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A B S T R A C T   

Perivascular adipose tissue (PVAT) refers to the aggregate of adipose tissue surrounding the vasculature, 
exhibiting the phenotypes of white, beige and brown adipocytes. PVAT has emerged as an active modulator of 
vascular homeostasis and pathogenesis of cardiovascular diseases in addition to its structural role to provide 
mechanical support to blood vessels. More specifically, PVAT is closely involved in the regulation of reactive 
oxygen species (ROS) homeostasis and inflammation along the vascular tree, through the tight interaction be
tween PVAT and cellular components of the vascular wall. Furthermore, the phenotype-genotype of PVAT at 
different regions of vasculature varies corresponding to different cardiovascular risks. During ageing and obesity, 
the cellular proportions and signaling pathways of PVAT vary in favor of cardiovascular pathogenesis by pro
moting ROS generation and inflammation. Physiological means and drugs that alter PVAT mass, components and 
signaling may provide new therapeutic insights in the treatment of cardiovascular diseases. In this review, we 
aim to provide an updated understanding towards PVAT in the context of redox regulation, and to highlight the 
therapeutic potential of targeting PVAT against cardiovascular complications.   

1. Introduction 

In vascular system, most blood vessels are surrounded to varied de
grees by a functionally specialized aggregate of adipose tissue, termed as 
perivascular adipose tissue (PVAT) [1]. Distinct from general adipose 
depots, PVAT stays in close proximity to tunica adventitia of small-, 
medium-, and large-diameter arteries, serving as a pivotal endo
crine/paracrine organ for the regulation of cardiometabolic homeostasis 
[2]. In addition to its structural role on vascular support, PVAT is tightly 
involved in the modulation of vascular homeostasis, and vascular 
dysfunction in associated with cardiometabolic diseases [3]. Upon the 
stress of cardiovascular risk factors (e.g. obesity and smoking), PVAT 
can act as a negative modulator to favor the progression of type 2 dia
betes mellitus and cardiovascular diseases, like atherosclerosis, hyper
tension and coronary artery disease [4]. 

PVAT shows phenotypic, genotypic and functional heterogeneity, 
depending on the sites of vasculature where PVAT exists [5]. Majority of 
PVATs, particularly those around thoracic aorta, display certain defining 

hallmarks of brown adipose tissue (BAT), including expression of ther
mogenic genes (e.g. Ucp-1), presence of numerous lipid droplets, and 
high mitochondrial content [6]. Besides, certain PVAT, predominantly 
mesenteric PVAT, is more-white adipose tissue (WAT)-like, due to lower 
expression of thermogenic genes like UCP-1, presence of larger lipid 
droplets, and low mitochondrial number [7]. Meanwhile, certain PVAT, 
like coronary PVAT, is more beige adipose tissue (BeAT)-like because 
some brown adipocyte-associated genes, such as UCP-1 and carnitine 
palmitoyltransferase 1B, are differentially expressed when compared to 
those of BAT [8]. Since PVAT is developmentally distinct from pre
defined adipose tissues, PVAT can be considered as the fourth type of 
adipose tissue [9]. 

PVAT can contribute to the accumulation of reactive oxygen species 
(ROS) and inflammation in the vasculature. Depending on health con
ditions, PVAT may elicit a net beneficial or harmful effect on the 
vasculature [10]. Under physiological conditions, PVAT can elicit anti
contractile effects on arteries by serving as a source of vasodilatory 
factors, like nitric oxide (NO), leptin and angiotensin-1 to 7, to mitigate 
vascular injury [11]. Under disease states, PVAT can generate ROS, such 
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as superoxide anion and hydrogen peroxide, to injure vascular cells. 
Major sources of ROS in PVAT originate from NADPH oxidase, mito
chondria and endothelial nitric oxide synthase (eNOS) uncoupling [12]. 
During the pathogenesis of cardiovascular diseases, dysfunctional PVAT 
might also secrete pro-inflammatory factors, like leptin [13], tumor 
necrosis factor α (TNFα), and monocyte chemoattractant protein-1 
(MCP-1) to promote vascular inflammation [14]. Through different 
signaling pathways, elevated ROS production in vasculature drives 
vascular inflammation, and vice versa [15]. PVAT-triggered oxidative 
stress and inflammation in vascular beds promote dysfunction of 
vascular cells so as to accelerate the progression of cardiovascular 
diseases. 

2. PVAT and vascular cells 

PVAT is tightly involved in the regulation of ROS homeostasis and 
inflammation in vascular beds, through close interaction with cellular 
components of the vascular wall, including vascular smooth muscle cells 
(VSMCs), endothelial cells (ECs) and immune cells. PVAT-generated 
ROS, especially hydrogen peroxide, can diffuse towards vascular cells 
to cause oxidative damage and impair their function (Fig. 1). Besides, 
PVAT-derived substances and factors can also trigger inflammation in 
the vascular cells (Fig. 1), where the interaction between oxidative stress 
and inflammation further injures vascular cells to increase disease risks 
[16]. 

Abbreviations 

AGE advanced glycation end product 
Ang II angiotensin II 
AT1R Ang II type 1 receptor 
ATF3 activating transcription factor 3 
BAT brown adipose tissue 
BeAT beige adipose tissue 
BMAL1 brain and muscle Arnt-like protein-1 
BMP4 bone morphogenetic protein 4 
COX-1 cyclooxygenase 1 
CT computed tomography 
CXCL C-X-C motif chemokine ligand 
EC endothelial cell 
eNOS endothelial nitric oxide synthase 
ER endoplasmic reticulum 
ETC electron transport chain 
FAI fat attenuation index 

HFD high fat diet 
IL interleukin 
MCP-1 monocyte chemoattractant protein-1 
MnSOD manganese superoxide dismutase 
NO nitric oxide 
NOX NADPH oxidase 
PAI-1 plasminogen activator inhibitor 
PGC-1α peroxisome proliferator activated receptor gamma 

coactivator 1α 
PPARγ peroxisome proliferator activated receptor gamma 
PVAT perivascular adipose tissue 
RAAS renin-angiotensin-aldosterone system 
ROS reactive oxygen species 
SIRT1 sirtuin 1 
TNFα tumor necrosis factor α 
VEGF vascular endothelial growth factor 
VSMC vascular smooth muscle cell 
WAT white adipose tissue  

Fig. 1. ROS and adipocytokines generated by dysfunctional PVAT. Upon PVAT dysfunction, PVAT generates ROS through multiple sources and derives various 
adipocytokines to influence the homeostasis of vascular cells, particularly VSMCs and ECs. 
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2.1. PVAT-generated ROS 

Multiple types of ROS are generated by dysfunctional PVAT. In 
addition to superoxide anion (O2

•–), hydrogen peroxide (H2O2) can be 
produced within PVAT [17]. Notably, superoxide can be converted to 
the highly reactive nitrogen species peroxynitrite (ONOO− ) in the 
presence of NO, whereas H2O2 is further converted to hydroxyl radical 
(•OH) which oxidizes DNA and lipids to aggravate cellular injury [18]. 
In the presence of cardiovascular risk factors (e.g. obesity and ageing), 
redox balance in PVAT is disturbed leading to overproduction of ROS. 
Major ROS sources in PVAT include NADPH oxidase, mitochondria and 
eNOS uncoupling [12]. 

The NADPH oxidase (NOX) family is one of the major vascular ROS- 
generating sources, where NOX uses NADPH as an electron donor to 
catalyze superoxide production [19]. NOX1, NOX2, NOX4 and NOX5 
are expressed in vascular cells [19], while NOX1, NOX2 and NOX4, but 
not NOX5, are detected in PVAT [20]. Additionally, NOX4 can also 
release H2O2, when compared to NOX1-3, and NOX5 that generate su
peroxide [21]. Similar to brown and beige adipocytes, adipocytes in 
PVAT also generate mitochondrial ROS to increase oxidative stress. 
During ATP production by oxidative phosphorylation in mitochondria, 
ROS like superoxide and H2O2 are formed from electron transport chain 
(ETC) [22]. Costa et al. provided experimental clues to indicate mito
chondria as a ROS source in PVAT and they showed that mitochondrial 
ETC in thoracic PVAT can generate H2O2 for the modulation of vascular 
smooth muscle contractility, by using uncouplers of oxidative phos
phorylation [23]. More importantly, deficiency of the thermogenic gene 
UCP-1 results in an overproduction of mitochondrial ROS [24]. 

eNOS is an oxidoreductase homodimer which catalyzes the conver
sion of O2 and L-arginine to L-citrulline and NO [25]. eNOS uncoupling 
refers to the switch of enzymatic activity from a NO- to a predominantly 
superoxide-generating enzyme, especially when the substrate L-arginine 
and the eNOS cofactor tetrahydrobiopterin (BH4) are at suboptimal 
levels [26]. eNOS expression has been identified in thoracic PVAT. Of 
note, any cardiovascular risk factors that lower availability of L-arginine 
and BH4 promote eNOS uncoupling and therefore superoxide production 
[7]. Consequently, the overproduced ROS by PVAT during pathological 
conditions cause oxidative damage to adjacent vascular cells. 

2.2. PVAT-derived factors 

PVAT acting as an autocrine/paracrine organ modulates vascular 
ROS production and inflammation through secreting adipocytokines, 
the constellation of adipokines and inflammatory cytokines [27]. PVAT 
can release many adipocytokines, including leptin, adiponectin, 
vascular endothelial growth factor (VEGF), angiotensinogen, resistin, 
omentin, plasminogen activator inhibitor (PAI-1), insulin-like growth 
factor-1 (IGF-1), TNFα and interleukins, such as interleukin 1 (IL-1) and 
IL-6 [8]. Particularly, certain adipocytokines (e.g. adiponectin and 
angiotensin-1 to 7) are involved in the mediation of anti-contractile 
properties of PVAT by opening voltage-gated KV channels of adjacent 
vascular smooth muscle cells [28], and contributing to the regulation of 
arterial blood pressure [29]. Certain adipocytokines elicit an autocrine 
effect to modulate the metabolism in PVAT adipocyte. For instance, 
PVAT-derived leptin can stimulate NO production in perivascular adi
pocytes [30], where NO is a critical vasodilator and serves as an 
important antioxidant by scavenging ROS in the vascular system [31]. 

In a paracrine manner, PVAT-derived adipocytokines reach vascular 
cells, and regulate the migration and infiltration of immune cells to 
modulate vascular oxidative stress and inflammation. Leptin plays a 
pivotal role in triggering the production of pro-inflammatory cytokines 
(e.g. TNFα and IL-6) from immune cells including monocytes, macro
phages and leukocytes [32], where these cytokines directly activate 
inflammatory signaling in VSMCs and ECs. Clinically, a 
leptin-inflammation-fibrosis-hypoxia axis was observed in coronary 
PVAT from patients undergoing coronary artery bypass surgery [33], 

implying a pro-inflammatory microenvironment around the 
vasculature. 

Adiponectin is known to be a humoral vasodilator which relaxes 
arteries through opening KV channels [34]. During obesity, the expres
sion of the anti-inflammatory adiponectin in PVAT is reduced [35], 
accounting for elevated inflammation in ECs and macrophages [36]. 
Meanwhile, resistin can facilitate macrophage infiltration and increase 
the expression of inflammatory markers in ECs [37]. Besides, omentin is 
reported to alleviate endothelial dysfunction by inhibiting endoplasmic 
reticulum (ER) stress and oxidative stress, possibly through the 
AMPK/PPARδ signaling pathway. Omentin was also shown to decrease 
the expression of inflammatory markers in both macrophages and ECs 
[38]. In VSMCs, omentin suppresses TNFα-upregulated NOX activity, 
ROS production and inflammation [39]. These previous findings high
light the contribution of PVAT-derived factors in mediating vascular 
oxidative stress and inflammation. 

3. PVAT at different regions of vasculature 

In different anatomic locations, PVATs are constituted by different 
cell types [40]. Around different regions of the vascular tree, PVAT can 
be classified as ‘WAT-like’, ‘BAT-like’ and ‘BeAT-like’, exhibiting 
different phenotype-genotype (Fig. 2) [41]. Heterogenous PVATs are 
believed to be associated with distinct paracrine functions [42]. It is 
reasonable to postulate that different types of PVAT shall correspond to 
different cardiovascular risks, since their capability to generate ROS and 
inflammatory secretome are different. Around the thoracic aortas of 
rodents, the thoracic PVAT is more BAT-like in terms of morphology and 
function [43]. However, whether thoracic PVAT in humans is also 
BAT-like remains debatable [44]. Meanwhile, PVAT surrounding small 
arteries like carotid, femoral and mesenteric arteries are mostly 
WAT-like [45]. Notably, PVAT around abdominal aorta displays the 
features of both WAT and BAT, hinting that abdominal PVAT is poten
tially more BeAT-like [41]. Interestingly, adipose tissue is absent around 
the coronary artery from murine [41], but present around those from 
humans and larger experimental animals, such as pigs [46], and rabbits 
[47]. In humans, coronary PVAT is more phenotypically close to BeAT 
[48]. However, the morphology of coronary PVAT among larger 
experimental animals is less well defined. 

From the extensive research on the browning and whitening of adi
pocytes, the capabilities of adipose tissues to produce ROS and induce 
inflammation in adjacent tissues can be approximately deduced. 
Different types of adipocytes are associated with differential levels of 
UCP1 (BAT > BeAT > WAT), where UCP1 upregulation often accounts 
for a decreased ROS production in adipocytes [49], implying that the 
hierarchies of ROS production in adipose tissues are as follows: WAT >
BeAT > BAT. Compared to BeAT and BAT, WAT is associated with a high 
pro-inflammatory profile, characterized by elevated production of adi
pocytokines related to inflammatory modulation and enhanced infil
tration of immune cells [50]. Moreover, deficiency of UCP1 has been 
shown to exacerbate ER stress and inflammation in BAT [51], where the 
crosstalk between ER stress and oxidative stress often triggers inflam
matory response in different disease states [52]. More importantly, 
UCP1 deficiency in PVAT was found to cause NLRP3-inflammasome 
hyperactivation and IL-1β release, aggravating endothelial dysfunction 
[24]. These findings suggest that UCP1 deficiency potentially promotes 
inflammation in adipose and adjacent tissues, and the hierarchies of 
inflammatory profiles in adipose are as follows: WAT > BeAT > BAT. 
Therefore, it is also reasonable to postulate that WAT-like PVAT shall 
confer higher oxidative and inflammatory risks. 

4. Ageing and PVAT 

As a critical regulator on vascular homeostasis, PVAT actively con
tributes to the vascular dysfunction during ageing (Fig. 3). During 
ageing, vascular dysfunction can be attributed to decreased endothelial 
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Fig. 2. Regional difference of PVAT and corresponding risks. Different regions of the vasculature are surrounded by distinct PVATs associated with different 
phenotype-genotypes. The color differences of the adipose tissues reflect different proportions of brown adipocytes. WAT-like PVAT shall confer relatively higher 
oxidative and inflammatory risks. 

Fig. 3. The influence of body status on PVAT function. Ageing, obesity and diabetes enhance the whitening of PVAT, where WAT-like PVAT promotes oxidative 
stress and inflammation in the vasculature, triggering the dysfunction of vascular cells, including VSMCs and ECs. 
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function, ROS accumulation, chronic inflammation and structural 
remodeling in vasculature [53]. Dysfunctional PVAT during ageing 
overproduces ROS and secretes adipocytokines to mediate the signaling 
and inflammation of adjacent vascular layers, leading to the dysfunc
tions of both VSMCs and endothelial cells [54]. Numerous studies 
indicate that aged PVAT directly causes vascular dysfunction. For 
instance, the anticontractile effect of mesenteric PVAT was remarkably 
reduced in senescence-accelerated prone mice, an ageing-related model 
of vascular dysfunction [55]. More recently, a study reveals that ageing 
induces PVAT dysfunction and impairs vascular function via KV7.3-5 
channels through modulating inflammatory and metabolic processes in 
PVAT [56], where KV channels are commonly expressed in VSMCs of 
different arteries [57]. Moreover, transplantation studies on adipose 
tissue also suggest the harmful effects of aged PVAT on vascular func
tion. Transplantation of PVAT from aged donor mice increased the aortic 
pulse wave velocity, a non-invasive clinical measure on arterial stiffness, 
in young recipient mice. Transplantation of aged PVAT also increased 
thickness of aortic wall and lumen diameter, and caused the accumu
lation of collagens in arterial adventitial layer of young recipient mice. 
In addition, prior treatment of the superoxide scavenger TEMPOL alle
viated the stiffness-promoting effect of aged PVAT in young recipient 
mice [58]. 

Several mechanisms contribute to vascular dysfunction induced by 
aged PVAT. During ageing, higher ROS production by PVAT causes 
direct damage on adjacent vascular cells. In PVAT of obese aged mice (2- 
year-old), NOX upregulation, eNOS downregulation and increased 
inflammation were noted [59]. Additionally, increased amount of adi
pocytokines secreted by PVAT also exacerbate vascular dysfunction. 
Higher levels of pro-inflammatory cytokines and chemokines were 
found in the conditioned media of PVAT isolated from obese aged mice 
[59], hinting the secretome tole of PVAT during ageing. Compared to 
young mice, increased amount of pro-inflammatory cytokines secreted 
by PVAT was reported in aged mice based on cytokine array data. 
Notably, higher levels of IL-6, granulocyte macrophage colony stimu
lating factor, MCP-1, C-X-C motif chemokine ligand (CXCL) 1 and CXCL2 
in aged mice were observed [58]. 

During ageing, diminished BAT activity [60], and augmented BAT 
whitening [61] shall contribute to the impairment of vascular function 
and serve as driving factors of cardiovascular pathogenesis. In the 
BAT-like periaortic adipose tissue of aged human individuals, reduced 
BAT activity was observed [62]. Importantly, both unilocular white 
adipocytes and multilocular brown adipocytes were found in the peri
aortic adipose tissue isolated from aged mice [63], where whitening of 
adipose tissue correlates to increased production of ROS and 
pro-inflammatory cytokines [64]. Consistently, elevated lipid deposition 
and upregulated expression of CD11c, a macrophage marker, were 
found in the PVAT surrounding thoracic aortas of aged rats [63]. 
Therefore, therapeutic strategies that can re-establish browning and 
promote BAT activity in PVAT might alleviate ageing-associated 
vascular dysfunction and lower the risk of cardiovascular diseases. 
Further extensive studies are still needed to develop feasible drug de
livery systems for PVAT-targeted therapy. 

5. Obesity and PVAT 

Similar to other adipose tissues, high energy intake (e.g. high fat diet 
feeding) can also increase PVAT mass and cause whitening of PVAT 
[65]. During obesity, PVAT remarkably loses its anti-contractile prop
erty [66] (Fig. 3), contributing to the pathogenesis of hypertensive 
cardiovascular diseases. The critical role of dysfunctional PVAT in 
accelerating vascular dysfunction has been clearly elucidated in pre
clinical studies, where removal of PVAT from the vasculature causes no 
difference in vasodilatation of vascular rings from lean and obese mice 
[67]. Besides, co-incubation of aortic PVAT from high fat diet (HFD)-fed 
rats and mesenteric arteries significantly impairs vascular relaxation 
[65]. 

Importantly, obesity-induced PVAT dysfunction impairs vascular 
function through multiple mechanisms by causing ROS accumulation 
and inflammation. Whitening of PVAT during obesity results in eNOS 
uncoupling and diminished NO bioavailability because of L-arginine 
deficiency [68], where these outcomes are directly related to the 
buildup of oxidative stress. Additionally, obesity-associated PVAT 
dysfunction alters energy signaling and metabolism of adjacent vascular 
cells. Co-incubation of PVAT from HFD-fed rats and VSMCs significantly 
inhibited AMPK activation and promoted mTOR phosphorylation [65], 
where the AMPK and mTOR signaling pathways are often closely related 
to ROS modulation [69]. The renin-angiotensin-aldosterone system 
(RAAS) is tightly related to the regulation of vascular homeostasis and 
hence blood pressure [70]. Different RAAS components can be produced 
by adipose tissues, including PVAT, and these components contribute to 
the development of arterial stiffness and hypertension [71]. In obese 
patients, adipocyte hypertrophy significantly elevated the generation of 
angiotensin II (Ang II), angiotensinogen and aldosterone in PVAT [72]. 
Through Ang II type 1 receptor (AT1R), Ang II increases oxidative stress 
and lowers NO bioavailability by suppressing eNOS activity in vascular 
endothelial cells [73]. Besides, Ang II also promotes the generation of 
vasoconstrictors, including endothelin-1 and cyclooxygenase 1 
(COX-1)-derived prostanoids to induce oxidative stress and impair 
vascular function [74]. Deficiency of bone morphogenetic protein 4 
(BMP4) in PVAT was shown to increase the levels of Ang II and angio
tensinogen, and vascular oxidative stress [75]. 

Obesity-induced PVAT dysfunction causes inflammation in sur
rounding microenvironment by promoting the infiltration of immune 
cells, like monocytes, macrophages and dendritic cells. During obesity, 
the abundance and activation status of resident immune cells in PVAT 
greatly vary. For instance, hyperactivation of regulatory T cells and M2 
macrophages were observed in thoracic and mesenteric PVATs of HFD- 
fed Dahl salt-sensitive hypertensive rats [76]. These immune cells and 
the inflamed PVAT account for high levels of pro-inflammatory cyto
kines and adipokines, like MCP-1, TNFα, IL-6, leptin, visfatin and 
resistin, in the microenvironment. By contrast, anti-inflammatory adi
pocytokines, particularly adiponectin, are reduced in dysfunctional 
PVAT [77]. Consequently, inflammation in obese PVAT exacerbates 
generation of ROS, particularly O2

•– and H2O2 [78]. Pharmacologically, 
co-incubation of obese PVAT-containing aortic segments with free 
radical scavengers and TNFα inhibitor could remarkably restore 
vascular function [79]. Coherently, deficiency of TNFα receptor in PVAT 
from obese mice also reduced ROS production and vasocontraction [79]. 
Meanwhile, deficiency of IL-18 in PVAT was associated with impaired 
anticontractile activity, decreased manganese superoxide dismutase 
(MnSOD) expression, mitochondrial deformation and enhanced whit
ening in PVAT [80]. These studies highlight the connection between 
oxidative stress and inflammation in PVAT and adjacent vasculature 
particularly during the development of vascular dysfunction. Thera
peutic approaches that promote browning in PVAT might attenuate 
oxidative stress and inflammation to lower cardiovascular risks. 

Furthermore, epigenetic changes in PVAT adipocytes might also 
underlie obesity-related vascular abnormalities. In a previous study, 
epigenetic repression of peroxisome proliferator activated receptor 
gamma coactivator 1α (PGC-1α) in PVAT was shown to impair the 
expression of both UCP1 and peroxisome proliferator activated receptor 
gamma (PPARγ) in epicardial adipose tissues from HFD-fed rats [81]. 
Another recent study suggests that activating transcription factor 3 
(ATF3) might play a role in epigenetic control in PVAT, eliciting an 
anti-inflammatory effect against obesity-related vascular impairment, 
although the detailed mechanism remains largely unknown [82]. 
Further extensive studies are required to extend the role and mechanism 
of epigenetic regulation in obese PVAT in related to ROS buildup and 
inflammation modulation. 
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6. Diabetes and PVAT 

Similar to obesity, PVAT dysfunction is also observed during the 
progression of diabetes mellitus (Fig. 3). However, since obesity is 
considered as a key modifiable risk factor for the onset and development 
of diabetes mellitus [83], it is reasonable to postulate that dysfunctional 
PVAT during diabetes might partially confer harmful effects on the 
vasculature through similar mechanisms. Indeed, diabetic patients and 
animal models are often associated with obesity, making it difficult to 
solely investigate the role of diabetic PVAT. Of note, certain animal and 
human studies have suggested that PVAT dysfunction during diabetes 
impairs vascular homeostasis by increasing oxidative stress and 
inflammation. Whitening of PVAT has also been observed in diabetic 
mouse model (e.g. diabetic db/db mice) [84], implying increased car
diovascular risks. 

In 2020, Azul et al. used a nonobese rodent model of type 2 diabetes 
mellitus (i.e. Goto-Kakizaki diabetic rats) to study the role of diabetic 
PVAT in vascular dysfunction. This study showed that the presence of 
periaortic PVAT in nonobese diabetic rats significantly impaired 
vascular function, increased aortic PVAT level of nitrotyrosine, sup
pressed antioxidant enzymes (e.g. MnSOD and catalase) in thoracic 
PVAT, and upregulated the expression of inflammatory markers (e.g. 
MCP-1 and CD36) in diabetic PVAT [85]. These results imply the 
harmful effects of diabetic PVAT on the vasculature. Another human 
study showed a positive correlation between adiponectin level in PVAT 
and O2•– derived by NADPH oxidase. This study also provided experi
mental clues to indicate that reduced levels of adiponectin stimulated 
NADPH oxidase in patients with type 2 diabetes, where the diabetic 
PVAT could sense the elevated activity of NADPH oxidase to induce 
adiponectin upregulation [86]. These results highlight the participation 
of PVAT-derived adipocytokine in the modulation of vascular function 
during diabetes mellitus. In another study using db/db mice, diabetic 
PVAT was found to be associated with whitening (i.e. decreased UCP1 
expression), macrophage polarization to the pro-inflammatory M1 
phenotype, and upregulation of pro-inflammatory cytokines (e.g. IL-6, 
TNFα and Interferon-γ) [84], although the contribution of obesity 
could not be fully ruled out in db/db mice. Future studies shall compare 
the harmful roles of obese and diabetic PVAT. 

7. Clinical implications of PVAT dysfunction 

Clinically, PVAT dysfunction participates in different cardiovascular 
complications, such as atherosclerotic and hypertensive cardiovascular 
diseases [87]. The contribution of ROS overproduction and inflamma
tion induced by PVAT dysfunction during cardiovascular pathogenesis 
cannot be overlooked. Mechanistically, dysfunctional PVAT is associ
ated with augmented secretion of both pro-atherogenic and 
pro-angiogenic adipocytokines (e.g. MCP-1, VEGF and TNFα), which 
exacerbate atherogenesis by inducing vascular inflammation, unfavor
able VSMC proliferation and vasa varosum neovascularization [88]. 
Coherently, in patients with large artery atherosclerotic stroke, PVAT 
density around carotid artery was found higher than those with other 
stroke etiologies [89]. Besides, increased epicardial adipose tissue mass 
was shown positively associated with the development of high-risk 
plaque in a meta-analysis covering 3772 patients [90]. 

Aortic aneurysm refers to the weakening and the consequential 
outward bulge of arterial wall. Due to similar risk factors (e.g. hyper
cholesterolemia and hypertension), patients with atherosclerosis are 
more vulnerable to aortic aneurysm [91]. In patients with abdominal 
aortic aneurysm, increased density of PVAT was found in aneurysm sites 
[92]. Since chronic inflammation is a hallmark of aortic aneurysm [92], 
it is reasonable to postulate that deposition of dysfunctional PVAT is 
contributory to aortic aneurysm pathophysiology. Another clinical study 
has proposed that histopathological evaluation of PVAT deposits might 
potentially be a non-invasive strategy to estimate inflammation in the 
vasculature [93]. Particularly, PVAT mapping by coronary computed 

tomography (CT) angiography was suggested to be one of the feasible 
means to evaluate coronary inflammation and atherosclerotic develop
ment. Briefly, coronary inflammation and atherogenesis-associated 
phenotypic changes in adjacent PVAT can be detected as perivascular 
attenuation gradients by CT angiography, where such gradients can be 
captured and quantified by fat attenuation index (FAI) [94]. Inflam
matory signals from the vascular wall induce structural modifications in 
surrounding PVAT, resulting in a gradient of adipocyte sizes around 
inflamed arteries, where adipocyte sizes correlate to different ratios of 
liquid and aqueous phases. Meanwhile, FAI refers to the visualization 
tool which measures weighted three-dimensional perivascular attenua
tion gradients around the arteries. An inflamed artery is associated with 
distinct FAI mapping pattern, and disrupted balance of liquid and 
aqueous phases in surrounding PVAT, when compared to a healthy ar
tery [95]. In a previous large cohort study involving 3912 patients, 
higher values of CT angiography-based perivascular fat attenuation 
index were found associated with increased risk of cardiac mortality 
[96]. These clinical studies highlight the diagnostic potential of 
dysfunctional PVAT in inflammation-related cardiovascular diseases. 

8. Physiological means to alter PVAT function 

PVAT dysfunction, characterized by disturbed secretion of adipocy
tokines along with endothelial dysfunction, is believed to increase car
diovascular risks [97]. Due to lack of effective pharmacological and 
genetic interventions to specifically target PVAT, other physiological 
means shall be considered to ameliorate PVAT dysfunction for better 
cardiovascular health. In particular, exercise training, dietary in
terventions, stress reduction and sleep management can both directly 
and indirectly, through PVAT, improve cardiovascular health (Fig. 4). 
These healthier lifestyles can attenuate ROS buildup and inflammation 
in PVAT, and can promote the ‘re-browning’ of PVAT to indirectly 
improve cardiovascular homeostasis. 

Physical activity reduces the mass and promote browning of adipose 
tissues [98]. Therefore, it is reasonable to postulate that exercise can 
fundamentally retard the negative effects of WAT-like PVAT on the 
vasculature. Indeed, many studies have elucidated the benefits of exer
cise on PVAT in different animal models. Chronic running exercise has 
been shown to facilitate re-browning of periaortic PVAT by upregulating 
UCP1 expression in diabetic mice [84]. In addition, chronic aerobic 
exercise can suppress ROS level in periaortic PVAT of obese mice, as 
shown by dihydroethidium staining [99]. An 8-week aerobic training 
also upregulated eNOS expression and NO level, while downregulated 
thrombospondin 1 and TNFα expressions in thoracic PVAT of obese rats 
[100]. Recently, chronic aerobic exercise was shown to raise PVAT 
adiponectin level in an induced mouse model of heart failure [101], 
suggesting that exercise can improve the paracrine function of PVAT. 
Moreover, continuous and interval running exercise could limit 
PVAT-secreted advanced glycation end products (AGEs) in swine [46], 
where accumulated AGEs in the vasculature perturb cell surface of ECs 
to cause oxidative and inflammatory insults [15]. Exercise training was 
also associated with improved proteosome function [100], where pro
teosome is tightly involved in the regulation of inflammatory response 
[102]. These animal studies highlight the antioxidant and 
anti-inflammatory effects of exercise on PVAT. 

Dietary interventions, that utilize nutraceuticals or active in
gredients extracted from foods, might improve PVAT function and alter 
PVAT phenotype. Hesperidin is a flavonoid commonly found in vege
tables and fruits. Notably, hesperidin has been shown to partially 
ameliorate aortic stiffness by reducing PVAT-derived AGEs [103]. 
Resveratrol is one of the natural phytoalexins eliciting numerous 
beneficial effects on cardiovascular system [104]. A previous study 
suggested that resveratrol can improve PVAT function by retarding 
inflammation, potentially via a AMPK/sirtuin 1 (SIRT1)-dependent 
manner [105]. Despite the presence of eNOS in PVAT, whether resver
atrol can enhance eNOS activity and prevent eNOS uncoupling in PVAT 
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is still debatable [106]. 
Mental stress has been indicated to exacerbate obesity through 

promoting adipocyte hypertrophy, whitening and inflammation of adi
pose tissues [107]. A previous study showed that chronic mental stress 
impaired PVAT function and induced the production of inflammatory 
cytokines from PVAT in a rat model of induced depression [108], 
implying a possible linkage of mental stress and inflammatory state in 
PVAT and the vasculature. In the same study, aerobic exercise training 
partially rescued PVAT function and attenuated aortic stiffness [108], 
hinting that stress relief shall be beneficial on PVAT function and hence 
cardiovascular health. 

Sleep deprivation induces obesity though multiple mechanisms 
[109]. Sleep deprivation causes psychological stress [110], where such 
stress further exacerbates obesity. Although there is no direct clue to 
show that sleep deprivation increases PVAT mass, certain studies 
implied that sleep-related disorders and signaling pathways are involved 
in the regulation of PVAT function. In pregnant murine, pre-existing 
obstructive sleep apnoea was shown to impair PVAT function and 
reduce adiponectin secretion from PVAT in male offspring [111]. In 
another study, disturbance of circadian clock in PVAT due to deficiency 
of brain and muscle Arnt-like protein-1 (BMAL1) dysregulated vasoac
tivity and blood pressure [112]. This study implied that sleep distur
bance due to shift work or jet lag shall pose threat on cardiovascular 
health. Hence, it is rational to postulate that proper sleep management 
and prevention of sleep disorders shall confer beneficial effects on PVAT 
function. 

9. Conclusion 

In addition to a structural unit surrounding the vascular tree, PVAT 

serves as an endocrine/paracrine component in regulating vascular 
homeostasis. PVAT plays a modulatory role in the redox homeostasis 
and inflammation of vasculature, where the vicious cycle between 
oxidative stress and inflammation further aggravates the progression of 
cardiovascular diseases. Notably, PVAT interacts with cellular compo
nents of vasculature, including VSMCs, ECs and immune cells, during 
the regulation of vascular homeostasis. PVAT at different regions of 
vasculature is associated with different phenotypes and genotypes. 
During different physical conditions, such as ageing and obesity, the 
cellular proportions and phenotype-genotype of PVAT vary to increase 
the risks of cardiovascular diseases. Clinically, PVAT dysfunction is 
observed in multiple cardiovascular diseases. Physiological activities, 
like physical activity, and certain medications could alter the mass and 
phenotype-genotype of PVAT. As a master endocrine organ, PVAT- 
related study shall open up new opportunities for identifying thera
peutic strategies against cardiovascular complications. 
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