hu C, Liu J, et al. Perivascular adipose-derived
exosomes reduce macrophage foam cell formation through miR-382-5p
and the BMP4-PPARgamma-ABCA1/ABCG1 pathways. Vascul Pharmacol.
2022;143:106968.

Nagpal S, Patel S, Jacobe H, DiSepio D, Ghosn C, Malhotra M, et al. Tazarotene-
induced gene 2 (TIG2), a novel retinoid-responsive gene in skin. J Invest
Dermatol. 1997;109(1):91-5.

Wittamer V, Franssen JD, Vulcano M, Mirjolet JF, Le Poul E, Migeotte |,

et al. Specific recruitment of antigen-presenting cells by chemerin, a

novel processed ligand from human inflammatory fluids. J Exp Med.
2003;198(7).977-85.

Kennedy AJ, Davenport AP. International union of basic and clinical
pharmacology Clll: chemerin receptors CMKLR1 (Chemerin(1)) and GPR1
(Chemerin(2)) nomenclature, pharmacology, and function. Pharmacol Rev.
2018;70(1):174-96.

Fischer TF, Beck-Sickinger AG. Chemerin - exploring a versatile adipokine. Biol
Chem. 2022,403(7):625-42.

Buechler C, Feder S, Haberl EM, Aslanidis C. Chemerin isoforms and activity in
obesity. Int J Mol Sci. 2019;20(5).

Zhao L, Leung LL, Morser J. Chemerin forms: their generation and activity.
Biomedicines. 2022;10(8).



Man et al. Cardiovascular Diabetology

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

(2025) 24:249

Zabel BA, Allen SJ, Kulig P, Allen JA, Cichy J, Handel TM, et al. Chemerin activa-
tion by serine proteases of the coagulation, fibrinolytic, and inflammatory
cascades. J Biol Chem. 2005;280(41):34661-6.

Du XY, Zabel BA, Myles T, Allen SJ, Handel TM, Lee PP, et al. Regulation of
chemerin bioactivity by plasma carboxypeptidase N, carboxypeptidase

B (activated thrombin-activable fibrinolysis inhibitor), and platelets. J Biol
Chem. 2009,284(2):751-8.

Ernst MC, Sinal CJ. Chemerin: at the crossroads of inflammation and obesity.
Trends Endocrinol Metab. 2010;21(11):660-7.

Zabel BA, Zuniga L, Ohyama T, Allen SJ, Cichy J, Handel TM, et al. Chemoat-
tractants, extracellular proteases, and the integrated host defense response.
Exp Hematol. 2006;34(8):1021-32.

Yamaguchi Y, Du XY, Zhao L, Morser J, Leung LL. Proteolytic cleavage of
chemerin protein is necessary for activation to the active form, Chem1575,
which functions as a signaling molecule in glioblastoma. J Biol Chem.
2011,286(45):39510-9.

Zhao L, YamaguchiY, Shen WJ, Morser J, Leung LLK. Dynamic and tissue-spe-
cific proteolytic processing of chemerin in obese mice. PLoS One. 2018;13(8):
€0202780.

Chang SS, Eisenberg D, Zhao L, Adams C, Leib R, Morser J, et al. Chemerin
activation in human obesity. Obesity (Silver Spring). 2016;24(7):1522-9.
Kunimoto H, Kazama K, Takai M, Oda M, Okada M, Yamawaki H. Chemerin
promotes the proliferation and migration of vascular smooth muscle

and increases mouse blood pressure. Am J Physiol Heart Circ Physiol.
2015;309(5):H1017-28.

Bozaoglu K, Bolton K, McMillan J, Zimmet P, Jowett J, Collier G, et al. Chemerin
is a novel adipokine associated with obesity and metabolic syndrome. Endo-
crinology. 2007;148(10):4687-94.

Ferland DJ, Seitz B, Darios ES, Thompson JM, Yeh ST, Mullick AE, et al. Whole-
body but not hepatic knockdown of chemerin by antisense oligonucleotide
decreases blood pressure in rats. J Pharmacol Exp Ther. 2018;365(2):212-8.
Ferland DJ, Flood ED, Garver H, Yeh ST, Riney S, Mullick AE, et al. Different
blood pressure responses in hypertensive rats following chemerin mRNA
inhibition in dietary high fat compared to dietary high-salt conditions.
Physiol Genomics. 2019;51(11):553-61.

Goralski KB, McCarthy TC, Hanniman EA, Zabel BA, Butcher EC, Parlee SD, et
al. Chemerin, a novel adipokine that regulates adipogenesis and adipocyte
metabolism. J Biol Chem. 2007;282(38):28175-88.

Kwiecien K, Brzoza P, Bak M, Majewski P, Skulimowska |, Bednarczyk K, et al.
The methylation status of the chemerin promoter region located from - 252
to + 258 bp regulates constitutive but not acute-phase cytokine-inducible
chemerin expression levels. Sci Rep. 2020;10(1):13702.

Boa BCS, Yudkin JS, van Hinsbergh VWM, Bouskela E, Eringa EC. Exercise
effects on perivascular adipose tissue: endocrine and paracrine determinants
of vascular function. Br J Pharmacol. 2017;174(20):3466-81.

Hu S, Shao Z, Zhang C, Chen L, Mamun AA, Zhao N, et al. Chemerin facilitates
intervertebral disc degeneration via TLR4 and CMKLR1 and activation of
NF-kB signaling pathway. Aging (Albany NY). 2020;12(12):11732-53.

Barnea G, Strapps W, Herrada G, Berman Y, Ong J, Kloss B, et al. The genetic
design of signaling cascades to record receptor activation. Proc Natl Acad Sci
U'S A.2008;105(1):64-9.

Kisielewska K, Rytelewska E, Gudelska M, Kiezun M, Dobrzyn K, Bogus-Nowa-
kowska K, et al. Expression of chemerin receptors CMKLR1, GPR1T and CCRL2
in the porcine pituitary during the oestrous cycle and early pregnancy and
the effect of chemerin on MAPK/Erk1/2 Akt and AMPK signalling pathways.
Theriogenology. 2020;157:181-98.

Li J, Xiang L, Jiang X, Teng B, Sun Y, Chen G, et al. Investigation of bioeffects
of G protein-coupled receptor 1 on bone turnover in male mice. J Orthop
Translat. 2017;10:42-51.

Li'L, Ma P, Huang C, LiuY, Zhang Y, Gao C, et al. Expression of chemerin and its
receptors in rat testes and its action on testosterone secretion. J Endocrinol.
2014,220(2):155-63.

Zheng C, Chen D, Zhang Y, Bai Y, Huang S, Zheng D, et al. FAM19A1 is a new
ligand for GPR1 that modulates neural stem-cell proliferation and differentia-
tion. FASEB J. 2018:f201800020RRR.

Rourke JL, Dranse HJ, Sinal CJ. CMKLR1 and GPR1 mediate chemerin signaling
through the RhoA/ROCK pathway. Mol Cell Endocrinol. 2015;417:36-51.
Kennedy AJ, Yang P, Read C, Kuc RE, Yang L, Taylor EJ, et al. Chemerin elicits
potent constrictor actions via chemokine-like receptor 1 (CMKLRT1), not
G-protein-coupled receptor 1 (GPR1), in human and rat vasculature. J Am
Heart Assoc. 2016;5(10).

106.

109.

112.

113.

115.

120.

122.

124.

127.

Page 13 of 15

. Rourke JL, Muruganandan S, Dranse HJ, McMullen NM, Sinal CJ. Gpr1 is an

active chemerin receptor influencing glucose homeostasis in obese mice. J
Endocrinol. 2014;222(2):201-15.

Monnier J, Lewen S, O'Hara E, Huang K, Tu H, Butcher EC, et al. Expression,
regulation, and function of atypical chemerin receptor CCRL2 on endothelial
cells. J Immunol. 2012;189(2):956-67.

. Sluimer JC, Daemen MJ. Novel concepts in atherogenesis: angiogenesis and

hypoxia in atherosclerosis. J Pathol. 2009;218(1):7-29.

. Kaur J, Adya R, Tan BK, Chen J, Randeva HS. Identification of chemerin recep-

tor (ChemR23) in human endothelial cells: chemerin-induced endothelial
angiogenesis. Biochem Biophys Res Commun. 2010;391(4):1762-8.

Neves KB, Nguyen Dinh Cat A, Lopes RA, Rios FJ, Anagnostopoulou A, Lobato
NS, et al. Chemerin regulates crosstalk between adipocytes and vascular cells
through nox. Hypertension. 2015;66(3):657-66.

. Dimitriadis GK, Kaur J, Adya R, Miras AD, Mattu HS, Hattersley JG, et al.

Chemerin induces endothelial cell inflammation: activation of nuclear
factor-kappa beta and monocyte-endothelial adhesion. Oncotarget.
2018;9(24):16678-90.

. Shen W, Tian C, Chen H, Yang Y, Zhu D, Gao P, et al. Oxidative stress mediates

chemerin-induced autophagy in endothelial cells. Free Radic Biol Med.
2013;55:73-82.

Nakamura N, Naruse K, Kobayashi Y, Miyabe M, Saiki T, Enomoto A, et al.
Chemerin promotes angiogenesis in vivo. Physiol Rep. 2018,6(24): €13962.
Neves KB, Lobato NS, Lopes RA, Filgueira FP, Zanotto CZ, Oliveira AM, et al.
Chemerin reduces vascular nitric oxide/cGMP signalling in rat aorta: a link to
vascular dysfunction in obesity? Clin Sci (Lond). 2014;127(2):111-22.

. Lobato NS, Neves KB, Filgueira FP, Fortes ZB, Carvalho MH, Webb RC, et al. The

adipokine chemerin augments vascular reactivity to contractile stimuli via
activation of the MEK-ERK1/2 pathway. Life Sci. 2012,91(13-14):600-6.
Ferland DJ, Darios ES, Neubig RR, Sjogren B, Truong N, Torres R, et al.
Chemerin-induced arterial contraction is G(i)- and calcium-dependent.
Vascul Pharmacol. 2017;88:30-41.

. Omori A, Goshima M, Kakuda C, Kodama T, Otani K, Okada M, et al. Chemerin-

9-induced contraction was enhanced through the upregulation of smooth
muscle chemokine-like receptor 1 in isolated pulmonary artery of pulmonary
arterial hypertensive rats. Pflugers Arch. 2020;472(3):335-42.

. Man AWC, Li H, Xia N.The role of sirtuin1 in regulating endothelial function,

arterial remodeling and vascular aging. Front Physiol. 2019;10:1173.

. Kostopoulos CG, Spiroglou SG, Varakis JN, Apostolakis E, Papadaki HH.

Chemerin and CMKLR1 expression in human arteries and periadventitial fat:
a possible role for local chemerin in atherosclerosis? BMC Cardiovasc Disord.
2014;14:56.

. Wen J,Wang J, Guo L, Cai W, Wu Y, Chen W, et al. Chemerin stimulates aortic

smooth muscle cell proliferation and migration via activation of autophagy in
VSMCs of metabolic hypertension rats. Am J Trans| Res. 2019;11(3):1327-42.
Liu H, Xiong W, Luo Y, Chen H, He Y, Cao Y, et al. Adipokine chemerin
stimulates progression of atherosclerosis in ApoE(-/-) mice. Biomed Res Int.
2019;2019:7157865.

. Hanthazi A, Jespers P, Vegh G, Dubois C, Hubesch G, Springael JY, et al.

Chemerin added to endothelin-1 promotes rat pulmonary artery smooth
muscle cell proliferation and migration. Front Physiol. 2020;11:926.

Yoo HJ, Choi HY, Yang SJ, Kim HY, Seo JA, Kim SG, et al. Circulating chemerin
level is independently correlated with arterial stiffness. J Atheroscler Thromb.
2012;19(1):59-66.

. Manco M, Nobili V, Alisi A, Panera N, Handberg A. Arterial stiffness, thickness

and association to suitable novel markers of risk at the origin of cardiovascu-
lar disease in obese children. Int J Med Sci. 2017;14(8):711-20.

Schulz J, Evans B, Yerly A, Thakur M, Angliker N, Van Der Vorst E, et al. Examin-
ing ChemR23 orchestrated cross talk of perivascular adipose tissue and
arterial vasculature in atherosclerosis. Atherosclerosis. 2024;395.

. ZhangY, Shen WJ, Qiu S, Yang P, Dempsey G, Zhao L, et al. Chemerin

regulates formation and function of brown adipose tissue: Ablation results
in increased insulin resistance with high fat challenge and aging. FASEB J.
2021;35(7): €21687.

. ChandraV, Huang P, Hamuro Y, Raghuram S, Wang Y, Burris TP, et al. Structure

of the intact PPAR-gamma-RXR- nuclear receptor complex on DNA. Nature.
2008;456(7220):350-6.

Tarling EJ, Ahn H, de Aguiar Vallim TQ. The nuclear receptor FXR uncou-
ples the actions of miR-33 from SREBP-2. Arterioscler Thromb Vasc Biol.
2015,35(4):787-95.



Man et al. Cardiovascular Diabetology

128.

129.

130.

131.

132

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

145.

146.

147.

148.

149.

150.

(2025) 24:249

Huang CL, Xiao LL, Xu M, Li J, Li SF, Zhu CS, et al. Chemerin deficiency
regulates adipogenesis is depot different through TIMP1. Genes Dis.
2021;8(5):698-708.

Parolini S, Santoro A, Marcenaro E, Luini W, Massardi L, Facchetti F, et al. The
role of chemerin in the colocalization of NK and dendritic cell subsets into
inflamed tissues. Blood. 2007;109(9):3625-32.

Ghosh AR, Bhattacharya R, Bhattacharya S, Nargis T, Rahaman O, Duttagupta
P et al. Adipose recruitment and activation of plasmacytoid dendritic cells
fuel metaflammation. Diabetes. 2016;65(11):3440-52.

Lee YH, Petkova AP, Granneman JG. Identification of an adipogenic niche for
adipose tissue remodeling and restoration. Cell Metab. 2013;18(3):355-67.
Keophiphath M, Achard V, Henegar C, Rouault C, Clement K, Lacasa D.
Macrophage-secreted factors promote a profibrotic phenotype in human
preadipocytes. Mol Endocrinol. 2009;23(1):11-24.

Kim SM, Lun M, Wang M, Senyo SE, Guillermier C, Patwari P, et al. Loss of white
adipose hyperplastic potential is associated with enhanced susceptibility to
insulin resistance. Cell Metab. 2014;20(6):1049-58.

LiJ, LuY,LiN, Li P Wang Z Ting W, et al. Chemerin: a potential regulator of
inflammation and metabolism for chronic obstructive pulmonary disease
and pulmonary rehabilitation. Biomed Res Int. 2020,2020:4574509.
Laranjeira S, Regan-Komito D, Igbal AJ, Greaves DR, Payne SJ, Orlowski P. A
model for the optimization of anti-inflammatory treatment with chemerin.
Interface Focus. 2018,8(1):20170007.

Herova M, Schmid M, Gemperle C, Hersberger M. ChemR23, the receptor for
chemerin and resolvin E1, is expressed and functional on M1 but not on M2
macrophages. J Immunol. 2015;194(5):2330-7.

Luangsay S, Wittamer V, Bondue B, De Henau O, Rouger L, Brait M, et al.
Mouse ChemR23 is expressed in dendritic cell subsets and macrophages,
and mediates an anti-inflammatory activity of chemerin in a lung disease
model. J Immunol. 2009;183(10):6489-99.

Zhao L, Yang W, Yang X, Lin Y, Lv J, Dou X, et al. Chemerin suppresses murine
allergic asthma by inhibiting CCL2 production and subsequent airway
recruitment of inflammatory dendritic cells. Allergy. 2014;69(6):763-74.
Skrzeczynska-Moncznik J, Stefanska A, Zabel BA, Kapinska-Mrowiecka M,
Butcher EC, Cichy J. Chemerin and the recruitment of NK cells to diseased
skin. Acta Biochim Pol. 2009;56(2):355-60.

Gonzalvo-Feo S, Del Prete A, Pruenster M, SalviV, Wang L, Sironi M, et al.
Endothelial cell-derived chemerin promotes dendritic cell transmigration. J
Immunol. 2014;192(5):2366-73.

Cash JL, Hart R, Russ A, Dixon JP, Colledge WH, Doran J, et al. Synthetic
chemerin-derived peptides suppress inflammation through ChemR23. J Exp
Med. 2008;205(4):767-75.

Zabel BA, Ohyama T, Zuniga L, Kim JY, Johnston B, Allen SJ, et al. Chemokine-
like receptor 1 expression by macrophages in vivo: regulation by TGF-beta
and TLR ligands. Exp Hematol. 2006;34(8):1106-14.

Cash JL, Bena S, Headland SE, McArthur S, Brancaleone V, Perretti M.
Chemerin15 inhibits neutrophil-mediated vascular inflammation and
myocardial ischemia-reperfusion injury through ChemR23. EMBO Rep.
2013;14(11):999-1007.

. Bozaoglu K, Segal D, Shields KA, Cummings N, Curran JE, Comuzzie AG, et al.

Chemerin is associated with metabolic syndrome phenotypes in a Mexican-
American population. J Clin Endocrinol Metab. 2009;94(8):3085-8.
Chakaroun R, Raschpichler M, Kloting N, Oberbach A, Flehmig G, Kern M, et
al. Effects of weight loss and exercise on chemerin serum concentrations and
adipose tissue expression in human obesity. Metabolism. 2012;61(5):706-14.
Ba HJ, Xu LL, Qin YZ, Chen HS. Serum chemerin levels correlate with determi-
nants of metabolic syndrome in obese children and adolescents. Clin Med
Insights Pediatr. 2019;13:1179556519853780.

Bauer S, Wanninger J, Schmidhofer S, Weigert J, Neumeier M, Dorn C, et al.
Sterol regulatory element-binding protein 2 (SREBP2) activation after excess
triglyceride storage induces chemerin in hypertrophic adipocytes. Endocri-
nology. 2011;152(1):26-35.

Ernst MC, Issa M, Goralski KB, Sinal CJ. Chemerin exacerbates glucose
intolerance in mouse models of obesity and diabetes. Endocrinology.
2010;151(5):1998-2007.

Wargent ET, Zaibi MS, O'Dowd JF, Cawthorne MA, Wang SJ, Arch JR, et al.
Evidence from studies in rodents and in isolated adipocytes that agonists of
the chemerin receptor CMKLR1 may be beneficial in the treatment of type 2
diabetes. PeerJ. 2015;3: €753.

Stelmanska E, Sledzinski T, Turyn J, Presler M, Korczynska J, Swierczynski
J.Chemerin gene expression is regulated by food restriction and food

152.

154.

157.

158.

159.

161.

164.

166.

168.

169.

170.

Page 14 of 15

restriction-refeeding in rat adipose tissue but not in liver. Regul Pept.
2013;181:22-9.

. Weng C, Shen Z, Li X, Jiang W, Peng L, Yuan H, et al. Effects of chemerin/

CMKLRT in obesity-induced hypertension and potential mechanism. Am J
Transl Res. 2017;9(6):3096-104.

Takahashi M, Takahashi Y, Takahashi K, Zolotaryov FN, Hong KS, Kitazawa R, et
al. Chemerin enhances insulin signaling and potentiates insulin-stimulated
glucose uptake in 3T3-L1 adipocytes. FEBS Lett. 2008;582(5):573-8.

. QuJ, FuS,Yin L, Zhang Q, Wang X. Chemerin influences blood lipid of aged

male mice under high fat diet and exercise states through regulating the dis-
tribution and browning of white adipose tissue. Cytokine. 2024;181: 156689.
Martinez-Garcia MA, Montes-Nieto R, Fernandez-Duran E, Insenser M, Luque-
Ramirez M, Escobar-Morreale HF. Evidence for masculinization of adipokine
gene expression in visceral and subcutaneous adipose tissue of obese
women with polycystic ovary syndrome (PCOS). J Clin Endocrinol Metab.
2013,98(2):E388-96.

. Alfadda AA, Sallam RM, Chishti MA, Moustafa AS, Fatma S, Alomaim WS, et al.

Differential patterns of serum concentration and adipose tissue expression of
chemerin in obesity: adipose depot specificity and gender dimorphism. Mol
Cells. 2012,33(6):591-6.

. Schmid A, Bala M, Leszczak S, Ober |, Buechler C, Karrasch T. Pro-inflammatory

chemokines CCL2, chemerin, IP-10 and RANTES in human serum during an
oral lipid tolerance test. Cytokine. 2016;80:56-63.

Daxer J, Herttrich T, Zhao YY, Vogel M, Hiemisch A, Scheuermann K, et al.
Nocturnal levels of chemerin and progranulin in adolescents: influence of
sex, body mass index, glucose metabolism and sleep. J Pediatr Endocrinol
Metab. 2017;30(1):57-61.

Lugue-Ramirez M, Martinez-Garcia MA, Montes-Nieto R, Fernandez-Duran E,
Insenser M, Alpanes M, et al. Sexual dimorphism in adipose tissue function as
evidenced by circulating adipokine concentrations in the fasting state and
after an oral glucose challenge. Hum Reprod. 2013;28(7):1908-18.
Takahashi M, Inomata S, Okimura Y, Iguchi G, Fukuoka H, Miyake K, et al.
Decreased serum chemerin levels in male Japanese patients with type 2
diabetes: sex dimorphism. Endocr J. 2013;60(1):37-44.

. Watts SW, Darios ES, Mullick AE, Garver H, Saunders TL, Hughes ED, et al. The

chemerin knockout rat reveals chemerin dependence in female, but not
male, experimental hypertension. FASEB J. 2018;32(12):201800479.
Reverchon M, Bertoldo MJ, Rame C, Froment P, Dupont J. CHEMERIN
(RARRES2) decreases in vitro granulosa cell steroidogenesis and blocks
oocyte meiotic progression in bovine species. Biol Reprod. 2014;90(5):102.

. Gudelska M, Dobrzyn K, Kiezun M, Kisielewska K, Rytelewska E, Kaminski T, et

al. The effect of oestradiol and progesterone on chemerin system expression
in the porcine endometrium during early pregnancy and the mid-luteal
phase of the oestrous cycle. Theriogenology. 2023;196:186-201.

. Tan BK, Chen J, Farhatullah S, Adya R, Kaur J, Heutling D, et al. Insulin and

metformin regulate circulating and adipose tissue chemerin. Diabetes.
2009;58(9):1971-7.

JiaY,Yang Y, Qu J, Yin L, Wang X. Chemerin affects blood lipid profile of
high-fat diet male mice in sedentary and exercise states via glucose and lipid
metabolism enzymes. Endocr Connect. 2024;13(4).

. Sanchez-Rebordelo E, Cunarro J, Perez-Sieira S, Seoane LM, Dieguez C,

Nogueiras R, et al. Regulation of Chemerin and CMKLR1 Expression by Nutri-
tional Status, Postnatal Development, and Gender. Int J Mol Sci. 2018;19(10).
Zhao H, Yan D, Xiang L, Huang C, Li J, Yu X, et al. Chemokine-like recep-

tor 1 deficiency leads to lower bone mass in male mice. Cell Mol Life Sci.
2019;76(2):355-67.

. Ernst MC, Haidl ID, Zuniga LA, Dranse HJ, Rourke JL, Zabel BA, et al. Disruption

of the chemokine-like receptor-1 (CMKLR1) gene is associated with reduced
adiposity and glucose intolerance. Endocrinology. 2012;153(2):672-82.
Tchkonia T, Lenburg M, Thomou T, Giorgadze N, Frampton G, Pirtskhalava

T, et al. Identification of depot-specific human fat cell progenitors through
distinct expression profiles and developmental gene patterns. Am J Physiol
Endocrinol Metab. 2007;292(1):E298-307.

Tran KV, Fitzgibbons T, Min SY, DeSouza T, Corvera S. Distinct adipocyte pro-
genitor cells are associated with regional phenotypes of perivascular aortic
fat in mice. Mol Metab. 2018;9:199-206.

Hepler C, Vishvanath L, Gupta RK. Sorting out adipocyte precursors and their
role in physiology and disease. Genes Dev. 2017;31(2):127-40.

. Orr A, Liu K, Mullick AE, Huang X, Watts SW. Divergence of Chemerin Reduc-

tion by an ATS9R Nanoparticle Targeting Adipose Tissue In Vitro vs. In Vivo in
the Rat. Biomedicines. 2022;10(7).



Man et al. Cardiovascular Diabetology

172.

173.

174.

175.

(2025) 24:249

Wittamer V, Gregoire F, Robberecht P, Vassart G, Communi D, Parmentier M.
The C-terminal nonapeptide of mature chemerin activates the chemerin
receptor with low nanomolar potency. J Biol Chem. 2004;279(11):9956-62.
Chen S, Han C, Bian S, Chen J, Feng X, Li G, et al. Chemerin-9 attenuates
experimental abdominal aortic aneurysm formation in ApoE(-/-) mice. J
Oncol. 2021;2021:6629204.

Sato K, Yoshizawa H, Seki T, Shirai R, Yamashita T, Okano T, et al. Chemerin-9,
a potent agonist of chemerin receptor (ChemR23), prevents atherogenesis.
Clin Sci (Lond). 2019;133(16):1779-96.

Neves KB, Nguyen Dinh Cat A, Alves-Lopes R, Harvey KY, Costa RMD, Lobato
NS, et al. Chemerin receptor blockade improves vascular function in diabetic
obese mice via redox-sensitive and Akt-dependent pathways. Am J Physiol
Heart Circ Physiol. 2018;315(6):H1851-H60.

176.

Page 15 of 15

Darios ES, Winner BM, Charvat T, Krasinksi A, Punna S, Watts SW. The
adipokine chemerin amplifies electrical field-stimulated contraction in
the isolated rat superior mesenteric artery. Am J Physiol Heart Circ Physiol.
2016;311(2):H498-507.

. Jannaway M, Torrens C, Warner JA, Sampson AP. Resolvin E1, resolvin D1 and

resolvin D2 inhibit constriction of rat thoracic aorta and human pulmonary
artery induced by the thromboxane mimetic U46619. Br J Pharmacol.
2018;175(7):1100-8.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Vascular effects of perivascular adipose tissue-derived chemerin in obesity-associated cardiovascular disease
	﻿Abstract
	﻿Research Insights
	﻿Introduction
	﻿PVAT
	﻿PVAT composition
	﻿PVAT secretion and PVAT dysfunction

	﻿Chemerin and its receptors
	﻿Chemerin expression
	﻿Liver-derived versus PVAT-derived chemerin
	﻿Chemerin receptors

	﻿Vascular effects of chemerin
	﻿Effects on the endothelium
	﻿Effects on VSMCs
	﻿Effects on PVAT function

	﻿Proinflammatory versus anti-inflammatory effects
	﻿Chemerin in obesity
	﻿Changes in chemerin in humans during obesity
	﻿Changes in chemerin in animal models during obesity

	﻿Sex differences in chemerin expression and function
	﻿Sex differences in chemerin in humans
	﻿Sex differences in chemerin in animal models
	﻿Potential mechanisms of sex differences in chemerin expression

	﻿Potential research directions and therapeutics targeting PVAT-derived chemerin in obesity-associated cardiovascular disease
	﻿Potential models for studying PVAT-derived chemerin
	﻿Chemerin antisense oligonucleotides
	﻿Chemerin analogs
	﻿CMKLR1 receptor antagonists

	﻿Conclusion
	﻿References


