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Abstract: Perivascular adipose tissue (PVAT) is the connective tissue surrounding most of the systemic
blood vessels. PVAT is now recognized as an important endocrine tissue that maintains vascular
homeostasis. Healthy PVAT has anticontractile, anti-inflammatory, and antioxidative roles. Vascular
oxidative stress is an important pathophysiological event in cardiometabolic complications of obesity,
type 2 diabetes, and hypertension. Accumulating data from both humans and experimental animal
models suggests that PVAT dysfunction is potentially linked to cardiovascular diseases, and associated
with augmented vascular inflammation, oxidative stress, and arterial remodeling. Reactive oxygen
species produced from PVAT can be originated from mitochondria, nicotinamide adenine dinucleotide
phosphate (NADPH) oxidases, and uncoupled endothelial nitric oxide synthase. PVAT can also sense
vascular paracrine signals and response by secreting vasoactive adipokines. Therefore, PVAT may
constitute a novel therapeutic target for the prevention and treatment of cardiovascular diseases.
In this review, we summarize recent findings on PVAT functions, ROS production, and oxidative
stress in different pathophysiological settings and discuss the potential antioxidant therapies for
cardiovascular diseases by targeting PVAT.

Keywords: perivascular adipose tissue; oxidative stress; sirtuin 1; endothelial nitric oxide synthase;
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1. Introduction

Perivascular adipose tissue (PVAT) is the ectopic fat depot that surrounds large arteries and veins,
small and resistance vessels, and skeletal muscle microvessels [1]. In recent decades, PVAT has been
revealed as an important endocrine tissue that maintains vascular homeostasis. The role of PVAT
in vascular function was first described by the observation that PVAT diminishes agonists-induced
contractile responses in the Sprague–Dawley rat aortae in vitro [2]. PVAT exerts an anticontractile
effect on vessels in both rodents and humans [3,4]. It is currently known that PVAT regulates vascular
function via endocrine and paracrine mechanisms by releasing various factors, including adipokines,
cytokines/chemokines, reactive oxygen species, nitric oxide, and hydrogen sulphide (H2S) [1]. These
factors may enter the media and reach the endothelial layer of blood vessels either by direct diffusion
or via the vasa vasorum or the small media conduit networks connecting the medial layer with the
underlying adventitia [5–7]. These adipose tissue-secreted factors include both proinflammatory and
anti-inflammatory vasoactive molecules. These PVAT-derived factors modulate various complex
processes, including vascular inflammation and oxidative stress, vascular tone, and smooth muscle
proliferation and migration [8,9].

Obesity, with respect to its growing frequency worldwide, has become a major public health
concern and a burden to developed countries [10]. Obesity is also known as a critical risk factor
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for most cardiovascular diseases [11]. Accumulating data from both humans and experimental
animal models suggests that the dysfunction of PVAT is involved in obesity-related cardiovascular
complications, such as endothelial dysfunction, atherosclerosis, or hypertension [12–14]. An ‘obesity
triad’ consisting of PVAT hypoxia, inflammation, and oxidative stress is proposed as the central
mechanism in obesity-induced PVAT dysfunction [1]. Among the triad, vascular oxidative stress
is an important pathophysiological event in cardiometabolic complications, including obesity, type
2 diabetes, and hypertension. During oxidative stress, the production of oxidants (e.g., reactive
oxygen species, ROS) exceeds antioxidant defense mechanisms, leading to a redox imbalance [15].
In normal conditions, homeostatic ROS play a critical role as secondary messengers in various
intracellular signaling pathways in both innate and adaptive immune responses [16]. ROS from PVAT
can originate from the mitochondria, nicotinamide adenine dinucleotide phosphate (NADPH) oxidase,
and uncoupled endothelial nitic oxide synthase (eNOS) [15]. An abnormal generation of ROS by PVAT
emerges as a potential pathophysiological mechanism underlying vascular injury. The anticontractile
effect of PVAT is attenuated after the augmentation of oxidative stress [4]. Therefore, PVAT could be a
potential therapeutic antioxidant target for the prevention and treatment of cardiovascular diseases.
In this review, we summarize recent findings on PVAT functions, ROS production, and oxidative
stress in different pathophysiological settings, and discuss the potential antioxidant treatment of
cardiovascular diseases by targeting PVAT.

2. PVAT Modulates Vascular Function

The vascular wall of blood vessels is composed of three layers: tunica adventitia, tunica media,
and tunica intima. The tunica intima, the inner layer, is a single layer of flattened, polygonal endothelial
cells that rest on basal lamina and loose connective tissues, while the tunica media (especially in
arteries) mainly consists of vascular smooth muscle cells (VSMC). The adventitia mainly contains
connective tissue [17]. PVAT can be found outside the adventitial layer surrounding most of the
systemic blood vessels, including large arteries and veins, small and resistance vessels, and skeletal
muscle microvessels. Other microvasculature and the cerebral vasculature are free of PVAT [5,8].

The endothelium has long been recognized as an important regulator of vascular tone by releasing
vasoactive factors that modulate VSMC contractility. Endothelium can release both vasodilating (such as
endothelium-derived hyperpolarizing factors (EDHF), prostaglandin (PGI2), and nitric oxide (NO)) and
vasoconstricting factors (such as endothelin-1 (ET-1) and thromboxane A2 (TXA2)). The endothelium
can control the vascular tone by balancing the release of these vasoactive molecules [18]. It is well known
that endothelium dysfunction is a major factor in the pathogenesis of many cardiovascular diseases,
including hypertension and atherosclerosis [19], as well as metabolic syndrome and diabetes [20,21].
The importance of the endothelium in vascular function is undebatable; however, it is now known that
it is not the sole significant regulator of the vascular tone.

The crosstalk between PVAT and the blood vessel is vital for normal vascular function (Figure 1).
The modulation of the vascular function by PVAT has been demonstrated by its inhibiting effect
on vascular contraction to various agonists in both rodents and humans [3,4]. PVAT exerts
anti-contractile function through the release of various PVAT-derived relaxing factors (PVRFs),
previously known as the adventitium-derived relaxing factors (ADRFs) [22]. Although it is still unclear
how PVRFs exert their anti-contractile effects, a number of potential PVRFs have been suggested,
including leptin and adiponectin [23], hydrogen sulphide (H2S) [24], hydrogen peroxide (H2O2) [19],
prostaglandins [25,26], NO [27], and angiotensin (Ang) 1–7 [28]. Currently, it is hypothesized that
PVAT modulates vascular function through two distinct mechanisms: an endothelium-dependent
mechanism through a transferable PVRF and the stimulation of NO release from the endothelium, and
an endothelium-independent mechanism through the generation of H2O2 [27]. The transferable PVRFs
modulate the release of endothelial NO and the subsequent activation of potassium (K+) channels
to facilitate vascular relaxation. On the other hand, the non-transferable anticontractile property of
PVAT may involve the generation of H2O2. A recent study suggests that the mitochondria of PVAT
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are important sources of O2
− and H2O2, which are continuously generated in response to contractile

stimuli. PVAT regulates the relaxation and contraction of VSMC [29], while ROS may act as important
mediators of PVAT anticontractile effects by direct actions in the VSMC [30].
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Figure 1. The crosstalk between perivascular adipose tissue (PVAT) and the blood vessel modulates
vascular function. PVAT releases vasoactive molecules. H2S is synthesized in PVAT and induces
vascular smooth muscle cell (VSMC) hyperpolarization. Leptin activates eNOS and stimulates H2S
production, which lead to endothelium-dependent vasodilatation. H2S released from endothelium and
PVAT functions as an endothelium-derived hyperpolarizing factor (EDHF) and activates endothelial
K+ channels. The resulting hyperpolarization of endothelial cells can be transmitted to VSMC. NO
and H2O2 released from PVAT can elicit vasodilatation by activating soluble guanylyl cyclase (sGC).
Adiponectin produced by PVAT stimulates NO production in PVAT and in endothelial cells and induces
VSMC hyperpolarization. Ang 1–7 acts on endothelial cells and stimulates endothelial NO production.
Vasodilating prostaglandins released from PVAT can act on VSMC and stimulate vasorelaxation.
Reactive oxygen species (ROS) produced from nicotinamide adenine dinucleotide phosphate (NADPH)
oxidases in PVAT can cause contractile response in VSMC via the mitogen-activated protein
kinase/extracellular signal-regulated kinase (MAPK/ERK) pathway. Other potential PVAT-derived
contracting factors have been suggested, including chemerin, calpastatin, and norepinephrine.
Antioxidant enzymes SOD and catalase in PVAT can detoxify ROS to produce H2O2, which can
stimulate vasodilation. Cytokines released from PVAT, including TNF-α, MCP-1 and TGF-β can lead
to VSMC proliferation. MAPK/ERK, mitogen-activated protein kinase/extracellular signal-regulated
kinase; Ang, angiotensin; eNOS, endothelial nitric oxide synthase; SOD, superoxide dismutase; TNF-α,
tumor necrosis factor-α; MCP-1, monocyte chemotactic protein-1; TGF-β, transforming growth factor-β;
H2S, hydrogen sulphide; VSMC, vascular smooth muscle cells.

In addition to PVRF, recent studies have also demonstrated that PVAT can secrete PVAT-derived
contracting factors (PVCFs), which modulate vasoconstriction [31–33]. Studies in rats have shown
that both PVRFs and PVCFs can modulate local vascular tone through endothelium-dependent or
endothelium-independent effects, by as-of-yet underdetermined mechanisms [25,34]. Currently,
a number of potential PVCFs have been suggested, including chemerin [35], calpastatin [36],
norepinephrine (NE) [37], AngII, and ROS [38]. Also, upon perivascular nerve stimulation, PVAT
may produce superoxide (O2

−) mediated by NADPH oxidases, which enhances the arterial contractile
response. This enhancement of contractile effect involves the activation of tyrosine kinase and
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the mitogen-activated protein kinase/extracellular signal-regulated kinase (MAPK/ERK) pathway.
Moreover, the contractile effects of PVAT are regulated by other antioxidant enzymes including SOD
(superoxide dismutase) and catalase. Both Mn-SOD and CuZn-SOD are expressed in PVAT [25,38].
When stimulated by NE, the expression of Mn-SOD is increased and the expression of catalase is
decreased in PVAT, which induces the generation of O2

− in PVAT [30].
It is hypothesized that mitochondria-derived ROS in PVAT modulates vascular reactivity.

The uncoupling of mitochondria and the removal of H2O2 increase the NE-induced contraction
in vessel rings surrounded with PVAT [30]. Perivascular nerve activation by electric field stimulation
(EFS) increases O2

− generation in isolated PVAT, which is attenuated by an inhibition of NADPH
oxidases. Treatment with apocynin and diphenyleneiodonium chloride (DPI) to inhibit NADPH
oxidases attenuates the contractile response to EFS in the vessel rings with PVAT [38]. Also, exogenous
O2
− augments the contractile response to EFS and to phenylephrine in vessel rings without PVAT [38].

Therefore, ROS in PVAT may act as a pivotal signaling molecule in regulating the contraction of VSMC.
A recent study has shown that the anticontractile effects of PVAT can be mediated by vasoactive

amines such as dopamine, NE, and serotonin, which can be uptaken and metabolized in PVAT.
Monoamine oxidase A/B (MAO-A/B, which catalyzes the oxidative deamination of vasoactive amine)
and semicarbazide-sensitive amine oxidase (SSAO, which catalyzes the production of H2O2 and
ammonia) are presented in PVAT, which is responsible for the metabolism of these vasoactive amines.
In rat mesenteric arteries, the inhibition of MAO and SSAO, or the inhibition of norepinephrine
transporter (NET) with nisoxetine reduced PVAT’s anticontractile effect in response to NE-induced
vasocontraction. Furthermore, sympathetic stimulation can trigger the release of adiponectin via
β3-adrenoceptor activation in PVAT [39]. Moreover, PVAT can also prevent noradrenaline-induced
vasocontraction, by acting as a reservoir of noradrenaline and preventing it from reaching the vessel
wall [39]. These studies suggest that PVAT possesses various underdetermined mechanisms, in
addition to releasing vasoactive factors, to regulate the vascular function.

3. PVAT Contains Both White and Brown Adipose Tissue

PVAT exhibits regional phenotypic and functional differences throughout the vascular system [5,8].
The anti-contractile function of PVAT is determined by the browning and inflammation status. To date,
PVAT is known to contain both white (WAT) and brown adipose tissue (BAT). WAT acts mainly
as an energy storage [40], while BAT is more vascularized and metabolically active, and mainly
associated with thermogenesis [41]. Depending on the vascular bed, PVAT can be WAT-like (e.g.,
murine mesenteric PVAT), BAT-like (e.g., PVAT of the murine thoracic aorta), or mixed adipose tissue
(e.g., PVAT of the murine abdominal aorta) and it possess different vascularization, innervation, and
adipokine profiles [5,8,34,42]. The white-to-brown ratio in PVAT is not constant across the vascular bed.
For example, in the aorta of rodents, PVAT in the abdominal regions is mainly composed of WAT, while
PVAT in the thoracic regions is predominantly BAT [40]. Human coronary PVAT exhibits a histological
appearance and gene expression pattern more consistent with WAT than BAT [43]. However, the
morphological properties of PVAT in other species are currently less well-defined than murine PVAT.

The thermogenic properties of PVAT have been demonstrated as anti-atherogenic [8]. In mice,
PVAT in the thoracic region of aorta has a very low inflammation level even after long-term high-fat
diet (HFD) treatment. While PVAT in the thoracic region of aorta is BAT-like, this observation suggests
that promoting PVAT browning might have a protective effect on vascular health [41]. Interestingly,
PVAT is completely missing throughout the thoracic and abdominal aorta and mesenteric artery of the
highly VSMC-selective PPARγ (peroxisome proliferator-activated receptor gamma)-knockout mice [44].
It is suggested that adipocytes in PVAT may potentially share the same smooth muscle protein 22
alpha (SM22α+) precursors with VSMC [29]. However, the detailed mechanisms underlying browning
or the thermogenesis of PVAT are poorly understood. Nevertheless, mitochondrial biogenesis is
important in adipocyte browning [45]. Mitochondrial function is linked to adiponectin production in
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adipocytes, and enhanced mitochondrial function is needed for adipocyte differentiation as well as
ROS generation [46].

4. PVAT Dysfunction, Oxidative Stress and Cardiovascular Complications

PVAT dysfunction leads to the imbalance of PVAT-derived vasoactive factors and affects vascular
function. There are various physiological conditions and primary mechanisms leading to PVAT
dysfunction, including obesity, aging, PVAT remodeling (phenotypic changes of PVAT including an
increase in adiposity), an increase in oxidative stress and inflammatory response, and the loss of
eNOS and NO [47]. PVAT may shift toward a pro-inflammatory and pro-oxidative state during these
complications and may lead to endothelial dysfunction [48]. The generation of ROS including O2

−

and H2O2 in PVAT is involved in the progression of cardiovascular diseases. PVAT ROS are mostly
produced by the mitochondrial oxidative phosphorylation or by the family of NADPH oxidases [38].
Under normal conditions, the deleterious effects of ROS are antagonized by several antioxidant enzyme
systems (including catalase, glutathione peroxidase, Mn-SOD, and CuZn-SOD) in PVAT [25,38]. ROS
production and lipid peroxidation levels appear to be similar in the PVAT along the aorta, although the
relative expression levels of Mn-SOD and CuZn-SOD are different [34]. Considering the importance
of ROS on endothelial and PVAT function and the fact that mitochondria are an important source of
ROS, modulating mitochondrial function in PVAT is critically important in maintaining the normal
anticontractile function. In addition, macrophages in PVAT represent a key modulator of oxidative
stress and inflammatory status modulated by oxidative stress. Oxidative stress plays a significant
role in promoting interleukin 6 (IL-6) and monocyte chemotactic protein-1 (MCP-1) expression, which
lead to the recruitment of monocytes and macrophage in PVAT and the pathology of obesity-induced
vascular diseases [49–51]. A reduced adiponectin level in PVAT during inflammation and oxidative
stress is associated with increased macrophage infiltration [52].

5. Obesity-Linked PVAT Dysfunction

Over the past few decades, the prevalence of obesity has doubled worldwide, with a concomitant
increase in associated cardiovascular diseases [53]. Obesity has a variety of adverse effects on the
cardiovascular system [54]. Although obese patients have a higher risk of developing hypertension,
cardiomyopathy, and stroke, endothelial dysfunction is not always evident in in vitro studies. In fact,
the dysfunction of PVAT, but not obesity itself, is responsible for obesity-induced vascular disorders.
The anticontractile effects of PVAT are attenuated in obese mice compared to lean mice [12,55,56]. When
PVAT is removed from the vessel, the anticontractile responses to vasodilators are not different between
obese and lean mice, suggesting that obesity does not directly impair the intrinsic vascular bed reactivity
but rather the PVAT function [57]. Moreover, mesenteric arteries incubated with PVAT surrounding
the thoracic aorta region of aorta from HFD-fed rats show reduced endothelium-dependent relaxation
compared to those incubated with aortic PVAT from rats on a standard chow diet [58]. Therefore, it is
likely that PVAT dysfunction is related to the development of obesity-associated vascular complications.

Inflammation and oxidative stress in PVAT alter the anticontractile effects under obese conditions
(Figure 2). HFD feeding significantly increases the mass of PVAT and the number of hypertrophic
adipocytes, and results in WAT characteristics of PVAT in rodents [58]. Obesity may cause inflammation
in WAT-like PVAT, characterized by the infiltration of macrophage and dendritic cells with the high
expression of inflammatory adipokines and cytokines, including leptin, MCP-1, tumor necrosis factor
alpha (TNF-α) [59], and IL-6 [60], while the expression of the anti-inflammatory adipokine adiponectin
is reduced in obese PVAT [61]. Obesity-induced PVAT inflammation also stimulates the generation of
O2
− and H2O2 by NADPH oxidases, which promote aortic wall procontractile activity. The inactivation

of O2
−, dismutation of mitochondrial-derived H2O2, or uncoupling of oxidative phosphorylation can

reduce phenylephrine-induced vasocontraction in vessel rings surrounded by PVAT from HFD-fed
mice [12,55]. HFD-fed mice also show a reduced expression of SOD3 and glutathione levels in
mesenteric PVAT [60]. Also, the anticontractile effects of PVAT are impaired in mice lacking IL-18
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specifically in PVAT. Moreover, these mice show increased amount of WAT-like PVAT accompanied with
deformed mitochondria and decreased Mn-SOD expression [62]. Obese mice lacking TNF-α receptors
in PVAT have reduced H2O2 generation and sensitivity to phenylephrine-induced vasocontraction,
suggesting that oxidative stress significantly contributes to the procontractile shift of PVAT [55].
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Figure 2. Mechanisms of PVAT dysfunction in diet-induced obesity. High-fat diet (HFD)-induced
adipocyte hypertrophy leads to hypoxia and the production of pro-inflammatory cytokines and
chemokines, the activation of NADPH oxidases, and the downregulation of antioxidant enzymes
(e.g., superoxide dismutase and peroxiredoxin-1) and non-enzymatic antioxidants (e.g., glutathione).
Infiltrating immune cells potentiate PVAT inflammation and oxidative stress. Chronic hyperleptinaemia
leads to vascular leptin resistance (loss of leptin-induced vasodilatation) and the potentiation of
PVAT inflammation. Long-term obesity decreases PVAT H2S production by downregulating CSE
expression. The upregulation of arginases leads to L-arginine deficiency and eNOS uncoupling
(enhanced superoxide production and reduced NO production by eNOS). PVAT adiponectin expression
is reduced in obesity, likely due to a downregulation of PPARγ. Normally, NO stimulates adiponectin
secretion and adiponectin increases PVAT NO production. This positive feedback mechanism is
impaired in obesity. CSE, cystathionine gamma-lyase; H2S, hydrogen sulphide; PPARγ, peroxisome
proliferator-activated receptors gamma; eNOS, endothelial nitric oxide synthase. Reproduced from Xia
et al. 2017 [1] under the terms of the Creative Commons Attribution-Noncommercial License.

Aldose reductase is an enzyme of the aldoketo reductase super-family that catalyzes the
conversion of glucose to sorbitol in the polyol pathway of glucose metabolism, which also depletes the
antioxidant glutathione system due to the scavenging of NADPH, thereby increasing the production
of ROS [63]. PVAT of diabetic rats exhibits higher levels of markers of oxidative stress including
augmented malonaldehyde and aldose reductase activity, which are associated with reduced antioxidant
protection [51]. In addition, increased Ang II levels may induce ROS production during obesity in
systemic and related adipose tissue including PVAT [64]. eNOS uncoupling and increased O2

−

generation are proposed to contribute to the PVAT-induced endothelial dysfunction in obese mice [56].
The impaired anticontractile effects of PVAT upon HFD feeding are not only dependent on the
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endothelium but are also a consequence of reduced NO bioavailability due to L-arginine deficiency
and eNOS uncoupling in WAT-like PVAT [56,65]. L-arginine supplementation and arginase inhibition
could reverse obesity-induced vascular dysfunction ex vivo [56]. In a human study, CuZn-SOD,
peroxiredoxin-1, and adiponectin expressions are reduced in obese subjects compared to healthy
subjects [65]. The anti-contractility of aortic rings with normal PVAT is improved when incubated with
SOD, catalase, or TNF-α, while the anticontractile effect is attenuated when aortic rings with obese
PVAT are incubated with anti-TNF-α antibodies or free radical scavengers [65].

PVAT inflammation could be related to hypoxia. Hypoxia stimulates the production of
inflammatory cytokines and chemokines from PVAT and infiltrating macrophages [4]. In obesity,
adipocytes become hypertrophic, leading to inadequate perfusion and consequent local hypoxia.
Hypoxia-inducible factor alpha (HIF-1α), a key mediator of hypoxia, is increased in the adipose
tissue of obese subjects [66]. HIF-1 α is responsible for the stimulation of inflammatory mediator
production, such as TNF-α and IL-6, and for suppressing the expression of adiponectin [67]. Incubation
with TNF-α and IL-6 in PVAT leads to the attenuation of the anticontractile effects of PVAT, while
the induction of hypoxia also causes inflammation and the loss of the anti-contractile function of
PVAT [4]. This hypoxia-induced PVAT dysfunction can be normalized by in vitro incubation with either
anti-TNF-α antibody, anti-IL-6 antibody, or by catalase and SOD antagonists. From these observations,
PVAT loses its anticontractile properties after the increase of oxidative stress during obesity. In addition,
obesity related PVAT dysfunction, increased inflammation, and oxidative stress are critical features
in atherogenesis. Atherosclerotic lesions are characterized by the activation of NADPH oxidases, as
well as increased eNOS uncoupling and O2

− generation [68]. The combination of oxidative stress and
inflammation creates a vicious cycle that is further supported by a variety of metabolic and genetic risk
factors leading to atherogenesis [69]. Therefore, increased oxidative stress in PVAT is a critical link
between obesity and vascular complications.

6. PVAT Dysfunction and High Sugar Diet

PVAT dysfunction, oxidative stress, and carbohydrates may be particularly related. A fructose-rich
diet has been shown to promote endothelial dysfunction and metabolic diseases [70]. One study has
demonstrated that fructose can induce the changes in the PVAT lipid profile and the oxidative stress
biomarkers which are associated with vascular homeostasis. Fructose feeding leads to the reduced
activity of antioxidant enzymes (SOD and glutathione peroxidase) and augments oxidative stress in
rat PVAT, which in turn promotes endothelial dysfunction [71]. Aldose reductase, which is involved
the polyol pathway of glucose metabolism, is highly expressed in the PVAT from diabetic rats, and
is associated with a higher oxidative marker (see above). A recent study shows that a high sugar
diet significantly increases ROS generation and promotes pro-oxidative phenotypes in PVAT [72].
In particular, O-GlcNAcylation of eNOS in PVAT is increased by a high sugar diet in rats as well as in
hyperglycemic human patients, suggesting that O-GlcNAcylation of eNOS may be involved in the
high sugar diet-induced oxidative stress in PVAT [72].

In patients with type 2 diabetes, serum adiponectin levels are lower, and the adiponectin from
PVAT are correlated with the increased NADPH-oxidase activity in the arteries [73]. In addition,
a recent study suggests that type 2 diabetes is associated with PVAT dysfunction that contributes to
oxidative stress and endothelial dysfunction. MnSOD activity is significantly lower in diabetic PVAT,
which reduces its ability to eliminate O2

− [51]. Diabetic PVAT aggravates endothelial dysfunction and
exhibits higher levels of markers of oxidative damage such as aldose reductase, and lower levels of
antioxidant enzymes. This further supports the idea that obesity-related vascular complications are
critically related to oxidative stress-induced PVAT dysfunction.

7. Aging and PVAT Dysfunction

The impact of obesity on PVAT is well known, while only a few studies have focused on the
effects of aging on PVAT. Aging is another important risk factor for the development of cardiovascular
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diseases associated with the decline of endothelial function. Endothelial senescence is a key mechanism
of aging-related vascular dysfunction [74]. Cellular stressors such as DNA damage, oxidative stress,
and metabolic stimuli can activate p53/p21 and p16 tumor suppressor pathways and induce cell
cycle arrest [75]. The expressions of p21 and p16 (senescence markers) are significantly increased
in the arteries of old mice, and are associated with the oxidative stress-mediated attenuation of
NO-dependent endothelial function [76]. However, endothelial senescence itself cannot completely
explain the phenotype and progression of vascular aging. In fact, both aging and obesity might affect
PVAT in a comparable manner [40].

During aging, structural and functional changes have been observed in vascular tissues. The effect
of aging on vascular endothelium and VSMC has been widely investigated, while less is known about
the aging of PVAT. In rats, aging attenuates the anti-contractile effects of PVAT surrounding thoracic
aorta, and reduces the amount of BAT-like PVAT [77]. Aging exacerbates obesity-induced oxidative
stress and inflammation in PVAT, stimulates the secretion of inflammatory factors from PVAT, and
affects the phenotypic alterations of the vascular wall in obese mice [59]. Moreover, aging promotes ROS
production in PVAT, which subsequently contributes to aging-related vascular injury [77,78]. Elevated
levels of a protein inhibitor of activated STAT1 (PIAS1) and lower expression of a signal transducer
and activator of transcription 1 (STAT1)- or a nuclear factor ‘kappa-light-chain-enhancer’ of activated
B-cells (NFκB)-regulated genes involved in adipocyte differentiation, inflammation, and apoptosis
are observed in PVAT surrounding the thoracic aorta of aged mice [79]. Senescence-accelerated
mouse prone 8 (SAMP8), a mouse line that has accelerated aging, shows vascular dysfunction with
associated hypertension and cognitive decline [80]. In aorta of SAMP8 mice, an increased level of ET-1,
inducible nitric oxide synthase (iNOS) and cyclooxygenase 2 (COX-2), oxidative stress markers, and
a reduced level of eNOS and COX-1 are detected [81]. Moreover, PVAT has reduced anti-contractile
effects in SAMP8 mice, which is also associated with increased oxidative stress and inflammation [81].
The production or activity of adiponectin may contribute to the loss of anti-contractile effects of the
aged PVAT surrounding the mesenteric arteries of SAMP8 mice [81]. The differentiation capacities
of PVAT-derived stromal cells (PVASCs) are altered during aging. Also, the deletion of PGC-1α
(proliferator-activated receptor-gamma and coactivator 1 alpha) in aged PVASCs exacerbates arterial
remodeling and attenuates the browning of adipose tissue [82]. A recent study has revealed that the
mineralocorticoid receptor (MR) is activated in the mitochondria of PVAT in obese mice, which causes
premature-aging in adipose tissue and senescence, resulting in the loss of the anticontractile effects [83].
These results suggest that downregulation of PGC-1α and mitochondrial dysfunction in PVAT may
contribute to the aging phenotype.

8. PVAT and Arterial Remodeling

Arterial remodeling is known as the active process of structural alteration that is controlled by the
crosstalk between the endothelium and VSMC [17]. Arterial remodeling and stiffening can be associated
with obesity [84], while in hypertensive patients, low-grade inflammation and hypoadiponectinaemia
have a positive association to the detrimental effects on aortic stiffness [85]. Therefore, the contribution
of PVAT to arterial remodeling has also been recently explored. It is currently hypothesized that
PVAT contributes to vascular remodeling by a multitude of factors including PVAT-derived molecules,
extracellular vesicles, and progenitor cells under disease conditions [29]. Indeed, PVAT secretes a
spectrum of growth factors, including TGF-β, basic fibroblast growth factor (bFGF), placental growth
factor (PLGF), and hepatocyte growth factor (HGF), which are well-known in stimulating VSMC
proliferation [86]. Also, inflammatory and oxidative responses in PVAT significantly stimulate VSMC
proliferation partly by promoting the expression of matrix metallopeptidases 2 (MMP-2) in PVAT,
which promotes that expression of TGF-β in VSMCs [87].

Neointima formation is promoted by the transplantation of adipose tissue from HFD-fed wild-type
mice to the carotid artery of immune-deficient mice [88], suggesting that adipose tissues contribute to
obesity-induced arterial remodeling. Moreover, conditioned medium from the PVAT of obese rats
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promotes the proliferation and differentiation of VSMC in vitro [89]. In mice, arterial stiffening is
associated with oxidative injury and inflammation, accompanied by immune cell infiltration and T cell
activation in the PVAT [90]. Oxidative stress in adipocytes subsequently stimulates the recruitment of
immune cells [91], while the contributions of the PVAT to arterial remodeling in pathological conditions
could be partly mediated by increased macrophages and T cell infiltration in proinflammatory PVAT.

Interestingly, the removal of PVAT enhances neointima formation upon intravascular injury, while
the local delivery of recombinant adiponectin or transplantation of subcutaneous adipose tissue can
reduce the neointima formation in the injury area [92]. Moreover, the contribution of adiponectin
in preventing arterial remodeling is evidenced by the increased VSMC proliferation and neointimal
formation in response to vascular injury in adiponectin-deficient mice [92]. On the other hand,
incubation with recombinant leptin or conditioned medium from visceral adipose tissue stimulate
VSMC proliferation in vitro [88]. The overexpression of leptin in PVAT of wild-type mice, but not
in leptin receptor-deficient mice, can enhance VSMC proliferation and neointima formation [88].
The leptin receptor antagonist also inhibits obese PVAT-induced VSMC phenotypic switching [89].
In obese mice, PVAT induces VSMC phenotypic switching partly by the MAPK signaling pathway,
while leptin receptor antagonist can upregulate the phosphorylation of MAPK and attenuate VSMC
phenotypic switch [89]. Visfatin, another adipokine mainly expressed in PVAT, can act as a nicotinamide
phosphoribosyltransferase and produce nicotinamide mononucleotide, which mediates the VSMC
proliferation-activating MAPK/ERK pathway [93]. Adipokines from PVAT may be critical in modulating
oxidative stress and arterial remodeling. C1q/TNF-related protein 9 (CTRP9) may contribute to VSMC
phenotypic switching by mediating ERK signaling. CTRP9 can suppress the TGF-β1/ERK1/2 pathway
and promote apoptosis in response to hypoxia, thus preventing VSMC proliferation [87]. On the
other hand, resistin, which is associated with an increased protein kinase C epsilon (PKCε)-dependent
expression of MMP, is responsible for promoting the proliferation of VSMC [87]. Arterial remodeling
is associated with resistin and related to PKCε- dependent NADPH oxidases activation and ROS
generation [94].

During aging, the characteristics of the progenitor cells in PVAT change. Periaortic stem cells from
young mice can differentiate into BAT-like adipocytes and inhibit neointima formation, while aged
stem cells lose this ability and promote neointima hyperplasia in the injured artery [82]. PVAT may
differentiate from neural crest cells which highly express wingless-type MMTV integration site family,
member 1 (Wnt1). The deletion of PPARγmediated by Wnt1-Cre causes the delay and dysplasia of
PVAT development in mice [95]. The deletion of PPARγ aggravates Ang II-induced hypertension in
these mice compared to wild-type mice. Interestingly, Ang II infusion markedly aggravates arterial
remodeling in common carotid arteries but not in the aortic arch of these mice [95]. A recent study also
suggests that PVAT secretes extracellular vesicles containing microRNAs and acts as an intercellular
message signaler. In obese mice, abundant extracellular vesicles are secreted from PVAT, which
evoke inflammatory responses in aorta. MicroRNAs in the extracellular vesicles, such as miR-221-3p,
can promote VSMC proliferation and migration [96].

9. PVAT as a Potential Target for Antioxidant Treatment

PVAT-induced vascular dysfunction in the thoracic aorta of obese mice is associated with systemic
inflammation and oxidative stress. In addition, PVAT is involved in the modulation of other vascular
complications as mentioned above, which are associated with oxidative stress and inflammation in
PVAT. The signaling molecules and pathways in PVAT, such as those involving adipokines, H2S,
glucagon-like peptide 1, or pro-inflammatory cytokines, are among the potential novel pharmacological
therapeutic targets of PVAT (Figure 3). Here, we summarize recent studies on antioxidant targets and
treatments on PVAT.

In HFD-fed rats, the administration of ethanolic extract of Mangosteen pericarp (EEMP) that
contains xanthone as an antioxidant can normalize the thickened PVAT and reduce the expression of
VCAM-1 to prevent arterial remodeling [97]. Also, long-term treatment with melatonin in mice models
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of accelerated aging can increase the expression of vasculoprotective markers, decrease oxidative stress
and inflammation, and normalize the anti-contractile effects of PVAT [81]. Polysaccharide peptides
contain D-Glucan, a bioactive substance which possesses anti-inflammatory and antioxidant properties.
Recent studies have shown that polysaccharide peptides isolated from fungi can normalize the H2O2

level in PVAT by inducing the expression of SOD and catalase in HFD fed-rat, thus preventing PVAT
thickening and arterial remodeling [98,99].
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diet-induced obesity, oxidative stress is significantly increased in PVAT. Dysfunctional PVAT promotes
cardiovascular diseases via the crosstalk with the underlying vascular cells, including the endothelium
and VSMC under physiological and pathological conditions. Reversing the shift of PVAT towards
WAT-like during the development of obesity and aging might be a crucial strategy to maintain a
healthy vasculature. The potential use of antioxidant or targeting oxidative stress can be novel
therapeutic target for PVAT-related cardiovascular complications. MR, mineralocorticoid receptor;
Ang II, angiotensin II; DPP-IV, dipeptidyl peptidase-IV; H2S, hydrogen sulphide; GLP-1, glucagon-like
peptide-1; eNOS, endothelial nitric oxide synthase; SIRT1, sirtuin 1; PVRF, PVAT-derived relaxing
factors; PVCF, PVAT-derived contracting factors; PGC-1α, peroxisome proliferator-activated receptor
gamma coactivator 1-alpha; PPARγ, peroxisome proliferator-activated receptors gamma.

However, a recent study shows that a diet devoid of genistein, an isoflavone, can reduce superoxide
production and iNOS expression in PVAT surrounding the mesenteric artery in obese mice. In obese
mice, genistein supplementation prevents weight gain but promotes vascular oxidative stress, which
is attributed to a decline in SOD activity and PVAT iNOS expression [100,101]. Similarly, vitamin E
supplementation can decrease oxidative stress and reduce collagen deposition, but not macrophage
infiltration in adipose tissue [102]. These results suggest that antioxidant supplementations warrant
additional studies to investigate the detailed mechanisms and targets to modulate PVAT function.

9.1. Improving eNOS Functionality

PVAT dysfunction is causally linked to vascular dysfunction and can be normalized by restoring
and enhancing PVAT eNOS function. Indeed, in PVAT, both adipocytes and endothelial cells of
the capillaries and vasa vasorum are stained positive for eNOS in immunohistochemistry analyses.
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In addition, NO production can be directly visualized in PVAT adipocytes in situ with fluorescence
imaging techniques [103], and PVAT contributes to vascular NO production [104]. Moreover, recent
studies have reported the gene and protein expression of eNOS in PVAT [56,105]. However, eNOS
expression may vary in the PVAT along different regions of the vasculature. Abdominal PVAT has
a lower eNOS expression compared with thoracic PVAT, while eNOS expression in the vessel walls
are similar in both the abdominal and thoracic regions [34]. In addition, L-NAME enhances the
phenylephrine-induced contraction in endothelial-denuded rings with PVAT from thoracic but not
abdominal aorta [34]. These results suggest that the function of PVAT may vary along different regions
of the vessel due to the differential expression of eNOS.

Reduced eNOS expression is observed in the PVAT of diet-induced obese rats [106] and mice [60].
Currently, there are at least three well-known mechanisms that contribute to the reduced eNOS activity
and function in PVAT, including a lack of L-arginine, a reduction in eNOS serine 1177 phosphorylation,
and enhanced eNOS acetylation. In obese mice, the upregulation of arginase [56] and the increased
acetylation of eNOS [107] reduce NO production and lead to eNOS uncoupling [108]. An uncoupled
eNOS produces superoxide at the expense of NO [109,110] and thus contributes to oxidative stress
in PVAT [56]. In low-density lipoprotein receptor (Ldlr) knockout mice, the thoracic aortic PVAT shows
enhanced eNOS expression and NO levels, while it also protects against impaired vasorelaxation to
acetylcholine and insulin. This suggests the protective role of PVAT in enhancing eNOS expression
and improving endothelial function [105].

Standardized Crataegus extract WS® 1442, with antioxidative properties, can restore the vascular
function in the PVAT-containing aorta of HFD-fed mice without any effects on body weight or fat
mass [107]. WS® 1442 treatment reverses the reduced phosphorylation of Akt (protein kinase B) and
eNOS, as well as the enhanced acetylation of eNOS in PVAT. On the other hand, obesity-linked PVAT
and endothelial dysfunction are also associated with altered prostaglandin production and impaired K+

channel activation [106]. As mentioned, HFD-induced PVAT dysfunction is associated with increased
leptin levels and a reduction of eNOS and NO production [57]. Obesity-linked PVAT dysfunction
is also associated with AMP-activated protein kinase (AMPK) phosphorylation [111]. Moreover,
plasma adiponectin levels and adiponectin expression in the adipose tissue are decreased in eNOS
knockout mice [112]. Long-term adiponectin treatment in HFD-fed rats can normalize NO-dependent
vasorelaxation partly by enhancing the phosphorylation of eNOS in the endothelium of mesenteric
arteries [113]. Recently, a study has shown that treatment with methotrexate, an anti-inflammatory
drug with antioxidant effects, can improve PVAT/endothelial dysfunction and ameliorate adipokine
dysregulation via the activation of the AMPK/eNOS pathway [114]. In addition, eNOS-derived NO
can promote adiponectin synthesis and mitochondrial biogenesis [115]. eNOS is abundantly expressed
in both BAT and isolated brown adipocytes [116], suggesting that PVAT eNOS could also facilitate
browning or the thermogenesis of PVAT. Therefore, eNOS-mediated PVAT adaptive thermogenesis
may be targeted for improving PVAT function.

A recent study suggests that aerobic exercise training upregulates the expression of anti-oxidant
enzymes in PVAT and decreases oxidative stress with beneficial effects on endothelium-dependent
vasorelaxation [117]. Aerobic exercise training stimulates angiogenesis in adipose tissue and PVAT,
which improves blood flow, reduces hypoxia and macrophage infiltration [118], and improves vascular
function [119]. The beneficial effects of exercise training may be attributed to the normalization of
eNOS activity [120] or the reduction of iNOS expression in PVAT [121]. Exercise training can increase
eNOS and phospho-eNOS expression in both the vascular wall and the PVAT, as well as increase
adiponectin in the PVAT and reduce ROS in the vascular wall [120]. Sustained weight loss in rats
restores eNOS expression and improves PVAT NO production [106].

9.2. Restoring Brown-Like PVAT

Reversing the white features of PVAT to brown characteristics or maintaining PVAT beige
features might be a crucial strategy to maintaining a healthy vasculature. As previously mentioned,
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PVAT displays phenotypic heterogeneity according to its locations along the vascular system. PVAT
surrounding larger blood vessels is BAT-like, while it is WAT-like in areas surrounding smaller blood
vessels. The gradual changes into WAT-like characteristics of PVAT during obesity and aging are
associated with the alteration of the PVAT secretome profile, including those factors involved in
the regulation of vascular tone, blood pressure, and arterial remodeling [59]. BAT-like PVAT could
prevent inflammation and oxidative stress under physiological conditions, while WAT-like PVAT is
accompanied by augmented inflammation and oxidative stress and reduced NO bioavailability under
obese conditions. The induction white-to-brown transition of white-like PVAT might be associated with
reduced oxidative stress. Brown PVAT induces cyclic guanosine monophosphate (cGMP)-dependent
protein kinase G type-1α activation, via NADPH oxidase 4 (Nox4)-derived H2O2, and reduces vascular
contractility [122].

There are currently a few strategies that are able to induce browning in WAT, including cold
challenge or the application of growth factors such as FGF21 [123], atrial natriuretic peptide (ANP) [124],
and bone morphogenetic proteins (BMP) [125]. It is hypothesized that browning of adipose tissue
is beneficial in preventing obesity and its associated cardiovascular diseases [126]. Targeting the
restoration of BAT-like characteristics in PVAT might be a strategy to maintain the homeostasis of
blood vessels and prevent PVAT dysfunction-related vascular complications.

Cold acclimation is a well-known stimulus to induce the browning process of adipose tissue.
Upon cold acclimation, PVAT attenuates age-dependent and HFD-induced endothelial dysfunction
and atherosclerosis in mice, which is associated with decreased pro-inflammatory markers [127].
Cold exposure can also stimulate the browning effect on abdominal aortic PVAT in HFD-fed rats by
increasing uncoupling protein 1 (UCP-1) and PGC-1α expression levels. Expression levels of TNF-α,
IL-6, and p65 are significantly reduced, while phospho-AMPK expression is increased in PVAT with
cold exposure [128]. In addition, cold conditions stimulate glucose uptake and triglyceride clearance
in adipose tissues, which may also contribute to the modulation of oxidative stress in PVAT [129,130].
MitoNEET is a mitochondrial membrane protein that is regulated by thermogenic genes such as
PGC-1α and can be upregulated by cold exposure in PVAT. The overexpression of mitoNEET in PVAT
significantly prevents arterial stiffness and atherosclerosis [131,132]. Therefore, potential mitoNEET
ligands, including rosiglitazone and resveratrol, can be used to target mitochondrial biogenesis [133].

In addition to cold acclimation, exercise training also induces a shift to a BAT-like characteristic
and thermogenic response, which is associated with enhanced eNOS expression and reduced oxidative
stress in rat PVAT [134]. This suggests that aerobic exercise training and weight loss are beneficial to
cardiovascular health via modulating eNOS expression and browning in PVAT.

9.3. Sirtuin 1 (SIRT1)

SIRT1 plays a pivotal role in modulating the browning process, protecting against vascular injury
by reducing local superoxide production, and enhancing adipokines production in PVAT [135]. In mice
knocking-down of SIRT1 specifically in adipose tissue, the obesity-induced brown-to-white transition
of PVAT is exaggerated in vivo and endothelial dysfunction is accelerated [135].

In obese mice, treatment with the SIRT1 specific activator SRT1720 could prolong the lifespan and
reverse HFD-induced organ damage via normalizing the acetylation of PGC-1α in adipose tissue [136].
Moreover, activation of SIRT1 abolishes dysregulated PVAT adipokine release after inflammatory
insult [137] and reduces inflammatory cytokines release which promotes arterial remodeling in aged
mice [138]. On the other hand, resveratrol can ameliorate adipokine release from dysregulated PVAT
by the SIRT1/AMPK pathway [139]. SIRT1 also regulates the secretion of adiponectin in PVAT through
the interaction with forkhead box protein O1 (FOXO1) [139]. The SIRT1 activator resveratrol can also
normalize oxidative stress-induced cytokine release from PVAT and prevent arterial remodeling in
aged mice [140].

Recent studies have provided evidence that resveratrol improves PVAT function [137,139,141].
The activation of the SIRT1/AMPK signaling in PVAT can regulate adipokine expression, ameliorate
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endothelial dysfunction caused by inhibiting NFκB activation, and alter PVAT inflammation induced
by fructose- [141] or HFD-feeding [137]. The oxidative stress in PVAT may lead to increased
pro-inflammatory cytokine and chemokine secretion, and the superoxide derived from PVAT promotes
artery stiffening in aged mice [138]. Resveratrol can also alleviate oxidative stress-induced cytokine
release from PVAT, and subsequently improve arterial wall hypertrophy and adventitial collagen I
accumulation to prevent arterial stiffening in aged mice [140]. Resveratrol or other anti-oxidants may
improve PVAT function by scavenging the superoxide and normalizing the expression of TNF-α, IL-6,
MCP-1, adiponectin, PPARγ, and eNOS phosphorylation in PVAT [141].

In addition, the activation of SIRT1 promotes mitochondrial biogenesis in adipose tissue via
PGC-1α [142] and is involved in adipose tissue browning [143], suggesting that SIRT1 may also be
involved in the regulation of PVAT browning. On the other hand, NO can regulate SIRT1 expression
in adipose tissues [144], and it is conceivable that NO may also regulate SIRT1 in PVAT. Therefore,
the interplay between PVAT SIRT1 and eNOS in controlling the browning and inflammation status of
PVAT has been recently proposed [145]. SIRT1 may be a critical target in maintaining browning and
normal adipokines secretion in PVAT.

9.4. PPARγ and PGC-1α

PPARγ and PGC-1α are important targets to rescue mitochondrial and PVAT function by
modulating the white-to-brown differentiation of adipocytes. The highest levels of PPARγ are
expressed in adipose tissue [146]. Important antioxidant enzymes including heme oxygenase-1 (HO-1)
and nuclear factor erythroid 2-related factor 2 (Nrf2)/are regulated through the PPARγ pathway [147].
The inactivation of PPARγ exaggerates ET-1-induced vascular injury, suggesting a protective role
of PPARγ in cardiovascular diseases through the modulation of pro-oxidant and proinflammatory
pathways [148]. In a rat model of obesity and metabolic syndrome, treatment with the PPARγ
agonist (rosiglitazone) increases insulin sensitivity, reduces fasting insulin levels and triglyceride
concentration, increases CSE expression and activity as well as PVAT H2S production, and is associated
with improvements in the anticontractile effect of PVAT on aortic rings [149]. Liraglutide treatment
enhances PGC-1α and UCP1 expression in PVAT from HFD mice. [150]

9.5. Adipokines

Adipokines are linked to insulin resistance, oxidative stress, inflammation, and immune
response [13]. Treatment with irisin, an adipokine, improves glucose and lipid metabolism, reduces
plasma levels of TNF-α and malondialdehyde, and increases plasma adiponectin levels in obese
mice. Moreover, irisin treatment can normalize the reduced anti-contractile properties of aortic
PVAT in obese mice [151]. The beneficial effects of irisin are associated with the upregulation of the
HO-1/adiponectin in PVAT and the browning of PVAT, as well as reduced superoxide production and
TNF-α expression [151].

PVAT-derived adiponectin can normalize endothelial function, partly by enhancing eNOS
phosphorylation in the endothelium [113]. The exposure of adipocytes to ROS such as H2O2 results in
a reduction in adiponectin expression [152]. Adiponectin plays a central role in mediating crosstalk
between vascular and adipose tissue. Through paracrine mechanisms, adiponectin from PVAT
adipocytes regulates NO production in adjacent adipocytes [153]. Adiponectin released from PVAT
induces vasorelaxation and reduces vascular oxidative stress by inhibiting NADPH oxidases activity.
On the other hand, vascular oxidative stress can upregulate adiponectin expression via PPARγ
activation in PVAT [73]. Capsicin, a spicy anti-oxidant component of hot peppers, can modulate
the expression of adipokines and ameliorate obesity-induced adipose tissue dysfunction, as well as
prevent macrophage infiltration into adipose tissue in obese mice [154]. These suggest that antioxidant
compounds can be used to modulate the expression of adipokines and target PVAT dysfunction.
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9.6. GLP-1 and DPP-IV

Glucagon-like petide-1 (GLP-1) has been demonstrated to have cardiovascular protective
effects [155] and to improve endothelial function in obesity [156]. Recently, GLP-1 has been
demonstrated to activate genes related to fatty acid oxidation and insulin signaling pathways,
thus enhancing antioxidant capacity. The Nrf2/HO-1 antioxidant pathway is induced by oxidative
stress in PVAT [151]. Liraglutide, a GLP-1 receptor agonist with an antioxidant property, has been
shown to alleviate vascular dysfunction by modulating the protein kinase A (PKA)-AMPK-PGC-1α
pathway and enhancing antioxidant enzymatic system Nrf2/HO-1 in PVAT in HFD-induced obese
mice. It is suggested that liraglutide enhances the HO-1/adiponectin axis and alleviates HFD-induced
oxidative stress in PVAT [150].

In addition, dipeptidyl peptidase IV (DPP-IV) is an adipokine with potential relevance in
cardiovascular disease, and various DPP-IV inhibitors have been shown to exert direct antioxidant
effects in rat and mice [157,158]. Indeed, DPP-IV degrades GLP-1 [159], and has been suggested as a
pathophysiological link between obesity and the metabolic diseases. The administration of teneligliptin,
a DPP-IV inhibitor, results in a variety of beneficial effects including alleviating inflammation and
oxidative stress in both the vasculature and PVAT, thus reducing atherosclerosis progression in
apolipoprotein E (ApoE) knockout mice [160]. Recently, two polyphenolic compounds (coumarin and
quercetin) have been suggested to inhibit DPP-IV [161]; however, further studies are needed to
investigate whether polyphenolic compounds may reduce oxidative stress and target DPP-IV in PVAT.

9.7. Renin-Angiotensin System (RAS) Inhibitors

Oxidative stress is closely correlated to the renin-angiotensin system (RAS). Ang II is a potent
inducer of ROS, and adipose tissue Ang II levels are increased during obesity. Ang II mediates the
PVAT-associated increase of contractile response to perivascular neuronal excitation [162]. Adipose
tissue RAS is involved in the control of adipogenesis and adipose tissue mass [163]. The secretion of
angiotensinogen is reduced in ROS-treated adipose tissue in vitro and in obese mice, while treatment
with an antioxidant N-acetyl cysteine can normalize the angiotensinogen secretion [164]. In rat
mesenteric arteries, treatment with either an ACE inhibitor (enalaprilat) or Ang II type 1 receptor
antagonist (candesartan) reduces the PVAT-mediated potentiation of PVAT superoxide-induced
vasocontraction [162]. In addition, chronic treatment with an ACE inhibitor (quinapril) reduces
blood pressure and alleviates the potentiation effects of PVAT superoxide-induced contractions [162].
Sulphhydrylated ACE inhibitor (S-zofenopril) improves vascular function by the dual-action of
inhibiting ACE and potentiating the H2S pathway in spontaneous hypertensive rats [165].

9.8. H2S

Exogenous H2S administration can inhibit ROS production and suppress vascular oxidative stress
in hypertensive rats [166]. The protective effect of H2S in suppressing vascular oxidative stress may be
attributed to the inhibition of angiotensin II receptor type 1 action, the downregulation of NADPH
oxidases, as well as the upregulation of antioxidant enzymes [167]. H2S can also be modulated by
currently used cardiovascular medications. Atorvastatin has been shown to improve PVAT function in
spontaneously hypertensive rats [168]. Treatment with lipophilic atorvastatin increases the PVAT H2S
levels and inhibits mitochondrial oxidation, which promotes the anticontractile effect of PVAT [24].
Atorvastatin leads to the decrease in coenzyme Q level, which is a cofactor of H2S oxidation by
sulphide:quinone oxidoreductase, resulting in the inhibition of the H2S metabolism and an increase in
the H2S level. Other than H2S, statins do not impair mitochondrial oxidation of organic substrates [169].
In addition, cannabinoid receptor type 1 (CB1) agonists inhibit H2S mitochondrial oxidation leading
to elevated H2S levels in PVAT [149]. The imidazoline I1 receptor agonist moxonidine has also been
shown to increase H2S production in rats [170].
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10. Conclusions and Future Directions

There is no doubt that endocrine roles of adipose tissues, through adipokines, hormones, and other
factors, significantly contribute to many aspects of the vascular system. Adipose tissue dysfunction is
one of the major risk factors for cardiovascular diseases. In this regard, PVAT has a unique role due to
its proximity to the blood vessel wall; thus, the significance of PVAT in modulating cardiovascular
complications should not be ignored. During obesity and aging, dysfunctional PVAT promotes
cardiovascular diseases via crosstalk with the underlying vascular cells, including the endothelium
and VSMC under physiological and pathological conditions. Vascular oxidative stress is an important
pathophysiological event in cardiometabolic complications of obesity, type 2 diabetes, and hypertension.
Indeed, recent studies have suggested the potential use of antioxidants or targeting oxidative stress as
novel therapeutic targets for PVAT-related cardiovascular complications (Figure 4).
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for PVAT-related cardiovascular complications. It is important to maintain a physiological ROS level for
adipogenic differentiation. Reducing oxidative stress and reversing the shift of PVAT towards WAT-like
during the development of obesity and aging might be a crucial strategy to improve PVAT function.
Detailed research is needed to dissect the molecular mechanisms of how oxidative stress modulates
mitochondrial biogenesis in PVAT. DPP-IV, dipeptidyl peptidase-IV; H2S, hydrogen sulphide; GLP-1,
glucagon-like peptide-1; eNOS, endothelial nitric oxide synthase; SIRT1, sirtuin 1; PGC-1α, peroxisome
proliferator-activated receptor gamma coactivator 1-alpha; PPARγ, peroxisome proliferator-activated
receptors gamma; NOX, nicotinamide adenine dinucleotide phosphate oxidase; CB1, cannabinoid
receptor type 1; AT1, angiotensin receptor type 1; ACE, angiotensin converting enzyme.

Although the detailed mechanisms and targets are not completely known for antioxidant treatment
in PVAT, there are two faces of ROS in adipose function and dysfunction. While ROS is needed as a
secondary messenger of insulin signaling and vascular contractility, obesity-related oxidative stress
can trigger the pathophysiology of the related cardiovascular diseases. It is important to maintain a
physiological ROS level for adipogenic differentiation [171]. For example, a recent study has shown that
antioxidant treatments with N-acetylcysteine, vitamin E, or glutathione ethyl ester may have a negative
impact on oxygen consumption and cannot prevent ROS increase in adipose tissues [172]. Therefore,
further research on potential antioxidant treatment targeting PVAT is needed. Reversing the shift of
PVAT towards WAT-like during the development of obesity and aging might be a crucial strategy to
maintaining a healthy vasculature. Even though this review focuses on the role of oxidative stress in
vascular remodeling and endothelial function, the as-of-yet poorly understood secretome of PVAT
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(e.g., PVCF and PVRF) and their roles in the development of CVD should also be studied extensively.
Future directions may fall into areas focusing on antioxidant treatments to promote PVAT function and
restore browning. Detailed research is needed to dissect the molecular mechanisms of how oxidative
stress modulates mitochondrial biogenesis in PVAT. SIRT1 and eNOS in PVAT are two important
targets for enhancing PVAT function. Currently, there is still a lack of evidence dissecting the function
of adipose SIRT1 and eNOS in mediating the browning processes of PVAT. Therefore, investigating the
critical role of the interplay between PVAT SIRT1 and eNOS in controlling the browning and oxidative
state of PVAT is of interest. Treatment with an antioxidant compound may be promising for restoring
PVAT function during metabolic and cardiovascular diseases.
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Differential effects of statins on endogenous H2S formation in perivascular adipose tissue. Pharmacol. Res.
2011, 63, 68–76. [CrossRef] [PubMed]

25. Awata, W.M.; Gonzaga, N.A.; Borges, V.F.; Silva, C.B.; Tanus-Santos, J.E.; Cunha, F.Q.; Tirapelli, C.R.
Perivascular adipose tissue contributes to lethal sepsis-induced vasoplegia in rats. Eur. J. Pharmacol. 2019,
863, 172706. [CrossRef]

26. Ozen, G.; Topal, G.; Gomez, I.; Ghorreshi, A.; Boukais, K.; Benyahia, C.; Kanyinda, L.; Longrois, D.; Teskin, O.;
Uydes-Dogan, B.S. Control of human vascular tone by prostanoids derived from perivascular adipose tissue.
Prostaglandins Other Lipid Mediat. 2013, 107, 13–17. [CrossRef] [PubMed]

27. Gao, Y.J.; Lu, C.; Su, L.Y.; Sharma, A.; Lee, R. Modulation of vascular function by perivascular adipose tissue:
The role of endothelium and hydrogen peroxide. Br. J. Pharmacol. 2007, 151, 323–331. [CrossRef]

28. Lee, R.M.; Lu, C.; Su, L.-Y.; Gao, Y.-J. Endothelium-dependent relaxation factor released by perivascular
adipose tissue. J. Hypertens. 2009, 27, 782–790. [CrossRef]

29. Chang, L.; Garcia-Barrio, M.T.; Chen, Y.E. Perivascular Adipose Tissue Regulates Vascular Function by
Targeting Vascular Smooth Muscle Cells. Arterioscler. Thromb. Vasc. Biol. 2020, 40, 1094–1109. [CrossRef]

30. Costa, R.M.; Filgueira, F.P.; Tostes, R.C.; Carvalho, M.H.C.; Akamine, E.H.; Lobato, N.S. H2O2 generated
from mitochondrial electron transport chain in thoracic perivascular adipose tissue is crucial for modulation
of vascular smooth muscle contraction. Vasc. Pharmacol. 2016, 84, 28–37. [CrossRef]

31. Chang, L.; Xiong, W.; Zhao, X.; Fan, Y.; Guo, Y.; Garcia-Barrio, M.; Zhang, J.; Jiang, Z.; Lin, J.D.; Chen, Y.E.
Bmal1 in perivascular adipose tissue regulates resting-phase blood pressure through transcriptional regulation
of angiotensinogen. Circulation 2018, 138, 67–79. [CrossRef]

32. Alberti, K.; Eckel, R.H.; Grundy, S.M.; Zimmet, P.Z.; Cleeman, J.I.; Donato, K.A.; Fruchart, J.-C.; James, W.P.T.;
Loria, C.M.; Smith, S.C., Jr. Harmonizing the metabolic syndrome: A joint interim statement of the
international diabetes federation task force on epidemiology and prevention; national heart, lung, and blood
institute; American heart association; world heart federation; international atherosclerosis society; and
international association for the study of obesity. Circulation 2009, 120, 1640–1645. [PubMed]

33. Kumar, R.K.; Darios, E.S.; Burnett, R.; Thompson, J.M.; Watts, S.W. Fenfluramine-induced PVAT-dependent
contraction depends on norepinephrine and not serotonin. Pharmacol. Res. 2019, 140, 43–49. [CrossRef]

34. Victorio, J.A.; Fontes, M.T.; Rossoni, L.V.; Davel, A.P. Different anti-contractile function and nitric oxide
production of thoracic and abdominal perivascular adipose tissues. Front. Physiol. 2016, 7, 295. [CrossRef]
[PubMed]

http://dx.doi.org/10.1016/j.bbadis.2015.10.024
http://www.ncbi.nlm.nih.gov/pubmed/26521150
http://dx.doi.org/10.3389/fphys.2018.01668
http://dx.doi.org/10.1016/j.redox.2016.12.035
http://dx.doi.org/10.1161/01.ATV.0000217611.81085.c5
http://dx.doi.org/10.1111/bph.13648
http://dx.doi.org/10.1161/CIRCULATIONAHA.105.563213
http://dx.doi.org/10.2337/dc11-s239
http://www.ncbi.nlm.nih.gov/pubmed/21525470
http://dx.doi.org/10.1253/circj.CJ-12-1393
http://www.ncbi.nlm.nih.gov/pubmed/23207957
http://dx.doi.org/10.1016/j.cardiores.2007.05.025
http://www.ncbi.nlm.nih.gov/pubmed/17617391
http://dx.doi.org/10.1016/j.phrs.2010.10.011
http://www.ncbi.nlm.nih.gov/pubmed/20969959
http://dx.doi.org/10.1016/j.ejphar.2019.172706
http://dx.doi.org/10.1016/j.prostaglandins.2013.06.002
http://www.ncbi.nlm.nih.gov/pubmed/23791663
http://dx.doi.org/10.1038/sj.bjp.0707228
http://dx.doi.org/10.1097/HJH.0b013e328324ed86
http://dx.doi.org/10.1161/ATVBAHA.120.312464
http://dx.doi.org/10.1016/j.vph.2016.05.008
http://dx.doi.org/10.1161/CIRCULATIONAHA.117.029972
http://www.ncbi.nlm.nih.gov/pubmed/19805654
http://dx.doi.org/10.1016/j.phrs.2018.08.024
http://dx.doi.org/10.3389/fphys.2016.00295
http://www.ncbi.nlm.nih.gov/pubmed/27462277


Antioxidants 2020, 9, 574 18 of 25

35. Watts, S.W.; Dorrance, A.M.; Penfold, M.E.; Rourke, J.L.; Sinal, C.J.; Seitz, B.; Sullivan, T.J.; Charvat, T.T.;
Thompson, J.M.; Burnett, R. Chemerin connects fat to arterial contraction. Arterioscler. Thromb. Vasc. Biol.
2013, 33, 1320–1328. [CrossRef] [PubMed]

36. Owen, M.K.; Witzmann, F.A.; McKenney, M.L.; Lai, X.; Berwick, Z.C.; Moberly, S.P.; Alloosh, M.; Sturek, M.;
Tune, J.D. Perivascular adipose tissue potentiates contraction of coronary vascular smooth muscle: Influence
of obesity. Circulation 2013, 128, 9–18. [CrossRef]

37. Ayala-Lopez, N.; Martini, M.; Jackson, W.F.; Darios, E.; Burnett, R.; Seitz, B.; Fink, G.D.; Watts, S.W.
Perivascular adipose tissue contains functional catecholamines. Pharmacol. Res. Perspect. 2014, 2, e00041.
[CrossRef]

38. Gao, Y.-J.; Takemori, K.; Su, L.-Y.; An, W.-S.; Lu, C.; Sharma, A.M.; Lee, R.M. Perivascular adipose tissue
promotes vasoconstriction: The role of superoxide anion. Cardiovasc. Res. 2006, 71, 363–373. [CrossRef]

39. Saxton, S.N.; Ryding, K.E.; Aldous, R.G.; Withers, S.B.; Ohanian, J.; Heagerty, A.M. Role of sympathetic
nerves and adipocyte catecholamine uptake in the vasorelaxant function of perivascular adipose tissue.
Arterioscler. Thromb. Vasc. Biol. 2018, 38, 880–891. [CrossRef]

40. Miao, C.Y.; Li, Z.Y. The role of perivascular adipose tissue in vascular smooth muscle cell growth.
Br. J. Pharmacol. 2012, 165, 643–658. [CrossRef]

41. Fitzgibbons, T.P.; Kogan, S.; Aouadi, M.; Hendricks, G.M.; Straubhaar, J.; Czech, M.P. Similarity of
mouse perivascular and brown adipose tissues and their resistance to diet-induced inflammation. Am. J.
Physiol.-Heart Circ. Physiol. 2011, 301, H1425–H1437. [CrossRef] [PubMed]

42. Drosos, I.; Chalikias, G.; Pavlaki, M.; Kareli, D.; Epitropou, G.; Bougioukas, G.; Mikroulis, D.; Konstantinou, F.;
Giatromanolaki, A.; Ritis, K. Differences between perivascular adipose tissue surrounding the heart and the
internal mammary artery: Possible role for the leptin-inflammation-fibrosis-hypoxia axis. Clin. Res. Cardiol.
2016, 105, 887–900. [CrossRef] [PubMed]

43. Chatterjee, T.K.; Aronow, B.J.; Tong, W.S.; Manka, D.; Tang, Y.; Bogdanov, V.Y.; Unruh, D.; Blomkalns, A.L.;
Piegore, M.G., Jr.; Weintraub, D.S. Human coronary artery perivascular adipocytes overexpress genes
responsible for regulating vascular morphology, inflammation, and hemostasis. Physiol. Genom. 2013, 45,
697–709. [CrossRef]

44. Chang, L.; Villacorta, L.; Zhang, J.; Garcia-Barrio, M.T.; Yang, K.; Hamblin, M.; Whitesall, S.E.; D’Alecy, L.G.;
Chen, Y.E. Vascular smooth muscle cell-selective PPARγ deletion leads to hypotension. Circulation 2009,
119, 2161. [CrossRef] [PubMed]

45. Lemecha, M.; Morino, K.; Imamura, T.; Iwasaki, H.; Ohashi, N.; Ida, S.; Sato, D.; Sekine, O.; Ugi, S.;
Maegawa, H. MiR-494-3p regulates mitochondrial biogenesis and thermogenesis through PGC1-α signalling
in beige adipocytes. Sci. Rep. 2018, 8. [CrossRef] [PubMed]

46. Koh, E.H.; Park, J.-Y.; Park, H.-S.; Jeon, M.J.; Ryu, J.W.; Kim, M.; Kim, S.Y.; Kim, M.-S.; Kim, S.-W.; Park, I.S.
Essential role of mitochondrial function in adiponectin synthesis in adipocytes. Diabetes 2007, 56, 2973–2981.
[CrossRef]

47. Fernández-Alfonso, M.S.; Gil-Ortega, M.; García-Prieto, C.F.; Aranguez, I.; Ruiz-Gayo, M.; Somoza, B.
Mechanisms of perivascular adipose tissue dysfunction in obesity. Int. J. Endocrinol. 2013, 2013. [CrossRef]

48. De Mello, A.H.; Costa, A.B.; Engel, J.D.G.; Rezin, G.T. Mitochondrial dysfunction in obesity. Life Sci. 2018,
192, 26–32. [CrossRef]

49. Huang Cao, Z.F.; Stoffel, E.; Cohen, P. Role of perivascular adipose tissue in vascular physiology and
pathology. Hypertension 2017, 69, 770–777. [CrossRef]

50. Deshmane, S.L.; Kremlev, S.; Amini, S.; Sawaya, B.E. Monocyte chemoattractant protein-1 (MCP-1): An
overview. J. Interferon Cytokine Res. 2009, 29, 313–326. [CrossRef]

51. Azul, L.; Leandro, A.; Boroumand, P.; Klip, A.; Seiça, R.; Sena, C.M. Increased inflammation, oxidative
stress and a reduction in antioxidant defense enzymes in perivascular adipose tissue contribute to vascular
dysfunction in type 2 diabetes. Free Radic. Biol. Med. 2020, 146, 264–274. [CrossRef] [PubMed]

52. Kawanami, D.; Maemura, K.; Takeda, N.; Harada, T.; Nojiri, T.; Imai, Y.; Manabe, I.; Utsunomiya, K.;
Nagai, R. Direct reciprocal effects of resistin and adiponectin on vascular endothelial cells: A new insight into
adipocytokine–endothelial cell interactions. Biochem. Biophys. Res. Commun. 2004, 314, 415–419. [CrossRef]

53. Agha, M.; Agha, R. The rising prevalence of obesity: Part A: Impact on public health. Int. J. Surg. Oncol.
2017, 2, e17. [CrossRef] [PubMed]

http://dx.doi.org/10.1161/ATVBAHA.113.301476
http://www.ncbi.nlm.nih.gov/pubmed/23559624
http://dx.doi.org/10.1161/CIRCULATIONAHA.112.001238
http://dx.doi.org/10.1002/prp2.41
http://dx.doi.org/10.1016/j.cardiores.2006.03.013
http://dx.doi.org/10.1161/ATVBAHA.118.310777
http://dx.doi.org/10.1111/j.1476-5381.2011.01404.x
http://dx.doi.org/10.1152/ajpheart.00376.2011
http://www.ncbi.nlm.nih.gov/pubmed/21765057
http://dx.doi.org/10.1007/s00392-016-0996-7
http://www.ncbi.nlm.nih.gov/pubmed/27337945
http://dx.doi.org/10.1152/physiolgenomics.00042.2013
http://dx.doi.org/10.1161/CIRCULATIONAHA.108.815803
http://www.ncbi.nlm.nih.gov/pubmed/19364979
http://dx.doi.org/10.1038/s41598-018-33438-3
http://www.ncbi.nlm.nih.gov/pubmed/30305668
http://dx.doi.org/10.2337/db07-0510
http://dx.doi.org/10.1155/2013/402053
http://dx.doi.org/10.1016/j.lfs.2017.11.019
http://dx.doi.org/10.1161/HYPERTENSIONAHA.116.08451
http://dx.doi.org/10.1089/jir.2008.0027
http://dx.doi.org/10.1016/j.freeradbiomed.2019.11.002
http://www.ncbi.nlm.nih.gov/pubmed/31698080
http://dx.doi.org/10.1016/j.bbrc.2003.12.104
http://dx.doi.org/10.1097/IJ9.0000000000000017
http://www.ncbi.nlm.nih.gov/pubmed/29177227


Antioxidants 2020, 9, 574 19 of 25

54. Montero, D.; Walther, G.; Perez-Martin, A.; Roche, E.; Vinet, A. Endothelial dysfunction, inflammation, and
oxidative stress in obese children and adolescents: Markers and effect of lifestyle intervention. Obes. Rev.
2012, 13, 441–455. [CrossRef]

55. Da Costa, R.M.; Fais, R.S.; Dechandt, C.R.; Louzada-Junior, P.; Alberici, L.C.; Lobato, N.S.; Tostes, R.C.
Increased mitochondrial ROS generation mediates the loss of the anti-contractile effects of perivascular
adipose tissue in high-fat diet obese mice. Br. J. Pharmacol. 2017, 174, 3527–3541. [CrossRef] [PubMed]

56. Xia, N.; Horke, S.; Habermeier, A.; Closs, E.I.; Reifenberg, G.; Gericke, A.; Mikhed, Y.; Münzel, T.; Daiber, A.;
Förstermann, U. Uncoupling of endothelial nitric oxide synthase in perivascular adipose tissue of diet-induced
obese mice. Arterioscler. Thromb. Vasc. Biol. 2016, 36, 78–85. [CrossRef] [PubMed]

57. Gil-Ortega, M.; Stucchi, P.; Guzmán-Ruiz, R.; Cano, V.; Arribas, S.; González, M.C.; Ruiz-Gayo, M.;
Fernández-Alfonso, M.S.; Somoza, B. Adaptative nitric oxide overproduction in perivascular adipose tissue
during early diet-induced obesity. Endocrinology 2010, 151, 3299–3306. [CrossRef]

58. Ma, L.; Ma, S.; He, H.; Yang, D.; Chen, X.; Luo, Z.; Liu, D.; Zhu, Z. Perivascular fat-mediated vascular
dysfunction and remodeling through the AMPK/mTOR pathway in high-fat diet-induced obese rats.
Hypertens. Res. 2010, 33, 446–453. [CrossRef]

59. Bailey-Downs, L.C.; Tucsek, Z.; Toth, P.; Sosnowska, D.; Gautam, T.; Sonntag, W.E.; Csiszar, A.; Ungvari, Z.
Aging exacerbates obesity-induced oxidative stress and inflammation in perivascular adipose tissue in mice:
A paracrine mechanism contributing to vascular redox dysregulation and inflammation. J. Gerontol. Ser. A
Biomed. Sci. Med Sci. 2013, 68, 780–792. [CrossRef]

60. Gil-Ortega, M.; Condezo-Hoyos, L.; García-Prieto, C.F.; Arribas, S.M.; González, M.C.; Aranguez, I.;
Ruiz-Gayo, M.; Somoza, B.; Fernández-Alfonso, M.S. Imbalance between pro and anti-oxidant mechanisms
in perivascular adipose tissue aggravates long-term high-fat diet-derived endothelial dysfunction. PLoS ONE
2014, 9. [CrossRef]

61. Qiu, T.; Li, M.; Tanner, M.A.; Yang, Y.; Sowers, J.R.; Korthuis, R.J.; Hill, M.A. Depletion of dendritic cells in
perivascular adipose tissue improves arterial relaxation responses in type 2 diabetic mice. Metabolism 2018,
85, 76–89. [CrossRef] [PubMed]

62. Li, W.; Jin, D.; Takai, S.; Hayakawa, T.; Ogata, J.; Yamanishi, K.; Yamanishi, H.; Okamura, H. Impaired
function of aorta and perivascular adipose tissue in IL-18-deficient mice. Am. J. Physiol.-Heart Circ. Physiol.
2019, 317, H1142–H1156. [CrossRef]

63. Srivastava, S.K.; Yadav, U.C.; Reddy, A.B.; Saxena, A.; Tammali, R.; Shoeb, M.; Ansari, N.H.; Bhatnagar, A.;
Petrash, M.J.; Srivastava, S. Aldose reductase inhibition suppresses oxidative stress-induced inflammatory
disorders. Chem.-Biol. Interact. 2011, 191, 330–338. [CrossRef]

64. Ramalingam, L.; Menikdiwela, K.; LeMieux, M.; Dufour, J.M.; Kaur, G.; Kalupahana, N.; Moustaid-Moussa, N.
The renin angiotensin system, oxidative stress and mitochondrial function in obesity and insulin resistance.
Biochim. Biophys. Acta (BBA)-Mol. Basis Dis. 2017, 1863, 1106–1114. [CrossRef] [PubMed]

65. Aghamohammadzadeh, R.; Unwin, R.D.; Greenstein, A.S.; Heagerty, A.M. Effects of obesity on perivascular
adipose tissue vasorelaxant function: Nitric oxide, inflammation and elevated systemic blood pressure.
J. Vasc. Res. 2015, 52, 299–305. [CrossRef] [PubMed]

66. Cancello, R.; Henegar, C.; Viguerie, N.; Taleb, S.; Poitou, C.; Rouault, C.; Coupaye, M.; Pelloux, V.; Hugol, D.;
Bouillot, J.-L. Reduction of macrophage infiltration and chemoattractant gene expression changes in white
adipose tissue of morbidly obese subjects after surgery-induced weight loss. Diabetes 2005, 54, 2277–2286.
[CrossRef] [PubMed]

67. Chen, B.; Lam, K.S.; Wang, Y.; Wu, D.; Lam, M.C.; Shen, J.; Wong, L.; Hoo, R.L.; Zhang, J.; Xu, A. Hypoxia
dysregulates the production of adiponectin and plasminogen activator inhibitor-1 independent of reactive
oxygen species in adipocytes. Biochem. Biophys. Res. Commun. 2006, 341, 549–556. [CrossRef]

68. Li, H.; Horke, S.; Förstermann, U. Vascular oxidative stress, nitric oxide and atherosclerosis. Atherosclerosis
2014, 237, 208–219. [CrossRef]

69. Packard, R.R.; Libby, P. Inflammation in atherosclerosis: From vascular biology to biomarker discovery and
risk prediction. Clin. Chem. 2008, 54, 24–38. [CrossRef]

70. Romanko, O.P.; Ali, M.I.; Romanko, O.P.; Ali, M.I.; Mintz, J.D.; Stepp, D.W. Insulin resistance impairs
endothelial function but not adrenergic reactivity or vascular structure in fructose-fed rats. Microcirculation
2009, 16, 414–423. [CrossRef]

http://dx.doi.org/10.1111/j.1467-789X.2011.00956.x
http://dx.doi.org/10.1111/bph.13687
http://www.ncbi.nlm.nih.gov/pubmed/27930804
http://dx.doi.org/10.1161/ATVBAHA.115.306263
http://www.ncbi.nlm.nih.gov/pubmed/26586660
http://dx.doi.org/10.1210/en.2009-1464
http://dx.doi.org/10.1038/hr.2010.11
http://dx.doi.org/10.1093/gerona/gls238
http://dx.doi.org/10.1371/journal.pone.0095312
http://dx.doi.org/10.1016/j.metabol.2018.03.002
http://www.ncbi.nlm.nih.gov/pubmed/29530798
http://dx.doi.org/10.1152/ajpheart.00813.2018
http://dx.doi.org/10.1016/j.cbi.2011.02.023
http://dx.doi.org/10.1016/j.bbadis.2016.07.019
http://www.ncbi.nlm.nih.gov/pubmed/27497523
http://dx.doi.org/10.1159/000443885
http://www.ncbi.nlm.nih.gov/pubmed/26910225
http://dx.doi.org/10.2337/diabetes.54.8.2277
http://www.ncbi.nlm.nih.gov/pubmed/16046292
http://dx.doi.org/10.1016/j.bbrc.2006.01.004
http://dx.doi.org/10.1016/j.atherosclerosis.2014.09.001
http://dx.doi.org/10.1373/clinchem.2007.097360
http://dx.doi.org/10.1080/10739680902832795


Antioxidants 2020, 9, 574 20 of 25

71. Rebolledo, A.; Rebolledo, O.R.; Marra, C.A.; García, M.E.; Palomo, A.R.R.; Rimorini, L.; Gagliardino, J.J.
Early alterations in vascular contractility associated to changes in fatty acid composition and oxidative stress
markers in perivascular adipose tissue. Cardiovasc. Diabetol. 2010, 9, 65. [CrossRef] [PubMed]

72. Da Costa, R.M.; Silva, J.F.d.; Alves, J.V.; Dias, T.B.; Rassi, D.M.; Garcia, L.V.; Lobato, N.D.S.; Tostes, R.C.
Increased O-GlcNAcylation of endothelial nitric oxide synthase compromises the anti-contractile properties
of perivascular adipose tissue in metabolic syndrome. Front. Physiol. 2018, 9, 341. [CrossRef] [PubMed]

73. Antonopoulos, A.S.; Margaritis, M.; Coutinho, P.; Shirodaria, C.; Psarros, C.; Herdman, L.; Sanna, F.; De
Silva, R.; Petrou, M.; Sayeed, R. Adiponectin as a link between type 2 diabetes and vascular NADPH oxidase
activity in the human arterial wall: The regulatory role of perivascular adipose tissue. Diabetes 2015, 64,
2207–2219. [CrossRef] [PubMed]

74. Rossman, M.J.; Kaplon, R.E.; Hill, S.D.; McNamara, M.N.; Santos-Parker, J.R.; Pierce, G.L.; Seals, D.R.;
Donato, A.J. Endothelial cell senescence with aging in healthy humans: Prevention by habitual exercise
and relation to vascular endothelial function. Am. J. Physiol.-Heart Circ. Physiol. 2017, 313, H890–H895.
[CrossRef]

75. Muñoz-Espín, D.; Serrano, M. Cellular senescence: From physiology to pathology. Nat. Rev. Mol. Cell Biol.
2014, 15, 482–496. [CrossRef]

76. Bhayadia, R.; Schmidt, B.M.; Melk, A.; Hömme, M. Senescence-induced oxidative stress causes endothelial
dysfunction. J. Gerontol. Ser. A Biomed. Sci. Med. Sci. 2016, 71, 161–169. [CrossRef]

77. Gómez-Serrano, M.; Camafeita, E.; López, J.A.; Rubio, M.A.; Bretón, I.; García-Consuegra, I.; García-Santos, E.;
Lago, J.; Sánchez-Pernaute, A.; Torres, A. Differential proteomic and oxidative profiles unveil dysfunctional
protein import to adipocyte mitochondria in obesity-associated aging and diabetes. Redox Biol. 2017, 11,
415–428. [CrossRef] [PubMed]

78. Guo, X.; Zhang, Y.; Zheng, L.; Zheng, C.; Song, J.; Zhang, Q.; Kang, B.; Liu, Z.; Jin, L.; Xing, R. Global
characterization of T cells in non-small-cell lung cancer by single-cell sequencing. Nat. Med. 2018, 24,
978–985. [CrossRef]

79. Schütz, E.; Gogiraju, R.; Pavlaki, M.; Drosos, I.; Georgiadis, G.S.; Argyriou, C.; Rim Ben Hallou, A.;
Konstantinou, F.; Mikroulis, D.; Schüler, R. Age-Dependent and-Independent Effects of Perivascular Adipose
Tissue and Its Paracrine Activities during Neointima Formation. Int. J. Mol. Sci. 2020, 21, 282. [CrossRef]
[PubMed]

80. Butterfield, D.A.; Poon, H.F. The senescence-accelerated prone mouse (SAMP8): A model of age-related
cognitive decline with relevance to alterations of the gene expression and protein abnormalities in Alzheimer’s
disease. Exp. Gerontol. 2005, 40, 774–783. [CrossRef] [PubMed]

81. Agabiti-Rosei, C.; Favero, G.; De Ciuceis, C.; Rossini, C.; Porteri, E.; Rodella, L.F.; Franceschetti, L.;
Sarkar, A.M.; Agabiti-Rosei, E.; Rizzoni, D. Effect of long-term treatment with melatonin on vascular
markers of oxidative stress/inflammation and on the anticontractile activity of perivascular fat in aging mice.
Hypertens. Res. 2017, 40, 41–50. [CrossRef] [PubMed]

82. Pan, X.X.; Ruan, C.C.; Liu, X.Y.; Kong, L.R.; Ma, Y.; Wu, Q.H.; Li, H.Q.; Sun, Y.J.; Chen, A.Q.; Zhao, Q.
Perivascular adipose tissue-derived stromal cells contribute to vascular remodeling during aging. Aging Cell
2019, 18, e12969. [CrossRef] [PubMed]

83. Lefranc, C.; Friederich-Persson, M.; Braud, L.; Palacios-Ramirez, R.; Karlsson, S.; Boujardine, N.; Motterlini, R.;
Jaisser, F.; Nguyen Dinh Cat, A. MR (Mineralocorticoid Receptor) Induces Adipose Tissue Senescence and
Mitochondrial Dysfunction Leading to Vascular Dysfunction in Obesity. Hypertension 2019, 73, 458–468.
[CrossRef] [PubMed]

84. Martínez-Martínez, E.; Miana, M.; Jurado-López, R.; Bartolomé, M.; Neto, F.S.; Salaices, M.; López-Andrés, N.;
Cachofeiro, V. The potential role of leptin in the vascular remodeling associated with obesity. Int. J. Obes.
2014, 38, 1565–1572. [CrossRef]

85. Tsioufis, C.; Dimitriadis, K.; Selima, M.; Thomopoulos, C.; Mihas, C.; Skiadas, I.; Tousoulis, D.; Stefanadis, C.;
Kallikazaros, I. Low-grade inflammation and hypoadiponectinaemia have an additive detrimental effect on
aortic stiffness in essential hypertensive patients. Eur. Heart J. 2007, 28, 1162–1169. [CrossRef]

86. Siegel-Axel, D.I.; Ullrich, S.; Stefan, N.; Rittig, K.; Gerst, F.; Klingler, C.; Schmidt, U.; Schreiner, B.;
Randrianarisoa, E.; Schaller, H.-E. Fetuin-A influences vascular cell growth and production of
proinflammatory and angiogenic proteins by human perivascular fat cells. Diabetologia 2014, 57, 1057–1066.
[CrossRef]

http://dx.doi.org/10.1186/1475-2840-9-65
http://www.ncbi.nlm.nih.gov/pubmed/20964827
http://dx.doi.org/10.3389/fphys.2018.00341
http://www.ncbi.nlm.nih.gov/pubmed/29681862
http://dx.doi.org/10.2337/db14-1011
http://www.ncbi.nlm.nih.gov/pubmed/25552596
http://dx.doi.org/10.1152/ajpheart.00416.2017
http://dx.doi.org/10.1038/nrm3823
http://dx.doi.org/10.1093/gerona/glv008
http://dx.doi.org/10.1016/j.redox.2016.12.013
http://www.ncbi.nlm.nih.gov/pubmed/28064117
http://dx.doi.org/10.1038/s41591-018-0045-3
http://dx.doi.org/10.3390/ijms21010282
http://www.ncbi.nlm.nih.gov/pubmed/31906225
http://dx.doi.org/10.1016/j.exger.2005.05.007
http://www.ncbi.nlm.nih.gov/pubmed/16026957
http://dx.doi.org/10.1038/hr.2016.103
http://www.ncbi.nlm.nih.gov/pubmed/27534739
http://dx.doi.org/10.1111/acel.12969
http://www.ncbi.nlm.nih.gov/pubmed/31087498
http://dx.doi.org/10.1161/HYPERTENSIONAHA.118.11873
http://www.ncbi.nlm.nih.gov/pubmed/30624990
http://dx.doi.org/10.1038/ijo.2014.37
http://dx.doi.org/10.1093/eurheartj/ehm089
http://dx.doi.org/10.1007/s00125-014-3177-0


Antioxidants 2020, 9, 574 21 of 25

87. Moe, K.T.; Naylynn, T.M.; Yin, N.O.; Khairunnisa, K.; Allen, J.C.; Wong, M.C.; Chin-Dusting, J.; Wong, P.
Tumor necrosis factor-α induces aortic intima-media thickening via perivascular adipose tissue inflammation.
J. Vasc. Res. 2013, 50, 228–237. [CrossRef]

88. Schroeter, M.R.; Eschholz, N.; Herzberg, S.; Jerchel, I.; Leifheit-Nestler, M.; Czepluch, F.S.; Chalikias, G.;
Konstantinides, S.; Schäfer, K. Leptin-dependent and leptin-independent paracrine effects of perivascular
adipose tissue on neointima formation. Arterioscler. Thromb. Vasc. Biol. 2013, 33, 980–987. [CrossRef]
[PubMed]

89. Li, H.; Wang, Y.-P.; Zhang, L.-N.; Tian, G. Perivascular adipose tissue-derived leptin promotes vascular
smooth muscle cell phenotypic switching via p38 mitogen-activated protein kinase in metabolic syndrome
rats. Exp. Biol. Med. 2014, 239, 954–965. [CrossRef]

90. Wu, J.; Saleh, M.A.; Kirabo, A.; Itani, H.A.; Montaniel, K.R.C.; Xiao, L.; Chen, W.; Mernaugh, R.L.; Cai, H.;
Bernstein, K.E. Immune activation caused by vascular oxidation promotes fibrosis and hypertension.
J. Clin. Investig. 2016, 126, 50–67. [CrossRef]

91. Chatterjee, T.K.; Stoll, L.L.; Denning, G.M.; Harrelson, A.; Blomkalns, A.L.; Idelman, G.; Rothenberg, F.G.;
Neltner, B.; Romig-Martin, S.A.; Dickson, E.W. Proinflammatory phenotype of perivascular adipocytes:
Influence of high-fat feeding. Circ. Res. 2009, 104, 541–549. [CrossRef]

92. Takaoka, M.; Nagata, D.; Kihara, S.; Shimomura, I.; Kimura, Y.; Tabata, Y.; Saito, Y.; Nagai, R.; Sata, M.
Periadventitial adipose tissue plays a critical role in vascular remodeling. Circ. Res. 2009, 105, 906–911.
[CrossRef] [PubMed]

93. Wang, P.; Xu, T.-Y.; Guan, Y.-F.; Su, D.-F.; Fan, G.-R.; Miao, C.-Y. Perivascular adipose tissue-derived visfatin
is a vascular smooth muscle cell growth factor: Role of nicotinamide mononucleotide. Cardiovasc. Res. 2009,
81, 370–380. [CrossRef] [PubMed]

94. Raghuraman, G.; Zuniga, M.C.; Yuan, H.; Zhou, W. PKCε mediates resistin-induced NADPH oxidase
activation and inflammation leading to smooth muscle cell dysfunction and intimal hyperplasia.
Atherosclerosis 2016, 253, 29–37. [CrossRef]

95. Fu, M.; Xu, L.; Chen, X.; Han, W.; Ruan, C.; Li, J.; Cai, C.; Ye, M.; Gao, P. Neural crest cells differentiate into
brown adipocytes and contribute to periaortic arch adipose tissue formation. Arterioscler. Thromb. Vasc. Biol.
2019, 39, 1629–1644. [CrossRef]

96. Li, X.; Ballantyne, L.L.; Yu, Y.; Funk, C.D. Perivascular adipose tissue–derived extracellular vesicle miR-221-3p
mediates vascular remodeling. FASEB J. 2019, 33, 12704–12722. [CrossRef] [PubMed]

97. Wihastuti, T.A.; Aini, F.N.; Tjahjono, C.T.; Heriansyah, T. Dietary Ethanolic Extract of Mangosteen pericarp
Reduces VCAM-1, Perivascular Adipose Tissue and Aortic Intimal Medial Thickness in Hypercholesterolemic
Rat Model. Open Access Maced. J. Med. Sci. 2019, 7, 3158. [CrossRef]

98. Wihastuti, T.A.; Sargowo, D.; Heriansyah, T.; Aziza, Y.E.; Puspitarini, D.; Iwana, A.N.; Evitasari, L.A. The
reduction of aorta histopathological images through inhibition of reactive oxygen species formation in
hypercholesterolemia rattus norvegicus treated with polysaccharide peptide of Ganoderma lucidum. Iran. J.
Basic Med. Sci. 2015, 18, 514.

99. Prasetya, I.; Wihastuti, T.A.; Widodo, M.A.; Sargowo, D. Ganodermalucidum Polysaccharides Peptide:
Possibility of Hypertension Therapy with Antioxidant. J. Hypertens. 2015, 33, e38. [CrossRef]

100. Simperova, A.; Al-Nakkash, L.; Faust, J.J.; Sweazea, K.L. Genistein supplementation prevents weight gain
but promotes oxidative stress and inflammation in the vasculature of female obese ob/ob mice. Nutr. Res.
2016, 36, 789–797. [CrossRef]

101. Singh, P.; Sharma, S.; Kumar Rath, S. Genistein induces deleterious effects during its acute exposure in Swiss
mice. BioMed Res. Int. 2014, 2014. [CrossRef] [PubMed]

102. Alcalá, M.; Sánchez-Vera, I.; Sevillano, J.; Herrero, L.; Serra, D.; Ramos, M.P.; Viana, M. Vitamin E reduces
adipose tissue fibrosis, inflammation, and oxidative stress and improves metabolic profile in obesity. Obesity
2015, 23, 1598–1606. [CrossRef] [PubMed]

103. Xia, N.; Förstermann, U.; Li, H. Effects of resveratrol on eNOS in the endothelium and the perivascular
adipose tissue. Ann. N. Y. Acad. Sci. 2017, 1403, 132–141. [CrossRef] [PubMed]

104. Virdis, A.; Duranti, E.; Rossi, C.; Dell’Agnello, U.; Santini, E.; Anselmino, M.; Chiarugi, M.; Taddei, S.;
Solini, A. 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 J. 2015, 36, 784–794. [CrossRef]
[PubMed]

http://dx.doi.org/10.1159/000350542
http://dx.doi.org/10.1161/ATVBAHA.113.301393
http://www.ncbi.nlm.nih.gov/pubmed/23520165
http://dx.doi.org/10.1177/1535370214527903
http://dx.doi.org/10.1172/JCI80761
http://dx.doi.org/10.1161/CIRCRESAHA.108.182998
http://dx.doi.org/10.1161/CIRCRESAHA.109.199653
http://www.ncbi.nlm.nih.gov/pubmed/19762682
http://dx.doi.org/10.1093/cvr/cvn288
http://www.ncbi.nlm.nih.gov/pubmed/18952695
http://dx.doi.org/10.1016/j.atherosclerosis.2016.08.015
http://dx.doi.org/10.1161/ATVBAHA.119.312838
http://dx.doi.org/10.1096/fj.201901548R
http://www.ncbi.nlm.nih.gov/pubmed/31469602
http://dx.doi.org/10.3889/oamjms.2019.717
http://dx.doi.org/10.1097/01.hjh.0000469862.00177.3f
http://dx.doi.org/10.1016/j.nutres.2016.03.011
http://dx.doi.org/10.1155/2014/619617
http://www.ncbi.nlm.nih.gov/pubmed/24967385
http://dx.doi.org/10.1002/oby.21135
http://www.ncbi.nlm.nih.gov/pubmed/26148343
http://dx.doi.org/10.1111/nyas.13397
http://www.ncbi.nlm.nih.gov/pubmed/28672425
http://dx.doi.org/10.1093/eurheartj/ehu072
http://www.ncbi.nlm.nih.gov/pubmed/24578389


Antioxidants 2020, 9, 574 22 of 25

105. Baltieri, N.; Guizoni, D.M.; Victorio, J.A.; Davel, A.P. Protective role of perivascular adipose tissue in
endothelial dysfunction and insulin-induced vasodilatation of hypercholesterolemic LDL receptor-deficient
mice. Front. Physiol. 2018, 9, 229. [CrossRef]

106. Bussey, C.E.; Withers, S.B.; Aldous, R.G.; Edwards, G.; Heagerty, A.M. Obesity-Related Perivascular Adipose
Tissue Damage Is Reversed by Sustained Weight Loss in the Rat. Arter. Thromb. Vasc. Biol. 2016, 36,
1377–1385. [CrossRef]

107. Xia, N.; Weisenburger, S.; Koch, E.; Burkart, M.; Reifenberg, G.; Förstermann, U.; Li, H. Restoration
of perivascular adipose tissue function in diet-induced obese mice without changing bodyweight.
Br. J. Pharmacol. 2017, 174, 3443–3453. [CrossRef] [PubMed]

108. Yang, Z.; Ming, X.F. Arginase: The emerging therapeutic target for vascular oxidative stress and inflammation.
Front. Immunol. 2013, 4, 149. [CrossRef] [PubMed]

109. Li, H.; Forstermann, U. Uncoupling of endothelial NO synthase in atherosclerosis and vascular disease.
Curr. Opin. Pharmacol. 2013, 13, 161–167. [CrossRef] [PubMed]

110. Li, H.; Horke, S.; Forstermann, U. Oxidative stress in vascular disease and its pharmacological prevention.
Trends Pharmacol. Sci. 2013, 34, 313–319. [CrossRef]

111. Almabrouk, T.A.; White, A.D.; Ugusman, A.B.; Skiba, D.S.; Katwan, O.J.; Alganga, H.; Guzik, T.J.; Touyz, R.M.;
Salt, I.P.; Kennedy, S. High fat diet attenuates the anticontractile activity of aortic PVAT via a mechanism
involving AMPK and reduced adiponectin secretion. Front. Physiol. 2018, 9, 51. [CrossRef] [PubMed]

112. Koh, E.H.; Kim, M.; Ranjan, K.; Kim, H.S.; Park, H.-S.; Oh, K.S.; Park, I.-S.; Lee, W.J.; Kim, M.-S.; Park, J.-Y.
eNOS plays a major role in adiponectin synthesis in adipocytes. Am. J. Physiol.-Endocrinol. Metab. 2010, 298,
E846–E853. [CrossRef]

113. Sena, C.M.; Pereira, A.; Fernandes, R.; Letra, L.; Seiça, R.M. Adiponectin improves endothelial function in
mesenteric arteries of rats fed a high-fat diet: Role of perivascular adipose tissue. Br. J. Pharmacol. 2017, 174,
3514–3526. [CrossRef]

114. Ma, Y.; Li, L.; Shao, Y.; Bai, X.; Bai, T.; Huang, X. Methotrexate improves perivascular adipose tissue/endothelial
dysfunction via activation of AMPK/eNOS pathway. Mol. Med. Rep. 2017, 15, 2353–2359. [CrossRef]

115. Csiszar, A.; Labinskyy, N.; Pinto, J.T.; Ballabh, P.; Zhang, H.; Losonczy, G.; Pearson, K.; De Cabo, R.; Pacher, P.;
Zhang, C. Resveratrol induces mitochondrial biogenesis in endothelial cells. Am. J. Physiol. Heart Circ. Physiol.
2009, 297, H13–H20. [CrossRef] [PubMed]

116. Kikuchi-Utsumi, K.; Gao, B.; Ohinata, H.; Hashimoto, M.; Yamamoto, N.; Kuroshima, A. Enhanced gene
expression of endothelial nitric oxide synthase in brown adipose tissue during cold exposure. Am. J.
Physiol.-Regul. Integr. Comp. Physiol. 2002, 282, R623–R626. [CrossRef] [PubMed]

117. Sousa, A.S.; Sponton, A.C.d.S.; Trifone, C.B.; Delbin, M.A. Aerobic exercise training prevents perivascular
adipose tissue (PVAT)-induced endothelial dysfunction in thoracic aorta of obese mice. Front. Physiol. 2019,
10, 1009. [CrossRef] [PubMed]

118. You, T.; Arsenis, N.C.; Disanzo, B.L.; LaMonte, M.J. Effects of exercise training on chronic inflammation in
obesity. Sports Med. 2013, 43, 243–256. [CrossRef]

119. Boa, B.; Yudkin, J.; Van Hinsbergh, V.; Bouskela, E.; Eringa, E. Exercise effects on perivascular adipose tissue:
Endocrine and paracrine determinants of vascular function. Br. J. Pharmacol. 2017, 174, 3466–3481. [CrossRef]

120. Meziat, C.; Boulghobra, D.; Strock, E.; Battault, S.; Bornard, I.; Walther, G.; Reboul, C. Exercise training
restores eNOS activation in the perivascular adipose tissue of obese rats: Impact on vascular function.
Nitric Oxide 2019, 86, 63–67. [CrossRef]

121. Araujo, H.N.; Victório, J.A.; Valgas da Silva, C.P.; Sponton, A.C.; Vettorazzi, J.F.; de Moraes, C.; Davel, A.P.;
Zanesco, A.; Delbin, M.A. Anti-contractile effects of perivascular adipose tissue in thoracic aorta from rats fed
a high-fat diet: Role of aerobic exercise training. Clin. Exp. Pharmacol. Physiol. 2018, 45, 293–302. [CrossRef]
[PubMed]

122. Friederich-Persson, M.; Nguyen Dinh Cat, A.; Persson, P.; Montezano, A.C.; Touyz, R.M. Brown Adipose
Tissue Regulates Small Artery Function Through NADPH Oxidase 4–Derived Hydrogen Peroxide and
Redox-Sensitive Protein Kinase G-1α. Arterioscler. Thromb. Vasc. Biol. 2017, 37, 455–465. [CrossRef] [PubMed]

123. Kleiner, S.; Douris, N.; Fox, E.C.; Mepani, R.J.; Verdeguer, F.; Wu, J.; Kharitonenkov, A.; Flier, J.S.;
Maratos-Flier, E.; Spiegelman, B.M. FGF21 regulates PGC-1α and browning of white adipose tissues
in adaptive thermogenesis. Genes Dev. 2012, 26, 271–281.

http://dx.doi.org/10.3389/fphys.2018.00229
http://dx.doi.org/10.1161/ATVBAHA.116.307210
http://dx.doi.org/10.1111/bph.13703
http://www.ncbi.nlm.nih.gov/pubmed/28055105
http://dx.doi.org/10.3389/fimmu.2013.00149
http://www.ncbi.nlm.nih.gov/pubmed/23781221
http://dx.doi.org/10.1016/j.coph.2013.01.006
http://www.ncbi.nlm.nih.gov/pubmed/23395155
http://dx.doi.org/10.1016/j.tips.2013.03.007
http://dx.doi.org/10.3389/fphys.2018.00051
http://www.ncbi.nlm.nih.gov/pubmed/29479319
http://dx.doi.org/10.1152/ajpendo.00008.2010
http://dx.doi.org/10.1111/bph.13756
http://dx.doi.org/10.3892/mmr.2017.6225
http://dx.doi.org/10.1152/ajpheart.00368.2009
http://www.ncbi.nlm.nih.gov/pubmed/19429820
http://dx.doi.org/10.1152/ajpregu.00310.2001
http://www.ncbi.nlm.nih.gov/pubmed/11792674
http://dx.doi.org/10.3389/fphys.2019.01009
http://www.ncbi.nlm.nih.gov/pubmed/31474873
http://dx.doi.org/10.1007/s40279-013-0023-3
http://dx.doi.org/10.1111/bph.13732
http://dx.doi.org/10.1016/j.niox.2019.02.009
http://dx.doi.org/10.1111/1440-1681.12882
http://www.ncbi.nlm.nih.gov/pubmed/29265399
http://dx.doi.org/10.1161/ATVBAHA.116.308659
http://www.ncbi.nlm.nih.gov/pubmed/28062507


Antioxidants 2020, 9, 574 23 of 25

124. Bordicchia, M.; Liu, D.; Amri, E.-Z.; Ailhaud, G.; Dessì-Fulgheri, P.; Zhang, C.; Takahashi, N.; Sarzani, R.;
Collins, S. Cardiac natriuretic peptides act via p38 MAPK to induce the brown fat thermogenic program in
mouse and human adipocytes. J. Clin. Investig. 2012, 122, 1022–1036. [CrossRef] [PubMed]

125. Schulz, T.J.; Huang, P.; Huang, T.L.; Xue, R.; McDougall, L.E.; Townsend, K.L.; Cypess, A.M.; Mishina, Y.;
Gussoni, E.; Tseng, Y.-H. Brown-fat paucity due to impaired BMP signalling induces compensatory browning
of white fat. Nature 2013, 495, 379–383. [CrossRef] [PubMed]

126. Aldiss, P.; Davies, G.; Woods, R.; Budge, H.; Sacks, H.S.; Symonds, M.E. ‘Browning’the cardiac and
peri-vascular adipose tissues to modulate cardiovascular risk. Int. J. Cardiol. 2017, 228, 265–274. [CrossRef]
[PubMed]

127. Chang, L.; Villacorta, L.; Li, R.; Hamblin, M.; Xu, W.; Dou, C.; Zhang, J.; Wu, J.; Zeng, R.; Chen, Y.E.
Loss of perivascular adipose tissue upon PPARγ deletion in smooth muscle cells impairs intravascular
thermoregulation and enhances atherosclerosis. Circulation 2012, 126, 1067. [CrossRef] [PubMed]

128. Li, R.-M.; Chen, S.-Q.; Zeng, N.-X.; Zheng, S.-H.; Guan, L.; Liu, H.-M.; Zhou, L.-Q.; Xu, J.-W. Browning of
abdominal aorta perivascular adipose tissue inhibits adipose tissue inflammation. Metab. Syndr. Relat. Disord.
2017, 15, 450–457. [CrossRef]

129. Saito, M.; Okamatsu-Ogura, Y.; Matsushita, M.; Watanabe, K.; Yoneshiro, T.; Nio-Kobayashi, J.; Iwanaga, T.;
Miyagawa, M.; Kameya, T.; Nakada, K. High incidence of metabolically active brown adipose tissue in
healthy adult humans: Effects of cold exposure and adiposity. Diabetes 2009, 58, 1526–1531. [CrossRef]
[PubMed]

130. Bartelt, A.; Bruns, O.T.; Reimer, R.; Hohenberg, H.; Ittrich, H.; Peldschus, K.; Kaul, M.G.; Tromsdorf, U.I.;
Weller, H.; Waurisch, C. Brown adipose tissue activity controls triglyceride clearance. Nat. Med. 2011, 17, 200.
[CrossRef]

131. Xiong, W.; Zhao, X.; Garcia-Barrio, M.T.; Zhang, J.; Lin, J.; Chen, Y.E.; Jiang, Z.; Chang, L. MitoNEET in
perivascular adipose tissue blunts atherosclerosis under mild cold condition in mice. Front. Physiol. 2017,
8, 1032. [CrossRef] [PubMed]

132. Chang, L.; Zhao, X.; Garcia-Barrio, M.; Zhang, J.; Chen, Y.E. MitoNEET in perivascular adipose tissue
prevents arterial stiffness in aging mice. Cardiovasc. Drugs Ther. 2018, 32, 531–539. [CrossRef] [PubMed]

133. Geldenhuys, W.J.; Leeper, T.C.; Carroll, R.T. mitoNEET as a novel drug target for mitochondrial dysfunction.
Drug Discov. Today 2014, 19, 1601–1606. [CrossRef]

134. Aldiss, P.; Lewis, J.E.; Lupini, I.; Boocock, D.J.; Miles, A.K.; Ebling, F.J.; Budge, H.; Symonds, M.E. Exercise
does not induce browning of WAT at thermoneutrality and induces an oxidative, myogenic signature in BAT.
bioRxiv 2019, 649061. [CrossRef]

135. Gu, P.; Hui, H.; Vanhoutte, P.; Lam, K.; Xu, A. Deletion of SIRT1 in perivascular adipose tissue accelerates
obesity-induced endothelial dysfunction. In Proceedings of the 1st ASCEPT-BPS Joint Scientific Meeting,
Hong Kong, China, 19–21 May 2015.

136. Minor, R.K.; Baur, J.A.; Gomes, A.P.; Ward, T.M.; Csiszar, A.; Mercken, E.M.; Abdelmohsen, K.; Shin, Y.-K.;
Canto, C.; Scheibye-Knudsen, M. SRT1720 improves survival and healthspan of obese mice. Sci. Rep. 2011,
1, 70. [CrossRef]

137. Sun, Y.; Li, J.; Xiao, N.; Wang, M.; Kou, J.; Qi, L.; Huang, F.; Liu, B.; Liu, K. Pharmacological activation of
AMPK ameliorates perivascular adipose/endothelial dysfunction in a manner interdependent on AMPK and
SIRT1. Pharmacol. Res. 2014, 89, 19–28. [CrossRef]

138. Fleenor, B.S.; Eng, J.S.; Sindler, A.L.; Pham, B.T.; Kloor, J.D.; Seals, D.R. Superoxide signaling in perivascular
adipose tissue promotes age-related artery stiffness. Aging Cell 2014, 13, 576–578. [CrossRef]

139. Qiao, L.; Shao, J. SIRT1 regulates adiponectin gene expression through Foxo1-C/enhancer-binding protein α
transcriptional complex. J. Biol. Chem. 2006, 281, 39915–39924. [CrossRef]

140. Yoo, J.-K.; Hwang, M.-H.; Luttrell, M.J.; Kim, H.-K.; Meade, T.H.; English, M.; Segal, M.S.; Christou, D.D.
Higher levels of adiponectin in vascular endothelial cells are associated with greater brachial artery
flow-mediated dilation in older adults. Exp. Gerontol. 2015, 63, 1–7. [CrossRef]

141. Chen, Y.; Xu, X.; Zhang, Y.; Liu, K.; Huang, F.; Liu, B.; Kou, J. Diosgenin regulates adipokine expression
in perivascular adipose tissue and ameliorates endothelial dysfunction via regulation of AMPK. J. Steroid
Biochem. Mol. Biol. 2016, 155, 155–165. [CrossRef]

142. Nemoto, S.; Fergusson, M.M.; Finkel, T. SIRT1 functionally interacts with the metabolic regulator and
transcriptional coactivator PGC-1α. J. Biol. Chem. 2005, 280, 16456–16460. [CrossRef]

http://dx.doi.org/10.1172/JCI59701
http://www.ncbi.nlm.nih.gov/pubmed/22307324
http://dx.doi.org/10.1038/nature11943
http://www.ncbi.nlm.nih.gov/pubmed/23485971
http://dx.doi.org/10.1016/j.ijcard.2016.11.074
http://www.ncbi.nlm.nih.gov/pubmed/27865196
http://dx.doi.org/10.1161/CIRCULATIONAHA.112.104489
http://www.ncbi.nlm.nih.gov/pubmed/22855570
http://dx.doi.org/10.1089/met.2017.0074
http://dx.doi.org/10.2337/db09-0530
http://www.ncbi.nlm.nih.gov/pubmed/19401428
http://dx.doi.org/10.1038/nm.2297
http://dx.doi.org/10.3389/fphys.2017.01032
http://www.ncbi.nlm.nih.gov/pubmed/29311966
http://dx.doi.org/10.1007/s10557-018-6809-7
http://www.ncbi.nlm.nih.gov/pubmed/30022354
http://dx.doi.org/10.1016/j.drudis.2014.05.001
http://dx.doi.org/10.1101/649061
http://dx.doi.org/10.1038/srep00070
http://dx.doi.org/10.1016/j.phrs.2014.07.006
http://dx.doi.org/10.1111/acel.12196
http://dx.doi.org/10.1074/jbc.M607215200
http://dx.doi.org/10.1016/j.exger.2014.12.018
http://dx.doi.org/10.1016/j.jsbmb.2015.07.005
http://dx.doi.org/10.1074/jbc.M501485200


Antioxidants 2020, 9, 574 24 of 25
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