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Perivascular adipose tissue and the vessel wall are connected through intricate
bidirectional paracrine and vascular secretory signaling pathways. The secretion
of inflammatory factors and oxidative products by the vessel wall in the diseased
segment has the ability to influence the phenotype of perivascular adipocytes.
Additionally, the secretion of adipokines by perivascular adipose tissue
exacerbates the inflammatory response in the diseased vessel wall. Therefore,
quantitative and qualitative studies of perivascular adipose tissue are of great
value in the context of vascular inflammation and may provide a reference for the
assessment of cardiovascular ischemic disease.
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Introduction

In recent years, high-calorie diets and low physical activity lifestyle habits have led to an
increasing number of obese people. Being overweight is a major contributor to insulin
resistance and cardiovascular disease. Insulin resistance and atherosclerotic disease are
closely linked to obesity, especially abdominal obesity. In abdominal adiposity, the
enlargement of visceral adipose tissue (VAT) is linked with larger adipocytes and
impaired function of adipose tissue. This leads to elevated expression of inflammatory
cytokines in adipocytes and macrophages infiltrating into adipose tissue, as well as the
release of inflammatory cytokines by adipose tissue macrophages.

Perivascular adipose tissue (PVAT) is a special class of adipose tissue around blood
vessels consisting of adipocytes, various immune cells and stromal cells. In healthy states,
PVAT exerts a protective effect and reduces vasoconstriction. Evidence indicates that
dysfunction of PVAT can cause inflammation in nearby arteries by releasing adipokines or
inflammatory factors. These substances are then involved in the development of
atherosclerosis, atherothrombosis, and plaque rupture. We argue that PVAT is important
for the development of vascular disease; therefore, this paper reviews the paracrine function
and pathological properties of PVAT.
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Perivascular adipose tissue

Perivascular adipose tissue is an adipose tissue close to the
adventitial layer of blood vessels, which includes the periaortic fat
and the specific fat depots of the major perivascular organs,
pericardiac fat, and perirenal fat. PVAT is closely associated with
the adventitial layer of the blood vessel wall in large blood vessels
(1-3), while in small vessels and microvessels, PVAT is a
component of the vessel wall without laminar structures (4, 5).
PVAT consists primarily of adipocytes, preadipocytes, fibroblasts,
macrophages, nerve cells and stromal vascular cells (6-8) (Figure 1).
The perivascular adipocytes in the rodent thoracic aorta exhibit a
similar phenotype to brown adipocytes, while white adipocytes are
primarily present around the abdominal aorta. PVAT is different
from other adipose tissues due to the interaction between brown
adipose cells and white adipose cells and thus has different
functional characteristics. In rodent studies, the morphology of
adipocytes around the thoracic aorta of mice was mainly brown
adipocytes, and the adipocytes around the abdominal aorta were
mainly white adipocytes (9). Periaortic adipocytes in rats are
significantly smaller than perimesenteric white adipocytes (10).
Studies in humans have reported that the PVAT around the
human coronary artery is white adipocytes (2), while the
epicardial adipose tissue obtained from the origin of the human
right coronary artery highly expresses the genes related to brown
adipocytes (11).

There are clear histological differences between PVAT and
typical subcutaneous WAT, with PVAT typically having smaller
adipocyte volumes and less lipid storage and WAT showing lower
levels of adipocyte-specific gene expression, indicating a
significantly lower degree of differentiation than WAT (10, 12,
13). Coronary PVAT is considered to be more consistent with the
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FIGURE 1
Perivascular adipose tissue. Schematic diagram of the composition
of PVAT.
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histological manifestations and gene expression of WAT, but at the
same time, animal experiments have confirmed that PRDM16 and
UCP-1, the thermogenic markers of BAT, are expressed at higher
levels in coronary PVAT than in subcutaneous adipose tissue (11).
Compared with white adipose tissue, brown adipose tissue has
smaller lipid droplets and is rich in mitochondria (14). Brown
adipose tissue has a more vascular structure and denser innervation
than white adipose tissue (15, 16). These differences may play an
important role in the differences in the regulation of vascular
function between the two types of adipose tissue. Thus, the
complexity of perivascular adipose tissue underlies its regulation
of vascular homeostasis and influence on cardiovascular disease.

PVAT is a metabolically active
endocrine organ

PVAT serves not only as connective tissue, providing support for
arterial structures to protect them from damage by surrounding
tissues (17, 18) but also as a crucial endocrine tissue involved in
maintaining vascular homeostasis. PVAT secretes factors that can
either promote vasoconstriction or vasodilation. Adipokines secreted
by PVAT cells may contribute to the maintenance of vascular health
and homeostasis under normal physiological conditions. Under the
stimulation of pathological factors, PVAT can undergo phenotypic
changes, cause dysfunction and inflammatory infiltration, and play
an important role in the occurrence and development of vascular
diseases. The representative chemokines produced by adipose tissue
are adipokines such as adiponectin and leptin, along with other
bioactive molecules such as miRNAs and proinflammatory
cytokines such as interleukin (IL)-6 and tumor necrosis factor-o.
PVAT controls the constriction of blood vessels and the
restructuring of blood vessels by releasing active compounds such
as adipokines, cytokines, and growth factors (Figure 2).

Anti-inflammatory adipokines

Adiponectin

Adiponectin is a polypeptide specifically secreted by adipocytes,
which was first identified in adipocytes and has high expression
during adipocyte differentiation, and its monomer protein molecular
weight is 30 kDa (19). The structure of the adiponectin monomer
consists of four parts: the signal sequence at the amino end, the
collagen domain, the highly variable nonhomologous sequence and
the carboxyl end spherical domain (19). To date, three types of
adiponectin receptors have been discovered based on their capability
to bind to adiponectin. Adiponectin receptor 1 and 2 (AdipoR1 and
AdipoR2), as well as T-cadherin (20, 21). AdipoR1 and AdipoR2
share a high level of structural similarity, with both proteins featuring
seven transmembrane domains (20). T-cadherin is partially attached
to the cell membrane via glycosylphosphatidylinositol, not
transmembrane domains (21). Both the secretion and expression of
adiponectin and the signal transduction of the adiponectin receptor
play an important role in vascular homeostasis.
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FIGURE 2

The adipokines of perivascular adipose tissueadipokines. PVAT is a complex adipose tissue composed of a variety of adipocytes, including white-
brown adipocytes, beige adipocytes, and brown adipocytes, PVAT secretes pro-inflammatory and anti-inflammatory adipokines into the vasculature.

Adiponectin exhibits various beneficial effects, including
promoting insulin sensitivity, preventing atherosclerosis, and
reducing inflammation. It has a good inhibitory effect on various
metabolic disorders, including type 2 diabetes, atherosclerosis,
obesity, etc., and has a particularly prominent protective effect on
the cardiovascular system (22-29). Epidemiological data and
animal and cellular studies have yielded promising results on the
cardioprotective effects of Adiponectin. There are extensive clinical
epidemiological data suggesting a strong negative correlation
between plasma levels of adiponectin and the occurrence rates of
hypertension, left ventricular hypertrophy, and myocardial
infarction (26, 30, 31). The findings indicate that the reduction in
adiponectin levels could be a significant contributor to
cardiovascular disease. Adiponectin affects the secretion of
inflammatory factors via AMPK inhibition of the activated NF-kB
signaling pathway, attenuating cardiac inflammation and high-fat
diet-induced atherosclerosis. In pathological cardiomyocyte
hypertrophy, Adiponectin inhibits cardiomyocyte hypertrophy by
reducing markers that promote hypertrophy. In cardiac interstitial
fibrosis, Adiponectin regulates cardiac interstitial fibrosis by
affecting TGF-b and p-smad2/3 signaling pathways. A lot of
research have shown that adiponectin contributes to glucose
homeostasis and insulin sensitivity; however, adiponectin does
not only protect blood vessels by improving insulin sensitivity.
Some studies have provided evidence that low concentrations of
adiponectin lead to a doubling of the risk of coronary heart disease
compared to risk factors such as diabetes, hypertension and
smoking (29). The results imply that adiponectin levels and
cardiovascular disease risk are not influenced by blood glucose
and lipid status, suggesting that adiponectin directly protects blood
vessels rather than through insulin sensitivity and diabetes. High
Adiponectin levels in the body tend to represent a healthier
metabolic phenotype, however, Adiponectin also does not explain
the beneficial phenotype in all healthy obese individuals. It has been
shown that there is a paradox between Adiponectin and mortality in
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patients with cardiovascular disease, and that Adiponectin is
positively associated with mortality in a variety of clinical
conditions, including diabetes mellitus, which is related to
confounding between lipocalin resistance and natriuretic peptides,
and may be due to a combination of genetic, environmental, and
dietary differences in different racial and regional populations.

Nitric oxide

PVAT affects the vascular response by increasing or inhibiting
NO production (32-35). NO is synthesized by three NOS enzymes:
neuronal (nNOS), inducible (iNOS) and endothelial (eNOS) (36).
The various roles of NO in atherosclerosis are connected to the
sources of NO. NO from eNOS and nNOS has antiatherosclerotic
effects, while NO from iNOS can promote the occurrence of
atherosclerosis. In nNOS™"; ApoE'/' mice, the aortic root and
descending aorta showed greater atherosclerotic lesions and
increased mortality (37). NO produced by nNOS in the cells of
the central and peripheral nervous systems is involved in the
regulation of blood pressure in the central nervous system as a
neurotransmitter (38). Under normal physiological circumstances,
there is no manifestation of iNOS within the vascular system.
However, in instances of inflammation, sepsis, oxidative stress,
and other pathological states, blood vessels exhibit iNOS. eNOS
in PVAT directly produces and releases NO, affecting blood vessels
(39). In addition, NO produced in PVAT positively regulates the
release of adiponectin from PVAT (40). Therefore, improving NO
secretion in PVAT is a promising target for cardiovascular
disease therapy.

FGF21

FGF-21, belonging to the fibroblast growth factor family, fulfills
a vital function by combating inflammation in both obese adipose
tissue and heart tissue. FGF-21 exhibits important anti-
inflammatory effects in obese adipose tissue, cardiac tissue and
macrophages (41-45). FGF-21 gene expression is reduced in
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adipose tissue from patients with multivessel coronary artery
disease associated with T2DM and enhanced in adipose tissue
from patients undergoing cardiac surgery, suggesting a protective
effect of FGF-21 against inflammation associated with cardiac
surgery (46, 47). Hence, the anti-inflammatory impact of PVAT
is advantageous in safeguarding against and treating cardiovascular
ailments. On the other hand, the main role of FGF21 as an
adipokine is to influence cellular lipid metabolism by modulating
key transactivated receptors (such like ABCA1/ABCG1) and
reducing macrophage-to-foam cell transformation (48, 49).
Recent studies have shown that FGF21 can also act as a predictor
of atherosclerosis by inhibiting mitochondrial fragmentation to
reduce ROS production, and ultimately reducing NLRP3-
mediated cellular death in endothelial cells to resist
atherosclerosis (50, 51). The multifaceted functions of FGF21 in
insulin sensitisation, lipid metabolism and inflammatory
modulation collectively assist in its resistance to the progression
of cardiovascular disease.

Omentin

One newly discovered adipocytokine called Omentin is found to
be expressed in the omentum, epicardium, and perivascular adipose
tissue (52, 53). Patients with heart failure have lower circulating
levels of omentin, which attenuate myocardial ischemic injury by
promoting mitochondrial biogenesis (54). Omentin exerts anti-
inflammatory effects in smooth muscle cells by inhibiting TNF-ot-
induced VCAM-1 expression.Its mechanism may be associated with
the inhibition of p38 and JNK activation (55). Omentin improves
endothelial dysfunction in individuals with type 2 diabetes, and it
also partially restores the loss of the anticontractile effect in PVAT.
Additionally, Omentin treatment effectively enhances the pro-
inflammatory and pro-oxidative phenotypes of PVAT (55).
Omentin-1 was found to inhibit the expression of TGF-B1 in
cardiomyocytes obtained from atrial fibrillation patients, reduce
the activation of cardiac fibroblasts induced by TGF-f1, and reverse
the endothelial-mesenchymal transition in HUVECs induced by
TGF-B1 (56). Reduced levels of reticulin-1 in the circulation of
patients with coronary artery disease (57, 58). Currently, there are
fewer reports on the relevant role of Omentin in cardiovascular
disease, mainly focusing on its ability to reduce vascular
inflammation by affecting inflammatory factors such as TNFa and
affecting vascular pressure through NOS-dependent pathways (59).
Different research groups seem to have different views on the
expression level of Omentin as a predictor in coronary heart
disease (57, 60), which shows that there is still much unknown
about its function as an adipokine in cardiovascular disease

Pro-inflammatory adipokines

Leptin

Leptin is a non-glycosylated peptide hormone that is
synthesized in adipocytes and has a molecular weight of 16 kDa.
Leptin, a traditional proinflammatory adipokine, enhances the
secretion of TNF-a, IL-6, and IL-12 by monocytes and increases
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the production of CC chemokine ligands (61, 62). It also promotes
cell proliferation, reactive oxygen species (ROS) production, and the
migratory response of monocytes (62). Furthermore, leptin is
known to cause endothelial dysfunction by stimulating the
production of C-reactive protein (CRP), cell adhesion molecules,
and platelet tissue factor in endothelial cells (63). Increased levels of
leptin have also been linked to obesity-related conditions such as
myocardial infarction and stroke (64, 65). Leptin targets platelets,
promotes platelet aggregation, stimulates platelet-dependent
thrombosis and upregulates vascular adhesion molecules and
prothrombotic tissue factor (66). The results indicate that leptin
has the capacity to regulate cardiovascular disease. In a mouse
model of atherosclerosis, Leptin intervenes in disease progression
by affecting T-cell helper type 1 (Thl) response and promoting
regulatory T-cell (Treg) function interferes with disease progression
(67). In summary, Leptin’s main role is to influence vascular
inflammation and regulate blood pressure in the body.

Resistin

Resistin, an Adipokine with Potent Proinflammatory
Properties. PVAT-derived resistin plays a key role in diabetic
vasculature via a pathway that involves the activation of AP-1
(68). In addition, resistin enhances the expression of chemokines
MCP1, vascular cell adhesion molecule-1 (VCAM-1), and
intercellular adhesion molecule-1 (ICAM-1) and promotes the
release of inflammatory factors, such as interleukin and TNF-a,
through the activation of the NF-kB signaling pathway, ultimately
causing endothelial dysfunction (69-71). Current research on
Resistin in cardiovascular disease is primarily related to
hypertension. Increased levels of Resistin are present in both T2D
or hypoxic conditions or obesity-induced hypertension, suggesting
a positive correlation between Resistin and blood pressure (72, 73).

ANG Il

ANG II functions primarily in cardiovascular disease to regulate
blood pressure and vascular inflammation. ANG II, secreted by
white and brown fat, regulates vascular tone and controls blood
pressure. Mas receptor inhibition reduced the contractile and
vasodilatory effects of exogenous ANG II on PVAT-denuded
aorta. Ang II promotes inflammatory responses in PVAT and
significantly downregulates oxidative phosphorylation in various
regions of aortic PVAT, and the promotion of an adipocyte
browning phenotype in aortic PVAT counteracts Ang II-induced
inflammatory and oxidative effects (74). Ang II increases monocyte
chemotactic protein-1 expression in the vascular wall and PVAT
and Ang II-induced microvascular injury through modulation of
the innate and adaptive immune responses (75). Thus, intervention
in ANG 1II levels favors the regulation of blood pressure and
vascular inflammation.

TNF-o and interleukin

TNF-a exerts both a proinflammatory effect and promotes the
production of other adipokines, such as IL-6, leptin and resistin.
Obesity promotes the secretion of large amounts of TNF-a by
adipocytes and macrophages in the PVAT, and TNF-a promotes
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aortic intimal-medial thickening (76). TNF-o. induces migration
and proliferation of smooth muscle cells from the medial side of the
vessel wall to the intima through upregulation of intercellular cell
adhesion molecule-1 (ICAM-1), scavenger receptor class A and
MCP-1 expression, ultimately leading to endothelial dysfunction
(77, 78). TNF-o. increases cytosis of lipoproteins between
endothelial cells and macrophages, ultimately leading to retention
of LDL in the vessel wall (79). IL-1B promotes immune cell
recruitment and increases vascular permeability, Clinical use of
canakinumab offers promise for targeting IL-1b for atherosclerosis
treatment (80-82). IL-6 is another significant cytokine that plays a
role in regulating the inflammatory response to PVAT. IL-6 acts
directly on endothelial cells to increase superoxide production,
leading to endothelial cell dysfunction (83). IL-6 affects vascular
smooth muscle cell migration and induces vascular mitochondrial
dysfunction in atherosclerosis (84). IL-18 modulates inflammation
and plaque stability to promote atherosclerosis, but it is unclear
whether IL-18 independently predicts atherosclerosis (85, 86).

PVAT-derived chemokines promote the recruitment of
monocytes and T cells and further promote the production of
chemokines and inflammatory factors (87). The function of
cytokines produced by dysfunctional PVAT is multifaceted. The
release of cytokines such as TNF-q, IL-6, and 1I-1B, on the one
hand, results in inflammation of adipose tissue and dysfunction of
endothelial cells. However, IL-10 released by PVAT can enhance
endothelial function by suppressing oxidative stress and
augmenting the production of nitric oxide. Inflammatory and
anti-inflammatory factors co-exist in vascular inflammation to
maintain vascular homeostasis

miRNA

miRNAs, which are short, non-coding RNAs, can attach
themselves to mRNAs, preventing their translation and
subsequently impacting protein synthesis and various cellular
processes. It has been shown that miRNAs in PVAT-secreted
vesicles are associated with cardiovascular disease, for example,
PVAT secretes extracellular vesicles containing miR-221-3p, which
enhance the proliferation and migration of vascular smooth muscle
cells, leading to vascular remodeling and dysfunction (88). Camila.
et al. results suggest that miRNA-22 influences aortic reactivity in
physiological circumstances and its deletion attenuates the loss of
the NOS-mediated anticontractile effect of PVAT in obesity (89).
According to reports, it has been stated that Perivascular adipose-
derived exosomes decrease the formation of macrophage foam cells
by upregulatingcholesterol efflux transporters ABCA1 and ABCG1
through miR-382-5p-and BMP4-PPARY mediation (90). Although
the current study confirmed that various miRNAs promote
monocyte migration and pro-inflammatory. Although current
studies haveconfirmedthat various miRNAs can promote
monocyte migration and pro-inflammatory polarization and are
involved in atherosclerosis, their specific roles in health and
cardiovascular disease need to be further investigated (91).
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PVAT as a potential therapeutic target

PVAT is closely linked to cardiometabolic health and its white
and brown adipocyte-driven switch may be a key factor in
improved vascular health (92). Pan et al.found that the process
of aging results in a reduction in the differentiation of brown fat.
They compared young and aged perivascular adipose tissue-
derived stromal cells using single-cell sequencing and discovered
that aging results in a decline in PGCla. in these cells. This decline
in PGClo leads to reduced brown fat differentiation and
encourages the deposition of collagen around blood vessels (93).
The work of Adachid et al. suggests that inhibition of PVAT
browning promotes perivascular macrophage inflammation
exacerbating the vascular injury, therefore promoting PVAT
browning would be beneficial in alleviating vascular
inflammation and promoting vascular remodeling (94). In
addition to the protective effects of BAT, two of Cao’s team’s
works showed that BAT activation and WAT browning contribute
to the progression of atherosclerosis by promoting lipolysis. One
work showed that cold-induced BAT activation significantly
increased plasma levels of small and medium low-density
lipoprotein (LDL) residues by promoting lipolysis, which
ultimately accelerated the development of atherosclerotic lesions
in mice (95). Another work on Mirabegron, a clinical drug for the
treatment of overactive bladder in humans, induces brown fat
activation and white fat browning at the clinical dose. In contrast to
the previously described brown fat activation and white fat
browning followed by relief of atherosclerotic symptoms, oral
administration of a clinical dose of mirabegron significantly
accelerated atherosclerotic plaque growth and instability. The
mechanism is that mirabegron promotes atherosclerotic plaque
formation by increasing plasma levels of LDL cholesterol and very
low-density cholesterol remnants through UCP1-promoted
lipolysis (96). To summarize, the promotion of PVAT browning
can have dual effects on atherosclerosis, both inhibiting and
promoting it, depending on the circumstances. Therefore, how to
target PVAT function to benefit the treatment of atherosclerosis
requires further investigation.

Conclusion

Perivascular adipose tissue plays a very important and complex
role in the development of cardiovascular disease. It has been
indicated by some evidence that the browning of perivascular
adipose tissue could be advantageous for vascular well-being. For
example, Age is an independent risk factor for vascular disease, the
endothelial and brown adipogenic differentiation capacities of
resident stromal cells in the PVAT decreases with age. Pan et al.
found that resident stromal cells in the PVAT-induced vascular
remodeling were ameliorated by overexpression of PGClo, a key
regulator of brown fat formation, ultimately alleviating age-related
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vascular dysfunction (93). Yusuke et al. found significant being of
PVAT in lesions from patients with acute aortic coarctation.
Furthermore, in a mouse model of intravascular injury,
macrophages were found to accumulate in PVAT and promote
adipose tissue remodeling, and being of PVAT could influence
inflammation and vascular remodeling following vascular injury
(94). There is also some evidence to suggest that brown adipose
tissue-mediated lipolysis promotes atherosclerosis progression (95,
96). In conclusion, there is increasing evidence that the role of
PVAT in CVD is multifaceted and that it may promote or resist
CVD progression under different conditions. More research is
required to evaluate if targeting PVAT function could be an
innovative strategy for treating cardiovascular disease.

Author contributions

MC: Writing - original draft. DZ: Writing - original draft. XH:
Writing - original draft. SH: Writing - original draft. WZ: Writing
- original draft. ZZ: Writing - original draft. CG: Writing - original
draft. RR: Writing - original draft. TG: Writing — original draft,
Funding acquisition, Writing — review & editing.

References

1. Ahmed SR, Johansson BL, Karlsson MG, Souza DS, Dashwood MR, Loesch A.
Human saphenous vein and coronary bypass surgery: ultrastructural aspects of
conventional and "no-touch" vein graft preparations. Histol Histopathol (2004)
19:421-33. doi: 10.14670/hh-19.421

2. Rajsheker S, Manka D, Blomkalns AL, Chatterjee TK, Stoll LL, Weintraub NL.
Crosstalk between perivascular adipose tissue and blood vessels. Curr Opin Pharmacol
(2010) 10:191-6. doi: 10.1016/j.coph.2009.11.005

3. Hillock-Watling C, Gotlieb Al The pathobiology of perivascular adipose tissue
(PVAT), the fourth layer of the blood vessel wall. Cardiovasc Pathol (2022) 61:107459.
doi: 10.1016/j.carpath.2022.107459

4. Szasz T, Webb RC. Perivascular adipose tissue: more than just structural support.
Clin Sci (Lond) (2012) 122:1-12. doi: 10.1042/CS20110151

5. Ahmed A, Bibi A, Valoti M, Fusi F. Perivascular adipose tissue and vascular
smooth muscle tone: friends or foes? Cells (2023) 12. doi: 10.3390/cells12081196

6. Kotanidis CP, Antoniades C. Perivascular fat imaging by computed tomography
(CT): a virtual guide. Br J Pharmacol (2021) 178:4270-90. doi: 10.1111/bph.15634

7. Ramirez JG, O'Malley E]J, Ho WSV. Pro-contractile effects of perivascular fat in
health and disease. Br ] Pharmacol (2017) 174:3482-95. doi: 10.1111/bph.13767

8. Dai W, Liu Z, Yang S, Kong J. Inflamed adipose tissue: therapeutic targets for
obesity-related endothelial injury. Endocrinology (2023) 164. doi: 10.1210/endocr/
bqad094

9. Brown NK, Zhou Z, Zhang ], Zeng R, Wu ], 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) 34:1621-30. doi: 10.1161/ATVBAHA.114.303029

10. Galvez-Prieto B, Bolbrinker J, Stucchi P, de Las Heras Al, Merino B, Arribas S,
et al. Comparative expression analysis of the renin-angiotensin system components
between white and brown perivascular adipose tissue. ] Endocrinol (2008) 197:55-64.
doi: 10.1677/JOE-07-0284

11. Sacks HS, Fain JN, Holman B, Cheema P, Chary A, Parks F, et al. Uncoupling
protein-1 and related messenger ribonucleic acids in human epicardial and other
adipose tissues: epicardial fat functioning as brown fat. J Clin Endocrinol Metab (2009)
94:3611-5. doi: 10.1210/j¢.2009-0571

12. Chang L, Villacorta L, Li R, Hamblin M, Xu W, Dou C, et al. Loss of perivascular
adipose tissue on peroxisome proliferator-activated receptor-y deletion in smooth
muscle cells impairs intravascular thermoregulation and enhances atherosclerosis.
Circulation (2012) 126:1067-78. doi: 10.1161/CIRCULATIONAHA.112.104489

13. Chatterjee TK, Stoll LL, Denning GM, Harrelson A, Blomkalns AL, Idelman G,
et al. Proinflammatory phenotype of perivascular adipocytes: influence of high-fat
feeding. Circ Res (2009) 104:541-9. doi: 10.1161/CIRCRESAHA.108.182998

Frontiers in Immunology

10.3389/fimmu.2023.1271051

Funding

This work was partially supported by Shandong Provincial
Natural Science Foundation, China (Number ZR2021QB122) and
grants from Strengthening Foundation Plan for Young Teachers of
School of Pharmacy (Number 2021-0004).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

14. Sanchez-Gurmaches J, Hung CM, Guertin DA. Emerging complexities in
adipocyte origins and identity. Trends Cell Biol (2016) 26:313-26. doi: 10.1016/
j.tcb.2016.01.004

15. Kajimura S, Spiegelman BM, Seale P. Brown and beige fat: physiological roles
beyond heat generation. Cell Metab (2015) 22:546-59. doi: 10.1016/j.cmet.2015.09.007

16. Queiroz M, Sena CM. Perivascular adipose tissue in age-related vascular disease.
Ageing Res Rev (2020) 59:101040. doi: 10.1016/j.arr.2020.101040

17. Wang Z, Wang D, Wang Y. Cigarette smoking and adipose tissue: the emerging
role in progression of atherosclerosis. Mediators Inflammation (2017) 2017:3102737.
doi: 10.1155/2017/3102737

18. Watts SW, Flood ED, Garver H, Fink GD, Roccabianca S. A new function for
perivascular adipose tissue (PVAT): assistance of arterial stress relaxation. Sci Rep
(2020) 10:1807. doi: 10.1038/s41598-020-58368-x

19. Scherer PE, Williams S, Fogliano M, Baldini G, Lodish HF. A novel serum
protein similar to Clq, produced exclusively in adipocytes. J Biol Chem (1995)
270:26746-9. doi: 10.1074/jbc.270.45.26746

20. Yamauchi T, Kamon J, Ito Y, Tsuchida A, Yokomizo T, Kita S, et al. Cloning of
adiponectin receptors that mediate antidiabetic metabolic effects. Nature (2003)
423:762-9. doi: 10.1038/nature01705

21. Hug C, Wang J, Ahmad NS, Bogan JS, Tsao TS, Lodish HF. T-cadherin is a
receptor for hexameric and high-molecular-weight forms of Acrp30/adiponectin. Proc
Natl Acad Sci U.S.A. (2004) 101:10308-13. doi: 10.1073/pnas.0403382101

22. Li S, Shin HJ, Ding EL, van Dam RM. Adiponectin levels and risk of type 2
diabetes: a systematic review and meta-analysis. Jama (2009) 302:179-88. doi: 10.1001/
jama.2009.976

23. Kadowaki T, Yamauchi T, Kubota N, Hara K, Ueki K, Tobe K. Adiponectin and
adiponectin receptors in insulin resistance, diabetes, and the metabolic syndrome. |
Clin Invest (2006) 116:1784-92. doi: 10.1172/jci29126

24. Sharma A, Mah M, Ritchie RH, De Blasio MJ. The adiponectin signalling
pathway - A therapeutic target for the cardiac complications of type 2 diabetes?
Pharmacol Ther (2022) 232:108008. doi: 10.1016/j.pharmthera.2021.108008

25. Liu L, Shi Z, Ji X, Zhang W, Luan J, Zahr T, et al. Adipokines, adiposity, and
atherosclerosis. Cell Mol Life Sci (2022) 79:272. doi: 10.1007/s00018-022-04286-2

26. Zhao S, Kusminski CM, Scherer PE. Adiponectin, leptin and cardiovascular
disorders. Circ Res (2021) 128:136-49. doi: 10.1161/CIRCRESAHA.120.314458

27. Achari AE, Jain SK. Adiponectin, a therapeutic target for obesity, diabetes, and
endothelial dysfunction. Int J Mol Sci (2017) 18. doi: 10.3390/ijms18061321

28. Freitas IN, da Silva JAJr., de Oliveira KM, Lourengoni Alves B, Dos Reis Aratijo
T, Camporez JP, et al. Insights by which TUDCA is a potential therapy against

frontiersin.org


https://doi.org/10.14670/hh-19.421
https://doi.org/10.1016/j.coph.2009.11.005
https://doi.org/10.1016/j.carpath.2022.107459
https://doi.org/10.1042/CS20110151
https://doi.org/10.3390/cells12081196
https://doi.org/10.1111/bph.15634
https://doi.org/10.1111/bph.13767
https://doi.org/10.1210/endocr/bqad094
https://doi.org/10.1210/endocr/bqad094
https://doi.org/10.1161/ATVBAHA.114.303029
https://doi.org/10.1677/JOE-07-0284
https://doi.org/10.1210/jc.2009-0571
https://doi.org/10.1161/CIRCULATIONAHA.112.104489
https://doi.org/10.1161/CIRCRESAHA.108.182998
https://doi.org/10.1016/j.tcb.2016.01.004
https://doi.org/10.1016/j.tcb.2016.01.004
https://doi.org/10.1016/j.cmet.2015.09.007
https://doi.org/10.1016/j.arr.2020.101040
https://doi.org/10.1155/2017/3102737
https://doi.org/10.1038/s41598-020-58368-x
https://doi.org/10.1074/jbc.270.45.26746
https://doi.org/10.1038/nature01705
https://doi.org/10.1073/pnas.0403382101
https://doi.org/10.1001/jama.2009.976
https://doi.org/10.1001/jama.2009.976
https://doi.org/10.1172/jci29126
https://doi.org/10.1016/j.pharmthera.2021.108008
https://doi.org/10.1007/s00018-022-04286-2
https://doi.org/10.1161/CIRCRESAHA.120.314458
https://doi.org/10.3390/ijms18061321
https://doi.org/10.3389/fimmu.2023.1271051
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Cai et al.

adiposity. Front Endocrinol (Lausanne) (2023) 14:1090039. doi: 10.3389/fendo.
2023.1090039

29. Kalisz M, Chmielowska M, Martynska L, Domanska A, Bik W, Litwiniuk A. All-
trans-retinoic acid ameliorates atherosclerosis, promotes perivascular adipose tissue
browning, and increases adiponectin production in Apo-E mice. Sci Rep (2021)
11:4451. doi: 10.1038/s41598-021-83939-x

30. Iwashima Y, Katsuya T, Ishikawa K, Ouchi N, Ohishi M, Sugimoto K, et al.
Hypoadiponectinemia is an independent risk factor for hypertension. Hypertension
(2004) 43:1318-23. doi: 10.1161/01.HYP.0000129281.03801.4b

31. Lam KS, Xu A. Adiponectin: protection of the endothelium. Curr Diabetes Rep
(2005) 5:254-9. doi: 10.1007/s11892-005-0019-y

32. Virdis A, Duranti E, Rossi C, Dell'Agnello U, Santini E, Anselmino M, et al.
Tumour necrosis factor-alpha participates on the endothelin-1/nitric oxide imbalance
in small arteries from obese patients: role of perivascular adipose tissue. Eur Heart |
(2015) 36:784-94. doi: 10.1093/eurheartj/ehu072

33. Gonzaga NA, Awata WMC, Ficher SP, Assis VO, Alves JV, Tostes RC, et al.
Melatonin reverses the loss of the anticontractile effect of perivascular adipose tissue in
obese rats. J Pineal Res (2021) 70:¢12710. doi: 10.1111/jpi.12710

34. Daiber A, Xia N, Steven S, Oelze M, Hanf A, Kroller-Schon S, et al. New
therapeutic implications of endothelial nitric oxide synthase (eNOS) function/
dysfunction in cardiovascular disease. Int J Mol Sci (2019) 20. doi: 10.3390/
ijms20010187

35. Nappi F, Fiore A, Masiglat J, Cavuoti T, ROmandini M, Nappi P, et al.
Endothelium-derived relaxing factors and endothelial function: A systematic review.
Biomedicines (2022) 10. doi: 10.3390/biomedicines10112884

36. Michel T, Feron O. Nitric oxide synthases: which, where, how, and why? J Clin
Invest (1997) 100:2146-52. doi: 10.1172/jci119750

37. Talukder MA, Fujiki T, Morikawa K, Motoishi M, Kubota H, Morishita T, et al.
Up-regulated neuronal nitric oxide synthase compensates coronary flow response to
bradykinin in endothelial nitric oxide synthase-deficient mice. J Cardiovasc Pharmacol
(2004) 44:437-45. doi: 10.1097/01.£jc.0000139450.64337.cd

38. Forstermann U, Closs EI, Pollock JS, Nakane M, Schwarz P, Gath I, et al. Nitric
oxide synthase isozymes. Characterization, purification, molecular cloning, and
functions. . Hypertension (1994) 23:1121-31. doi: 10.1161/01.hyp.23.6.1121

39. Xia N, Horke S, Habermeier A, Closs EI, Reifenberg G, Gericke A, et al.
Uncoupling of endothelial nitric oxide synthase in perivascular adipose tissue of
diet-induced obese mice. Arterioscler Thromb Vasc Biol (2016) 36:78-85.
doi: 10.1161/atvbaha.115.306263

40. Weston AH, Egner I, Dong Y, Porter EL, Heagerty AM, Edwards G. Stimulated
release of a hyperpolarizing factor (ADHF) from mesenteric artery perivascular adipose
tissue: involvement of myocyte BKCa channels and adiponectin. Br ] Pharmacol (2013)
169:1500-9. doi: 10.1111/bph.12157

41. Wang WF, Li SM, Ren GP, Zheng W, Lu YJ, Yu YH, et al. Recombinant murine
fibroblast growth factor 21 ameliorates obesity-related inflammation in monosodium
glutamate-induced obesity rats. Endocrine (2015) 49:119-29. doi: 10.1007/s12020-014-
0433-5

42. Wang N, Zhao TT, Li SM, Sun X, Li ZC, Li YH, et al. Fibroblast growth factor 21
exerts its anti-inflammatory effects on multiple cell types of adipose tissue in obesity.
Obes (Silver Spring) (2019) 27:399-408. doi: 10.1002/0by.22376

43. Zhang ], Cheng Y, Gu J, Wang S, Zhou S, Wang Y, et al. Fenofibrate increases
cardiac autophagy via FGF21/SIRT1 and prevents fibrosis and inflammation in the
hearts of Type 1 diabetic mice. Clin Sci (Lond) (2016) 130:625-41. doi: 10.1042/
CS20150623

44. WangN, LiJY, Li S, Guo XC, Wu T, Wang WF, et al. Fibroblast growth factor 21
regulates foam cells formation and inflammatory response in Ox-LDL-induced THP-1
macrophages. BioMed Pharmacother (2018) 108:1825-34. doi: 10.1016/
j.biopha.2018.09.143

45. Mestres-Arenas A, Villarroya J, Giralt M, Villarroya F, Peyrou M. A differential
pattern of batokine expression in perivascular adipose tissue depots from mice. Front
Physiol (2021) 12:714530. doi: 10.3389/fphys.2021.714530

46. Haberka M, Machnik G, Kowalowka A, Biedron M, Skudrzyk E, Regulska-Ilow
B, et al. Epicardial, paracardial, and perivascular fat quantity, gene expressions, and
serum cytokines in patients with coronary artery disease and diabetes. Pol Arch Intern
Med (2019) 129:738-46. doi: 10.20452/pamw.14961

47. Kotuldk T, Drépalova J, Kopecky P, Lacinova Z, Kramai P, Riha H, et al.
Increased circulating and epicardial adipose tissue mRNA expression of fibroblast
growth factor-21 after cardiac surgery: possible role in postoperative inflammatory
response and insulin resistance. Physiol Res (2011) 60:757-67. doi: 10.33549/
physiolres.932134

48. Tabari FS, Karimian A, Parsian H, Rameshknia V, Mahmoodpour A, Majidinia
M, et al. The roles of FGF21 in atherosclerosis pathogenesis. Rev Endocr Metab Disord
(2019) 20:103-14. doi: 10.1007/s11154-019-09488-x

49. Jin L, Lin Z, Xu A. Fibroblast Growth Factor 21 Protects against Atherosclerosis
via Fine-Tuning the Multiorgan Crosstalk. Diabetes Metab J (2016) 40:22-31. doi:
10.4093/dmj.2016.40.1.22

50. Zeng Z, Zheng Q, Chen ], Tan X, Li Q, Ding L, et al. FGF21 mitigates
atherosclerosis via inhibition of NLRP3 inflammasome-mediated vascular endothelial
cells pyroptosis. Exp Cell Res (2020) 393:112108. doi: 10.1016/j.yexcr.2020.112108

Frontiers in Immunology

10.3389/fimmu.2023.1271051

51. WuL, Qian L, Zhang L, Zhang J, Zhou ], Li Y, et al. Fibroblast growth factor 21 is
related to atherosclerosis independent of nonalcoholic fatty liver disease and predicts
atherosclerotic cardiovascular events. ] Am Heart Assoc (2020) 9:¢015226. doi: 10.1161/
JAHA.119.015226

52. Yang RZ, Lee MJ, Hu H, Pray J, Wu HB, Hansen BC, et al. Identification of
omentin as a novel depot-specific adipokine in human adipose tissue: possible role in
modulating insulin action. Am J Physiol Endocrinol Metab (2006) 290:E1253-61. doi:
10.1152/ajpendo.00572.2004

53. Fain JN, Sacks HS, Buehrer B, Bahouth SW, Garrett E, Wolf RY, et al.
Identification of omentin mRNA in human epicardial adipose tissue: comparison to
omentin in subcutaneous, internal mammary artery periadventitial and visceral
abdominal depots. Int ] Obes (Lond) (2008) 32:810-5. doi: 10.1038/s).ij0.0803790

54. Wan S, Cui Z, Wu L, Zhang F, Liu T, Hu J, et al. Ginsenoside Rd promotes
omentin secretion in adipose through TBK1-AMPK to improve mitochondrial
biogenesis via WNT5A/Ca(2+) pathways in heart failure. Redox Biol (2023)
60:102610. doi: 10.1016/j.redox.2023.102610

55. Leandro A, Queiroz M, Azul L, Sei¢a R, Sena CM. Omentin: A novel therapeutic
approach for the treatment of endothelial dysfunction in type 2 diabetes. Free Radic
Biol Med (2021) 162:233-42. doi: 10.1016/j.freeradbiomed.2020.10.021

56. Chen Y, Liu F, Han F, Lv L, Tang CE, Xie Z, et al. Omentin-1 is associated with
atrial fibrillation in patients with cardiac valve disease. BMC Cardiovasc Disord (2020)
20:214. doi: 10.1186/s12872-020-01478-1

57. DuY,Ji Q, Cai L, Huang F, Lai Y, Liu Y, et al. Association between omentin-1
expression in human epicardial adipose tissue and coronary atherosclerosis. Cardiovasc
Diabetol (2016) 15:90. doi: 10.1186/s12933-016-0406-5

58. Harada K, Shibata R, Ouchi N, Tokuda Y, Funakubo H, Suzuki M, et al.
Increased expression of the adipocytokine omentin in the epicardial adipose tissue of
coronary artery disease patients. Atherosclerosis (2016) 251:299-304. doi: 10.1016/
j.atherosclerosis.2016.07.003

59. Kazama K, Okada M, Hara Y, Yamawaki H. A novel adipocytokine, omentin,
inhibits agonists-induced increases of blood pressure in rats. J Vet Med Sci (2013)
75:1029-34. doi: 10.1292/jvms.12-0537

60. Saely CH, Leiherer A, Muendlein A, Vonbank A, Rein P, Geiger K, et al. High
plasma omentin predicts cardiovascular events independently from the presence and
extent of angiographically determined atherosclerosis. Atherosclerosis (2016) 244:38—
43. doi: 10.1016/j.atherosclerosis.2015.10.100

61. Santos-Alvarez ], Goberna R, Sanchez-Margalet V. Human leptin stimulates
proliferation and activation of human circulating monocytes. Cell Immunol (1999)
194:6-11. doi: 10.1006/cimm.1999.1490

62. Guzik TJ, Skiba DS, Touyz RM, Harrison DG. The role of infiltrating immune
cells in dysfunctional adipose tissue. Cardiovasc Res (2017) 113:1009-23. doi: 10.1093/
cvr/cvx108

63. Liu B, Qiao J, Hu J, Fan M, Zhao Y, Su H, et al. Leptin promotes endothelial
dysfunction in chronic kidney disease by modulating the MTA1-mediated WNT/B-
catenin pathway. Mol Cell Biochem (2020) 473:155-66. doi: 10.1007/s11010-020-
03816-5

64. Saber H, HiMali JJ, Shoamanesh A, Beiser A, Pikula A, Harris TB, et al. Serum
leptin levels and the risk of stroke: the framingham study. Stroke (2015) 46:2881-5. doi:
10.1161/STROKEAHA.115.009463

65. Menon B, Krishnan R. Role of leptin in acute ischemic stroke. ] Neurosci Rural
Pract (2018) 9:376-80. doi: 10.4103/jnrp.jnrp_5_18

66. Santilli F, Vazzana N, Liani R, Guagnano MT, Davi G. Platelet activation in
obesity and metabolic syndrome. Obes Rev (2012) 13:27-42. doi: 10.1111/j.1467-
789X.2011.00930.x

67. Taleb S, Herbin O, Ait-Oufella H, Verreth W, Gourdy P, Barateau V, et al.
Defective leptin/leptin receptor signaling improves regulatory T cell immune response
and protects mice from atherosclerosis. Arterioscler Thromb Vasc Biol (2007) 27:2691-
8. doi: 10.1161/ATVBAHA.107.149567

68. 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) 232:87-97. doi:
10.1002/path.4286

69. Bokarewa M, Nagaev I, Dahlberg L, Smith U, Tarkowski A. Resistin, an
adipokine with potent proinflammatory properties. J Immunol (2005) 174:5789-95.
doi: 10.4049/jimmunol.174.9.5789

70. Chen C, Jiang J, Lit JM, Chai H, Wang X, Lin PH, et al. Resistin decreases
expression of endothelial nitric oxide synthase through oxidative stress in human
coronary artery endothelial cells. Am J Physiol Heart Circ Physiol (2010) 299:H193-201.
doi: 10.1152/ajpheart.00431.2009

71. LuoJ, Huang L, Wang A, Liu Y, Cai R, Li W, et al. Resistin-induced endoplasmic
reticulum stress contributes to the impairment of insulin signaling in endothelium.
Front Pharmacol (2018) 9:1226. doi: 10.3389/fphar.2018.01226

72. Takata Y, Osawa H, Kurata M, Kurokawa M, Yamauchi J, Ochi M, et al.
Hyperresistinemia is associated with coexistence of hypertension and type 2 diabetes.
Hypertension (2008) 51:534-9. doi: 10.1161/HYPERTENSIONAHA.107.103077

73. Talukdar S, Oh DY, Bandyopadhyay G, Li D, Xu J, McNelis J, et al. Neutrophils
mediate insulin resistance in mice fed a high-fat diet through secreted elastase. Nat Med
(2012) 18:1407-12. doi: 10.1038/nm.2885

frontiersin.org


https://doi.org/10.3389/fendo.2023.1090039
https://doi.org/10.3389/fendo.2023.1090039
https://doi.org/10.1038/s41598-021-83939-x
https://doi.org/10.1161/01.HYP.0000129281.03801.4b
https://doi.org/10.1007/s11892-005-0019-y
https://doi.org/10.1093/eurheartj/ehu072
https://doi.org/10.1111/jpi.12710
https://doi.org/10.3390/ijms20010187
https://doi.org/10.3390/ijms20010187
https://doi.org/10.3390/biomedicines10112884
https://doi.org/10.1172/jci119750
https://doi.org/10.1097/01.fjc.0000139450.64337.cd
https://doi.org/10.1161/01.hyp.23.6.1121
https://doi.org/10.1161/atvbaha.115.306263
https://doi.org/10.1111/bph.12157
https://doi.org/10.1007/s12020-014-0433-5
https://doi.org/10.1007/s12020-014-0433-5
https://doi.org/10.1002/oby.22376
https://doi.org/10.1042/CS20150623
https://doi.org/10.1042/CS20150623
https://doi.org/10.1016/j.biopha.2018.09.143
https://doi.org/10.1016/j.biopha.2018.09.143
https://doi.org/10.3389/fphys.2021.714530
https://doi.org/10.20452/pamw.14961
https://doi.org/10.33549/physiolres.932134
https://doi.org/10.33549/physiolres.932134
https://doi.org/10.1007/s11154-019-09488-x
https://doi.org/10.4093/dmj.2016.40.1.22
https://doi.org/10.1016/j.yexcr.2020.112108
https://doi.org/10.1161/JAHA.119.015226
https://doi.org/10.1161/JAHA.119.015226
https://doi.org/10.1152/ajpendo.00572.2004
https://doi.org/10.1038/sj.ijo.0803790
https://doi.org/10.1016/j.redox.2023.102610
https://doi.org/10.1016/j.freeradbiomed.2020.10.021
https://doi.org/10.1186/s12872-020-01478-1
https://doi.org/10.1186/s12933-016-0406-5
https://doi.org/10.1016/j.atherosclerosis.2016.07.003
https://doi.org/10.1016/j.atherosclerosis.2016.07.003
https://doi.org/10.1292/jvms.12-0537
https://doi.org/10.1016/j.atherosclerosis.2015.10.100
https://doi.org/10.1006/cimm.1999.1490
https://doi.org/10.1093/cvr/cvx108
https://doi.org/10.1093/cvr/cvx108
https://doi.org/10.1007/s11010-020-03816-5
https://doi.org/10.1007/s11010-020-03816-5
https://doi.org/10.1161/STROKEAHA.115.009463
https://doi.org/10.4103/jnrp.jnrp_5_18
https://doi.org/10.1111/j.1467-789X.2011.00930.x
https://doi.org/10.1111/j.1467-789X.2011.00930.x
https://doi.org/10.1161/ATVBAHA.107.149567
https://doi.org/10.1002/path.4286
https://doi.org/10.4049/jimmunol.174.9.5789
https://doi.org/10.1152/ajpheart.00431.2009
https://doi.org/10.3389/fphar.2018.01226
https://doi.org/10.1161/HYPERTENSIONAHA.107.103077
https://doi.org/10.1038/nm.2885
https://doi.org/10.3389/fimmu.2023.1271051
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Cai et al.

74. Wang Z, Lu H, Garcia-Barrio M, Guo Y, Zhang J, Chen YE, et al. RNA
sequencing reveals perivascular adipose tissue plasticity in response to angiotensin II.
Pharmacol Res (2022) 178:106183. doi: 10.1016/j.phrs.2022.106183

75. Mian MO, Barhoumi T, Briet M, Paradis P, Schiffrin EL. Deficiency of T-regulatory
cells exaggerates angiotensin II-induced microvascular injury by enhancing immune
responses. ] Hypertens (2016) 34:97-108. doi: 10.1097/HJH.0000000000000761

76. Moe KT, Naylynn TM, Yin NO, Khairunnisa K, Allen JC, Wong MC, et al.
Tumor necrosis factor-o. induces aortic intima-media thickening via perivascular
adipose tissue inflammation. J Vasc Res (2013) 50:228-37. doi: 10.1159/000350542

77. Taurone S, Santarelli MT, De Santis E, Di Gioia C, Pompili E, Pellegrino F, et al.
Porcine coronary arteries: immunohistochemical profile of TNF-alpha, IL-1beta, TGF-
betal and ICAM-1. Folia Morphol (Warsz) (2023) 82:119-26. doi: 10.5603/FM.a2021.0137

78. Zhang L, Peppel K, Sivashanmugam P, Orman ES, Brian L, Exum ST, et al.
Expression of tumor necrosis factor receptor-1 in arterial wall cells promotes
atherosclerosis. Arterioscler Thromb Vasc Biol (2007) 27:1087-94. doi: 10.1161/
01.ATV.0000261548.49790.63

79. Zhang Y, Yang X, Bian F, Wu P, Xing S, Xu G, et al. TNF-o. promotes early
atherosclerosis by increasing transcytosis of LDL across endothelial cells: crosstalk between
NF-kB and PPAR-Y. ] Mol Cell Cardiol (2014) 72:85-94. doi: 10.1016/j.yjmcc.2014.02.012

80. Viana-Huete V, Fuster JJ. Potential therapeutic value of interleukin 1b-targeted
strategies in atherosclerotic cardiovascular disease. Rev Esp Cardiol (Engl Ed) (2019)
72:760-6. doi: 10.1016/j.recesp.2019.02.021

81. Qiao L, MaJ, Zhang Z, Sui W, Zhai C, Xu D, et al. Deficient chaperone-mediated
autophagy promotes inflammation and atherosclerosis. Circ Res (2021) 129:1141-57.
doi: 10.1161/circresaha.121.318908

82. Paramel Varghese G, Folkersen L, Strawbridge RJ, Halvorsen B, Yndestad A,
Ranheim T, et al. NLRP3 inflammasome expression and activation in human
atherosclerosis. ] Am Heart Assoc (2016) 5. doi: 10.1161/jaha.115.003031

83. Nosalski R, Guzik TJ. Perivascular adipose tissue inflammation in vascular
disease. Br ] Pharmacol (2017) 174:3496-513. doi: 10.1111/bph.13705

84. Tyrrell D], Goldstein DR. Ageing and atherosclerosis: vascular intrinsic and
extrinsic factors and potential role of IL-6. Nat Rev Cardiol (2021) 18:58-68.
doi: 10.1038/s41569-020-0431-7

85. Mallat Z, Corbaz A, Scoazec A, Besnard S, Leséche G, Chvatchko Y, et al.
Expression of interleukin-18 in human atherosclerotic plaques and relation to plaque
instability. Circulation (2001) 104:1598-603. doi: 10.1161/hc3901.096721

Frontiers in Immunology

08

10.3389/fimmu.2023.1271051

86. Formanowicz D, Rybarczyk A, Radom M, Tanas K, Formanowicz P. A stochastic
petri net-based model of the involvement of interleukin 18 in atherosclerosis. Int ] Mol
Sci 21 (2020) 21(22):8574. doi: 10.3390/ijms21228574

87. Manka D, Chatterjee TK, Stoll LL, Basford JE, Konaniah ES, Srinivasan R, et al.
Transplanted perivascular adipose tissue accelerates injury-induced neointimal
hyperplasia: role of monocyte chemoattractant protein-1. Arterioscler Thromb Vasc
Biol (2014) 34:1723-30. doi: 10.1161/atvbaha.114.303983

88. Li X, Ballantyne LL, Yu Y, Funk CD. Perivascular adipose tissue-derived
extracellular vesicle miR-221-3p mediates vascular remodeling. FASEB ] (2019)
33:12704-22. doi: 10.1096/£.201901548R

89. Balbino-Silva CS, Couto GK, Lino CA, de Oliveira-Silva T, Lunardon G, Huang
ZP, et al. miRNA-22 is involved in the aortic reactivity in physiological conditions and
mediates obesity-induced perivascular adipose tissue dysfunction. Life Sci (2023)
316:121416. doi: 10.1016/j.1fs.2023.121416

90. Liu Y, Sun Y, 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-
PPARY-ABCA1/ABCGI pathways. Vascul Pharmacol (2022) 143:106968. doi: 10.1016/
j.vph.2022.106968

91. Ansaldo AM, Montecucco F, Sahebkar A, Dallegri F, Carbone F. Epicardial
adipose tissue and cardiovascular diseases. Int J Cardiol (2019) 278:254-60. doi:
10.1016/j.ijcard.2018.09.089

92. Aldiss P, Davies G, Woods R, Budge H, Sacks HS, Symonds ME. 'Browning' the
cardiac and peri-vascular adipose tissues to modulate cardiovascular risk. Int J Cardiol
(2017) 228:265-74. doi: 10.1016/j.ijcard.2016.11.074

93. Pan XX, Ruan CC, Liu XY, Kong LR, Ma Y, Wu QH, et al. Perivascular adipose
tissue-derived stromal cells contribute to vascular remodeling during aging. Aging Cell
(2019) 18:€12969. doi: 10.1111/acel.12969

94. Adachi Y, Ueda K, Nomura S, Ito K, Katoh M, Katagiri M, et al. Beiging of
perivascular adipose tissue regulates its inflammation and vascular remodeling. Nat
Commun (2022) 13:5117. doi: 10.1038/s41467-022-32658-6

95. Dong M, Yang X, Lim S, Cao Z, Honek J, Lu H, et al. Cold exposure promotes
atherosclerotic plaque growth and instability via UCP1-dependent lipolysis. Cell Metab
(2013) 18:118-29. doi: 10.1016/j.cmet.2013.06.003

96. Sui W, Li H, Yang Y, Jing X, Xue F, Cheng J, et al. Bladder drug mirabegron
exacerbates atherosclerosis through activation of brown fat-mediated lipolysis. Proc
Natl Acad Sci U.S.A. (2019) 116:10937-42. doi: 10.1073/pnas.1901655116

frontiersin.org


https://doi.org/10.1016/j.phrs.2022.106183
https://doi.org/10.1097/HJH.0000000000000761
https://doi.org/10.1159/000350542
https://doi.org/10.5603/FM.a2021.0137
https://doi.org/10.1161/01.ATV.0000261548.49790.63
https://doi.org/10.1161/01.ATV.0000261548.49790.63
https://doi.org/10.1016/j.yjmcc.2014.02.012
https://doi.org/10.1016/j.recesp.2019.02.021
https://doi.org/10.1161/circresaha.121.318908
https://doi.org/10.1161/jaha.115.003031
https://doi.org/10.1111/bph.13705
https://doi.org/10.1038/s41569-020-0431-7
https://doi.org/10.1161/hc3901.096721
https://doi.org/10.3390/ijms21228574
https://doi.org/10.1161/atvbaha.114.303983
https://doi.org/10.1096/fj.201901548R
https://doi.org/10.1016/j.lfs.2023.121416
https://doi.org/10.1016/j.vph.2022.106968
https://doi.org/10.1016/j.vph.2022.106968
https://doi.org/10.1016/j.ijcard.2018.09.089
https://doi.org/10.1016/j.ijcard.2016.11.074
https://doi.org/10.1111/acel.12969
https://doi.org/10.1038/s41467-022-32658-6
https://doi.org/10.1016/j.cmet.2013.06.003
https://doi.org/10.1073/pnas.1901655116
https://doi.org/10.3389/fimmu.2023.1271051
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	The role of perivascular adipose tissue-secreted adipocytokines in cardiovascular disease
	Introduction
	Perivascular adipose tissue
	PVAT is a metabolically active endocrine organ
	Anti-inflammatory adipokines
	Adiponectin
	Nitric oxide
	FGF21
	Omentin

	Pro-inflammatory adipokines
	Leptin
	Resistin
	ANG II
	TNF-α and interleukin
	miRNA


	PVAT as a potential therapeutic target
	Conclusion
	Author contributions
	Funding
	References


