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Editorial on the Research Topic

Adipose Tissue in the Cardiovascular Homeostasis and Disease

From an evolutionary perspective, adipocyte signaling would not have been a significant priority
until the past 40 years, when the increased availability of a diet high in carbohydrates and fats (the
Western Diet) dramatically pushed obesity-derived cardiovascular dysfunction to the forefront of
health concerns. As the body’s largest endocrine organ, adipose tissue is predominantly composed of
adipocytes as well as containing a small fraction of other cell types (ex: fibroblasts, vascular and
immune cells). However, due to the broad dispersion of adipose tissue throughout the body and
intra-organ location, its ability to contribute to and alter signaling cascades via adipokines magnify
its importance in cardiovascular homeostasis. Indeed, adipose tissue plays a crucial role in health and
disease, whether through expansion (obesity), or contraction (lipodystrophy) or dysfunction. This
Research Topic was designed to highlight the multi-dimensional impact that adipose tissue has on
systemic signaling throughout the body, with a focus on the cardiovascular system.

A highlight of the work enclosed in this Research Topic is the comprehensive models used to focus
on the crosstalk of adipose and cardiovascular function, including human coronary arterioles, meta-
analysis, and rodent models. A direct examination in humans of how epicardial adipose tissue (EAT)
is altered in coronary artery disease (CAD) was shown by Wang et al. They determined that EAT in
CAD patients possessed altered/dysfunctional transcriptomes and increased adipocyte size, likely
contributing to the overall progression and development of CAD. Differentially expressed genes were
used to construct a protein-protein interaction network and hub genes identified and validated,
revealing a crucial interaction between inflammatory cells and chemokine signaling. Stephen T.
O’Rourke’s group explored the effect of apelin on BKCa channels in the coronary vasculature.
Importantly, using patch clamping and wire myography, they showed that apelin does not inhibit
BKCa currents or nitric oxide-induced relaxation, an effect that contrasts with cerebral vasculature
(Mughal et al.). Han et al. performed a meta-analysis focused on to establish the effectiveness of beta-
blockers in preventing cardiac events in long QT syndrome patients according to gender, age, and
QTc interval.

Importantly, work enclosed in this Research Topic also highlighted compounds that could be used
to alter advanced disease states, like atherosclerosis.Astragalus membranaceus is a low cost medicinal
herb normally used in several herbal formulations in the practice of traditional Chinese medicine and
major components include polysaccharides, saponins, and flavone. In a clinically relevant study led
by Dr. Fan’s group, the authors investigated the effects of total flavone of Astragalus membranaceus
(TFA) treatment on atherosclerosis and hepatic steatosis in ApoE deficient mouse (ApoE KO, a well-
established mouse model to study atherosclerosis). The authors observed that long-term TFA
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supplementation attenuates atherosclerosis development in high
fat diet (HFD) treated ApoE KO mice, which was associated with
a striking improvement of lipid disorder and hepatic outcomes
(Ma et al.). In addition, TFA reduces lipid retention and uptake,
as well as increases lipid efflux in isolated macrophages. Taken
together, this study shows that TFA supplementation has
multiple beneficial effects on cardiovascular readout by
regulating lipid metabolism, hepatic outcomes, and by
modulating macrophages and endothelial cells directly.

Pivoting away from the negative role of adipocyte tissue, Liu
et al., examined the role of adiponectin in protecting against
cardiomyocyte apoptosis, which plays a role in the development
and progression of heart failure. Adiponectin can be found in the
heart and skeletal muscle, but it is best known and explored in
adipocytes, therefore is recognized as an adipokine (molecule
produced by adipose tissue). In this interesting manuscript, the
authors observed that LPS treatment induced immune cells
infiltration and myocardial cell necrosis, which was abrogated
by pre-treating the mice with adiponectin. Such changes were
associated with a regulation of connexin 43 expression, an
abundant cardiac protein that plays major role on
cardiomyocyte apoptosis. To understand the signaling pathways
by which adiponectin confers cardiac protection in LPS-treated
mice, rat cardiomyocytes were treated with LPS in presence of
adiponectin and the authors found that adiponectin blocks LPS-
induced apoptosis via regulating PI3K/AKT pathways. This set of
data has many clinical implications by demonstrating the positive
effects of adiponectin on controlling sepsis severity, but also it has
valuable implications in understanding why obese subjects (with
lower levels of circulating adiponectin) present with a larger risk of
death in sepsis conditions.

This Research Topic also contains reviews that highlight the
distinctive role that perivascular adipose tissue (PVAT) can play,
not only through diverse adipocytes (brown, white, beige), but
also in its secretome and anatomical distribution (Li et al.).
Further reviews focus on specific microenvironments, such as
the prostate (Passos et al.) and atherosclerosis (Liu et al.) and how
targeting PVAT via intermittent fasting can reduce inflammation
and drive remodeling of adipocyte tissues (Dwaib et al.).
Uniquely, a review by Dr. Jennifer Thompson’s group drew
attention to the role of plasticizers, which certainly play a
ubiquitous role in our society today, but yet have a poorly
defined role as endocrine disruptors (Callaghan et al.). The

pervasive role of these compounds, whether it is bisphenols
(the most commonly known is BPA) or phthalates, is
highlighted in the review, along with their impacts on
adipogenesis, adipokine production, and inflammation. The
protective role of PVAT is also impacted in the setting of
obesity. Victorio et al. investigated whether the effect of
obesogenic diets on PVAT function is dependent on sex. The
authors found that PVAT dysfunction in response to two
obesogenic HFD occurs early in females compared to age-
matched males, suggesting a susceptibility of the female sex to
obesity-induced PVAT dysfunction. The data illustrate the
importance of the duration and composition of obesogenic
diets for investigating sex-specific treatments and
pharmacological targets for obesity-induced vascular
complications.

Taken together, the enclosed work advances and clarifies our
understanding of the cross-talk between adipose tissue and the
cardiovascular system. This research informs on the foundational
understanding of adipose tissue and its role in cardiovascular
homeostasis, highlights new directions, and hopefully guides
therapeutic targets in pathophysiological conditions driven by
lipid disorders.
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Atherosclerosis is a major pathogenic driver of cardiovascular diseases. Foam cell
formation plays a key role in atherogenesis, which is affected by lipid disorder and
inflammation. Therefore, inhibition of foam cell formation is a therapeutic approach for
atherosclerosis treatment. Total flavone of Astragalus membranaceus (TFA) is extracted
from A. membranaceus that has protective effect on cardiovascular disease. However, the
effect of TFA on atherosclerosis and the underlying mechanism remains unknown. In this
study, we determined whether TFA could inhibit atherosclerosis and uncovered the
underlying mechanism. In vivo, ApoE deficient mice were treated with TFA and high-fat
diet for 16 weeks. Subsequently, atherosclerotic lesions, hepatic steatosis and associated
genes expression in vitro and in vivo were determined. We found that TFA reduced
atherosclerotic lesion size and enhanced plaque stability, which might be attributed to
improved lipid disorder, reduced inflammation and decreased monocyte adhesion.
Mechanistically, TFA inhibited hepatic steatosis via regulating the genes responsible for
lipid metabolism, by which ameliorating the lipid disorder. Moreover, in macrophage, TFA
reduced the expression of scavenger receptors such as CD36 and SRA; and promoted
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the expression of ATP-binding cassette transporter A1 and G1 (ABCA1/G1). More
importantly, TFA reduced miR-33 expression and dampened NFκB activity, by which
de-repressing ABCA1/G1 activity and inhibiting the inflammation. Collectively, TFA can
attenuate atherosclerosis via dual suppression of miR-33 and NFκB pathway, and partially
through inhibition of scavenger receptors in macrophage. In addition, TFA ameliorates the
hepatic steatosis and lipid disorder, which in turn contributes to the amelioration of
atherosclerosis, suggesting that TFA might be a novel therapeutic approach for
inhibition of atherosclerosis and hepatic steatosis.

Keywords: Astragalus flavone, inflammation, atherosclerosis, hepatic steatosis, lipid disorder

INTRODUCTION

Atherosclerosis is the principal risk factor of cardiovascular
diseases, which is mainly driven by lipid disorder and
inflammation. Although the introduction of lipid-lowering
therapies, such as 3-hydroxy-3-methylglutaryl coenzyme A
reductase (HMGCR) inhibitors and proprotein convertase
subtilisin-kexin type 9 (PCSK9) inhibitors have lowered the
risk of cardiovascular disease. The atherosclerosis-driven
cardiovascular disease remains the major causes of morbidity
and mortality worldwide (de Winther and Lutgens, 2019).
Thereby, new strategies to lower the risk of cardiovascular
disease are still in need.

Lipid-enriched foam cells are the hallmark of atherosclerotic
plaques (Moore and Tabas, 2011). Lipid accumulation in the
cytoplasm can induce macrophages to transform into detrimental
foam cells, thereby accelerating atherosclerotic plaque
destabilization, rupture, and even thrombogenesis (Yang et al.,
2018). Therefore, inhibition of foam cell formation is a key target
for retarding atherogenic progression. High cholesterol uptake
and low efflux in macrophage can lead to cellular lipid
accumulation and the following foam cell formation (Yu et al.,
2013), which is mainly determined by the transporters

responsible for cholesterol efflux, such as ABCA1 and ABCG1
(Tall et al., 2008); and scavenger receptors in charge of cholesterol
uptake, such as, SRA and CD36 (Crucet et al., 2013; de Winther
et al., 2000; Nakata et al., 1999). Therefore, inhibition of
cholesterol uptake or promotion of efflux is a promising
antiatherogenic strategy (Tall, 2018; Ouimet et al., 2019). Liver
is a critical organ that regulates lipid metabolism, which mainly
determines the cholesterol metabolism and lipid profile in serum,
thereby affecting the atherogenesis (Lee et al., 2018). Importantly,
ABCA1/G1-mediated cholesterol efflux is the initial step of
reverse cholesterol transport (RCT), by which cholesterol
moves out of foam cells in atherosclerotic plaques into liver
and finally into the feces.

Atherosclerosis is driven not only by dyslipidemia but also by
inflammation. Chronic inflammation can coordinate with lipid
dysfunction. More specifically, hyperlipidemia can skew plaque
macrophages toward an atherogenic M1 phenotype instead of
toward the antiatherogenic M2 phenotype (Barrett et al., 2019).
Importantly, NF-κB is a critical signaling regulator that controls
inflammation. In the unstimulated state, the IκB binds to NF-κB
dimers in the cytoplasm to render NF-κB inactive. However,
upon stimulation, IκB proteins are phosphorylated and
subsequently degraded, which leads to release of active NF-κB

GRAPHICAL ABSTRACT | Astragalus flavone with different molecular weights have different effects on inflammation and lipid metabolism.
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dimers for nuclear translocation and target gene induction
(Baeuerle and Baltimore, 1988). In addition, miRNAs can act
as fine-tuners of genes expression, including genes responsible for
lipid metabolism and inflammation (Feinberg and Moore, 2016).
Among these miRNAs, miR-33 can regulate macrophage
polarizaiton and inflammation (Ouimet et al., 2015).
Moreover, miR-33 can limit cholesterol efflux capacity by
restricting ABCA1/G1 activity in foam cells (Price et al.,
2019). In contrast, inhibition of miR-33 can enhance RCT,
raise plasma HDL, and lower VLDL (Rayner et al., 2010;
Horie et al., 2012; Rayner et al., 2011a; Rayner et al., 2011b).
Therefore, inhibition of miR-33 and NF-κB holds therapeutic
promise for atherosclerosis treatment.

Flavone has shown the potential to improve HDL function
through the effects on antioxidant status and anti-inflammation
(Millar et al., 2017). Noticeable, the current study showed that
higher intake of flavone was associated with a lower risk of
coronary heart disease (Ma L. et al., 2020). Intriguingly, studies
have shown that flavone can exert protective effect by modulating
miRNAs expression in differentmodel of diseases (Lam et al., 2012;
Sun et al., 2015; Yin et al., 2015; Huang et al., 2016; Rigalli et al.,
2016). Total flavone of Astragalus membranaceus (TFA) is
extracted from A. membranaceus which is a traditional Chinese
medicine that has protective effects on cardiovascular disease (Su
et al., 2009; Liu et al., 2016). Moreover, TFA is easily available in
technology and low-cost in economics. Therefore, in this study, we
determined whether TFA could attenuate atherosclerosis and
further uncovered the underlying mechanism. Given the
important role of miR-33 and NF-κB pathway in cholesterol
metabolism and inflammation, we postulated that TFA may
inhibit atherosclerosis through regulating miR-33 expression
and NF-κB pathway. In the current study, TFA reduced
atherosclerosis and enhanced plaque stability in apoE deficient
mice, which may be attributed to the improvement of lipid
metabolism and inhibition of inflammation in liver and
macrophage. Moreover, TFA suppressed the adhesion of
monocytes to inflammatory endothelial cells. Mechanistically,
these effects are associated with inactivation of miR-33
expression and NFκB activity as well as orchestrating genes
responsible for lipid metabolism. Collectively, TFA may be a
possible therapeutic intervention for atherosclerosis.

MATERIALS AND METHODS

Reagents
Mouse anti-ICAM-1(Cat#: sc107), VCAM-1(Cat#: sc13160),
GAPDH (Cat#: sc365062) SRA (Cat#: sc56777), αSMA (Cat#:
sc130617), CD36 (Cat#: sc70644), and CD68 (Cat#: sc20060)
monoclonal antibodies were purchased from Santa Cruz
Biotechnology, Inc (Santa Cruz, CA). Rabbit anti-ABCG1
(Cat#: NB400-132), ABCA1(Cat#: NB400-105) and SRBI
(Cat#: NB400-104) polyclonal antibodies were purchased from
Novus Biologicals (Littleton, CO). Mouse anti-IL-1β (Cat#:
#12242) monoclonal antibody was purchased from Cell
Signaling Technology. Mouse anti-Arg (Cat#: ab239731)
monoclonal antibody were purchased from Abcam (Cambridge,

MA). Mouse anti-rabbit IgG-R (Cat#: sc2492), mouse anti-rabbit
IgG-FITC (Cat#: sc2359) and m-IgGκ BP-FITC (Cat#: sc516140)
antibodies were purchased from Santa Cruz Biotechnology, Inc
(Santa Cruz, CA). Astragalus flavone (Cat#: SA9780) was
purchased from Solarbio (Beijing, China).

Cell Culture
Human umbilical vein endothelial cells (HUVECs) were cultured
in VascuLife basal medium containing VEGF lifeFactors Kit
(Lifeline Cell Technology, Frederick, MD). RAW264.7, THP-1
cells and peritoneal macrophages were cultured in complete
RPMI1640 medium containing 10% FBS, 50 μg mL−1

penicillin/streptomycin and 2 mM glutamine.

miR-33Mimic Transfection in Macrophages
Macrophages were seeded into plate and cultured to 60%
confluence. Cells were then transfected with 50 nM miR-33
mimic or miR-33 control (Guangzhou RiboBio Co., Ltd.)
using Lipofectamine RNAiMAX (Invitrogen, Grand Island,
NE) according to the manufacturer’s instructions. The
medium was replaced with fresh medium after 6 h transfection.

Animals and Treatment Schedule
The protocol for in vivo studies was approved by the Ethics
Committee of Tianjin University of Traditional Chinese
Medicine and conforms to the Guide for the Care and Use
of Laboratory Animals published by the NIH (NIH publication,
eighth edition, updated 2011). Eight weeks old, male ApoE−/−

mice were purchased from Beijing Vital River Laboratory
Animal Technology Co., Ltd. The animals were housed in
SPF units of the Animal Center at Tianjin University of
Traditional Chinese Medicine in the environment with
60–70% humidity at temperature 22 ± 1 C and 12 h light-
dark cycle. The mice can freely access to water and high-fat
diet (41% fat plus 0.5% cholesterol, MD12015A, Medicience
Ltd., China). The ApoE−/− mice were randomly divided into
three groups and fed HFD, HFD containing high dose TFA [low
dose TFA-L, 10 mg day−1 kg−1 bodyweight (mpk)], high dose
TFA (TFA-L, 20 mpk) for 16 weeks. The mice were daily
checked for food intake, water drink and bodyweight gain
during the treatment. At the end of experiment, all mice
were anesthetized and euthanized as we previously reported
(Ma C. et al., 2020; Ma et al., 2018), following by collection of
aortas, peritoneal macrophages, blood samples and other
tissues. Serum was prepared to determine lipid profile,
including total cholesterol (Total-C, TC), high-density
lipoprotein (HDL)-C, low-density lipoprotein (LDL)-C, and
triglycerides (TG) (Ma et al., 2018). Mouse ox-LDL level was
evaluated by the commercially provided ELISA kit.

Atherosclerotic Lesion Analysis
The aortas were collected and used to prepare aortic root cross
sections followed by determination of en face and sinus lesions
with Oil Red O staining (Ma et al., 2018). All the images were
obtained with a microscope and quantified lesion areas in en face
aorta and aortic root cross sections, respectively. The lesion areas
were expressed as μm2 or % of the total surface area. Necrotic
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core, fibrous cap, cellular apoptosis, collagen content, and
expression of CD68, αSMA, Arg1, and IL-1β in lesion within
aortic root cross sections were determined by Haematoxylin and
eosin (H&E), sirius red staining, TUNEL staining, and
immunofluorescent staining, respectively (Ma et al., 2018). The
vulnerability index of plaques was calculated as (macrophage
staining% + lipid staining%)/(SMCs% + collagen fiber%),
according to a previous report (Williams et al., 2002).

Hepatic Steatosis Analysis
The hepatic steatosis was evaluated as previously described (Ma
et al., 2018; Ma C. et al., 2020; Wang et al., 2020). Briefly, after
sacrifice, the liver was isolated and photographed to exhibit the
color and size. In addition, 5μm frozen section of liver was
prepared to perform HE and Oil red O staining. Furthermore,
total cholesterol and triglyceride was detected using commercially
provided kit.

Determination of Foam Cell Formation
in vitro and in vivo
Foam cell formation in vitro and in vivo was determined by Oil
Red O staining as we previously described (Ma et al., 2018; Ma C.
et al., 2020). Briefly, in vivo, peritoneal macrophages were isolated
from TFA-treated apoE−/− mice and seeded on cover slips in 24-
well plates, and then stained with Oil Red O solution. In vitro,
RAW264.7 cells were seeded on cover slips in 24-well plates. Cells
were incubated with oxLDL for 3 h following by TFA treatment
for 16 h. Cells containing lipid droplets (>10/cell) were
considered as foam cells, and >10 fields/sample were counted.

Cholesterol Uptake and Efflux Assay
Macrophages were incubated in medium containing DiI-oxLDL
or 3-dodecanoyl-NBD cholesterol to evaluate ability of
cholesterol uptake and efflux as previously studied (Ma C.
et al., 2020). Briefly, in 12-well plates, macrophages (1.0 × 106

cells/well) pretreated with TFA at different doses were incubated
with 10 μg/mL Dil-oxLDL (Introvegen) in RPMI 1,640 at 37°C for
6 h. Fluorescence intensity was examined by a fluorescence
microscopy.

The ability of macrophage cholesterol efflux was determined
as we previous study (Ma C. et al., 2020). In brief, macrophage
was firstly incubated with 3-dodecanoyl-NBD cholesterol (1 μg/
mL, Cayman Chemical) for 6 h. And then cells were switched into
serum-free medium containing both apo-AI (5 μg/mL) and HDL
(20 μg/mL) as cholesterol acceptor in the presence or absence of
TFA for 5 h. The fluorescence-tagged cholesterol in the medium
and cells lysate was determined by the automatic microplate
reader (Thermo Scientific, Varioskan Lux, USA). Cholesterol
efflux was expressed as a ratio of fluorescence in the medium
to the total amount of fluorescence in cells together with medium.

Western Blot and Quantitative Real-Time
PCR
Total cellular proteins were extracted from cells or liver tissue.
Protein expression of ABCA1, ABCG1, CD36, GAPDH, FASN,

SREBP1c, SRBI, IκBα, pi-IκBα, p65, pi-p65, and SRA were
determined by Western blot (Yang et al., 2020).

Total RNA was isolated and purified, and cDNA was
synthesized from 1 μg of total RNA using a reverse
transcription kit (Vazyme bioteck co., ltd.). For quantitative
real-time PCR (q-RT-PCR), specific genes were amplified by
40 cycles using SYBR green PCR master mix (DBI,
Bioscience). Gene-specific primers are listed in Table S1.
Expression of mRNA was normalized to the housekeeping
gene GAPDH. miR-33 was normalized by U6 snRNA expression.

Monocyte Adhesion Assay
The HUVECs were seeded and incubated in 24-well dishes. After
reaching 85% confluence, HUVECs were preincubated with
oxLDL (100 μg/ml), or a combination of different dose of TFA
(6, 12, 24 μg/ml) with oxLDL (100 μg/ml) for 24 h. The THP-1
cells were then added to the 24-well dishes and incubated with
HUVECs for 1h. Subsequently, unbound monocytes were
removed by 3 times of washes with warm PBS. After washout,
the adherent THP-1 cells to HUVECs were captured with a
microscope and counted with ImageJ.

Statistical Analysis
The data and statistical analysis complys with the
recommendations on experimental design and analysis in
pharmacology (Curtis et al., 2015). Data was expressed as
means ± SEM and analyzed by using Graph Pad Prism
software. One-way ANOVA for comparisons between multiple
groups followed by Turkey’s method. The value of p ＜ 0.05 was
considered statistically significant.

RESULTS

TFA Attenuates Atherosclerotic
Development in apoE−/− Mice
Total flavone of A. membranaceus (TFA) is extracted from A.
membranaceus and the main ingredient of TFA includes calycosin,
kaempferol, isoliquiritigenin, siorhamnetin, formononetin,
methylnissolin, isomucronulatol, and quercetin(Lin et al., 2000;
Zhao et al., 2008; Li et al., 2019) (Figure 1A). To test the hypothesis
that long-term administration with TFA would protect against
atherosclerosis, we treated atherogenic apoE−/−mice with TFA and
HFD for 16 weeks. After treatment, we evaluated atherosclerotic
lesions. Analysis of atherosclerosis was assessed by Oil red O
staining, which was followed by quantification as lesion area
and the ratio of lesion area to total area of aorta or aortic root
cross sections. Compared with mice that fed HFD alone, en face
aortic lesions were markedly inhibited by TFA (Supplementary
Figures S1A, B). Meanwhile, atherosclerotic lesion was assessed in
four different vascular sites, including the ascending aorta,
descending aorta, thoracic aorta, and abdominal aorta. The
results showed that TFA reduced lesions in the above four sites
of aorta (Supplementary Figures S1C). Moreover, TFA resulted in
significant reduction in the aortic root (Figures 1B,C). Taken
together, these data suggests that TFA can retard the
atherosclerotic lesion development.
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The high necrotic core size and low fibrous cap area can
increase plaque vulnerability and even lead to plaque rupture,
which can result in myocardial infarction, stroke, and even
sudden death. On aortic cross sections, we found that necrotic
core area within the lesions was significantly smaller while the
fibrous cap area was larger in TFA treated mice compared to
control mice (Figure 2A). In addition, TFA increased the collagen
positive area (Figure 2B). Moreover, we observed significant
increase in percentages of αSMA+ smooth muscle cells and
reduction of CD68+ foam cells/macrophages in TFA group
compared to control group (Figures 2C,D). Dying cells in the
plaque can lead to the formation of prothrombotic necrotic core
and vulnerable fibrous cap. Therefore, we detected the apoptosis
in the plaque by TUNEL staining and immunofluorescent
staining with caspase1 antibody; and observed that TFA
significantly reduced the cell apoptosis in situ (Figure 2E and
Supplementary Figures S2). The quantification of Figures 2B–E
was represented in Figure 2F. Moreover, the vulnerability index
of plaque was reduced by TFA (Figure 2G). Taken together, the
data suggests that the stability of atherosclerotic plaque can be
enhanced by TFA, by which TFA may reduce the risk of plaque
rupture and the following cardiovascular events.

Foam cell is predominant cells in atherosclerotic plaque,
inhibition of which can retard the progression of atherosclerosis.
In this study, TFA significantly reduced lipid accumulation in
peritoneal macrophages from HFD-treated apoE−/− mice
(Figures 3A,B), suggesting the inhibitory effect of TFA on foam
cell formation. In addition, TFA markedly reduced the lipid
retention in RAW264.7 cells by Oil red O staining (Figure 3C),
which was followed by quantification of cellular cholesterol
(Figure 3D). Furthermore, we assessed the capacity of cholesterol

uptake and efflux, and observed that TFA significantly reduced lipid
uptake and enhanced the cholesterol efflux (Figures 3E,F). To
delineate the mechanism by which TFA inhibited foam cell
formation, we examined the alterations of scavenger receptors
(SRA and CD36) and transporters (ABCA1/G1) which are
regarded as key mediators in cholesterol homeostasis during
foam cell formation. Intriguingly, TFA markedly promoted the
ABCA1/G1 expression whereas inhibited the expression of SRA
and CD36 (Figures 3G,H). We further disclose the mechanism of
TFA on ABCA1/G1 expression. Liver X receptors (LXRs) are the
upstream genes of ABCA1/G1. Subsequently, we determined
whether TFA could affect the expression of LXRα/β and found
that TFA did not affect the expression of LXRα/β in transcriptional
level (Figure 3I), indicating that other molecules may mediate the
effect of TFA on ABCA1/G1 expression. Moreover, TFA did not
change the expression of HMGCR, indicating that TFA did not
affect the cholesterol synthesis (Figure 3I). It is well documented
that miR-33 is a post-transcriptional regulator of genes involved in
cholesterol homeostasis. Noteworthy, miR-33 is a negative regulator
of ABCA1/G1. Therefore, we determined whether the TFA-induced
ABCA1/G1 expression was involved in miR-33. Intriguingly, TFA
significantly reduced the expression of miR-33 (Figure 3J), and
miR-33 mimics treatment almost disrupted the promoting effect of
TFAon cholesterol efflux (Figure S3), indicating thatmiR-33 plays a
key role in TFA-mediated inhibitory effect on foam cell formation.
In addition, we determined the effect of miR-33 mimic on
expression of CD36 and SRA1. After transfection of miR-33
mimic in RAW264.7 cells, the expression of CD36 and SRA was
evaluated by q-RT-PCR. miR-33mimic did not affect the expression
of either CD36 or SRA (Supplementary Figures S7), indicating that
the regulation on CD36 and SRA1 expression by TFA was not miR-

FIGURE 1 | TFA reduces atherosclerotic lesion size in apoE−/−mice. (A) Themain ingredient of TFA. (B, C) Lesions in aortic root cross sections were determined by
Oil Red O staining (B), and quantified (C). Lesion areas were expressed as μm2 and the ratio of lesion area to total area of aortic root cross sections, n � 10. Data are
presented as mean ± SEM, *p < 0.05, significantly different from control; ns: not significantly different. TFA enhances atherosclerotic plaque stability by changing the
plaque composition in apoE−/− mice.
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33-mediated and other underlying mechanism may exist.
Collectively, these results demonstrate that TFA can suppress
foam cell formation, mechanistically, through inhibiting
scavenger receptor-meditated cholesterol uptake and de-
repressing miR-33-mediated restriction on cholesterol efflux.

Inflammation is an important driver of atherogenesis.
Therefore, we assessed the expression of proinflammatory
cytokines in aorta; and found that TFA significantly reduced

the proinflammatory cytokines whereas promoted the anti-
inflammatory cytokines (Figure 4A). We further quantified
the levels of representative pro- and anti-inflammatory factors
in atherosclerotic lesions and found the expressions of
proinflammatory cytokine IL-1β was downregulated while the
anti-inflammatory cytokine Arg1 was upregulated in TFA-
treated mice (Figure 4B), indicating that TFA ameliorated the
inflammation during the lesion formation. Macrophages, as the

FIGURE 2 | TFA changes the plaque composition and enhances plaque stability. (A) Haematoxylin and eosin staining followed by quantitative analysis of sinus
lesions, necrotic core area, and fibrous cap area in aortic root cross sections. nc: necrotic cores; fc: fibrous cap, n � 10. (B–F)Representative photomicrographs of aortic
root sections stained with sirus red staining (B), αSMA (C), CD68 (D), and TUNEL staining (E) in atherosclerotic plaque followed by the quantification (F), n � 10. (G) The
vulnerability index of plaques was calculated as (macrophage% + lipid staining%)/(SMCs% + collagen fiber%), n � 10. Data are presented as mean ± SEM, *p <
0.05, significantly different from control; ns: not significantly different. TFA inhibits foam cell formation by regulating expression of transporters and scavenger receptors
that orchestrating cholesterol efflux and uptake.
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key mediators of inflammatory response, can affect the
progression of atherosclerosis. M1 macrophages are present
mainly in unstable plaques and can boost the production of
pro-atherogenic inflammatory cytokines, thereby contributing to
sustained inflammation and plaque vulnerability. Therefore,
we further determined the effect of TFA on macrophage
polarization and observed that the peritoneal macrophage
from TFA-treated mice are prone to M2 transition but not

M1 polarization (Figures 4C,D). To uncover the underlying
mechanism of anti-inflammatory effect, we assessed NFκB
pathway, the key regulator of inflammation. Noticeable, TFA
significantly increased the expression of IκBα and reduced the
phosphorylation of IκBα and p65 (Figure 4E), indicating that
NFκB pathway was markedly inactivated. Moreover, miR-33 is a
post-transcriptional regulator of genes involved in inflammation,
and inhibition of which can reduce plaque macrophage

FIGURE 3 | TFA inhibits lipid accumulation and reduces expression of miR-33, CD36 and SRA in macrophage. (A) Inhibitory effect of TFA on foam cell formation
using Oil Red O staining, n � 5. (B) Determination of cellular TG and TC in peritoneal macrophage from apoE−/− mice, n � 5. (C) Inhibitory effect of TFA on lipid
accumulation using Oil Red O staining in vitro RAW264.7 cells, n � 5. (D). Determination of cellular TC in RAW264.7 cells, n � 5. (E) LDL uptake assay in peritoneal
macrophage, n � 5. (F) Cholesterol efflux assay in peritoneal macrophage, n � 5. (G, H) After 12 h treatment, expression of ABCA1, ABCG1, CD36, and SRA in
peritoneal macrophage was determined by western blot, n � 5. (I) After 12 h treatment, expression of LXRα, LXRβ, and HMGCR in peritoneal macrophage was
determined by q-RT-PCR, n � 5. (J) After 12 h treatment, expression of miR-33 in peritoneal macrophage was determined by q-RT-PCR, n � 5. Data are presented as
mean ± SEM, *p < 0.05, significantly different from control; ns: not significantly different. TC: total cholesterol; TG: triglyceride; T317: T0901317, a synthetic ligand of LXR
as a positive control. TFA attenuates the inflammatory response in plaque via dual inactivation of NFκB and miR-33.
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inflammation (Distel et al., 2014). Intriguingly, in peritoneal
macrophage isolated from TFA-treated mice, expression of
miR-33 was markedly reduced (Figure 4F), indicating that the
anti-inflammatory effect of TFA may be partially associated with
reduction of miR-33 expression. Taken together, we demonstrate
that TFA reduced inflammation in vivo through inactivation of
NFκB and negative regulation of miR-33 expression, by which
contributing to its anti-atherogenic function.

We further detected effect of TFA on the inflammatory factor
generation in vitro macrophage. The proinflammatory cytokines
IL1β and TNFα were downregulated, whereas the anti-
inflammatory cytokines Arg1 and IL10 were upregulated

(Figures 5A,B). To uncover the underlying mechanism, we
assessed NFκB pathway in vitro as we did in vivo. Indeed,
TFA significantly reduced the activity of NFκB pathway
(Figure 5C). To prove the contribution of NFκB to the anti-
inflammatory proprieties of TFA, LPS was used to treat peritoneal
macrophage to induce the NFκB activation in presence of TFA
treatment. After treatment by LPS, the protective effects of TFA
on inflammation was significantly abolished (Figure 5D),
suggesting that TFA treatment is associated with inactivation
of NFκB. Moreover, we further determined whether the anti-
inflammatory effect of TFA was associated miR-33. As the data
shown, TFA significantly reduced miR-33 expression in vitro and

FIGURE 4 | TFA reduces inflammatory response in vivo. (A) Transcriptional level of atherosclerosis-associated factors was shown in heatmap, n � 3. (B)
Representative pro- and anti-inflammatory factors in the plaquewas assessed by immunofluorescent staining, n � 5. (C)Representative pro- and anti-inflammatory factors in
peritoneal macrophage were assessed by immunofluorescent staining, n � 5. (D) After 12 h treatment, expression of IL10, Nos2, Mrc1, and IL6 in peritoneal macrophage
was determined by q-RT-PCR, n � 3. (E) After 12 h treatment, expression of IκBα, pi- IκBα, pi-p65, and p65 in peritonealmacrophagewas determined bywestern blot,
n � 3. (F) After 12 h treatment, expression of miR-33 in peritoneal macrophage was determined by q-RT-PCR, n � 3. Data are presented as mean ± SEM, *p < 0.05,
significantly different from control; ns: not significantly different. TFA promotes macrophage phenotypic transition to anti-inflammatory M2 type in vitro
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in vivo (Figures 3J and 4F), which partially accounted for the
anti-inflammatory effect of TFA. Furthermore, we treated
macrophages with TFA in presence or absence of miR-33
mimics. Noticeable, TFA promoted the macrophage toward
M2 phenotype, which was markedly abolished by miR-33
mimics (Figure 5E), indicating that the regulatory effect on
macrophage phenotypic transition is partially miR-33-
mediated. Taken together, TFA can inhibit inflammatory
in vitro, which was associated inactivation of NFκB pathway
and negative regulation of miR-33 expression.

Circulating monocytes are recruited by inflammatory
cytokines to the endothelium in the aorta, and then transform
into foam cells under LDL or oxLDL stimulation, which
contributes to aortic lesions formation. We determined
whether TFA could inhibit the monocyte adhesion to

endothelial cells and observed that TFA significantly reduced
the number of THP-1 cells adhering to human umbilical vein
endothelial cells (HUVECs) (Figures 6A,B). Pro-inflammatory
cytokines can induce the expression of adhesion molecules in
endothelial cells, such as ICAM-1 and VCAM-1, which provide a
scaffold for leukocyte migration in endothelial cells.
Mechanistically, TFA decreased expression of ICAM-1 and
VCAM-1 in HUVEC (Figure 6C). Noteworthy, in THP-1
cells, TFA markedly reduced expression of proinflammatory
cytokines, including TNFα, IL1β, and IL-6 (Figure 6F), which
contributed to inactivation of the ICAM-1 and VCAM-1
expression in endothelial cells. Due to the important role of
miR-33 and NFκB in inflammatory response, we evaluated their
role in monocyte adhesion. To prove the contribution of NFκB to
inhibition of monocyte recruitment by TFA, LPS was used to treat

FIGURE 5 | TFA inhibits inflammation and promotes the macrophage M2 transition. (A) After TFA treatment in peritoneal macrophage, expression of Arg1 and IL-
1βwas determined by immunofluorescent staining, n � 5. (B) After 12 h TFA treatment, expression of TNFα and IL-10 mRNA in peritoneal macrophage was determined
by q-RT-PCR, n � 5. (C) After 12 h TFA treatment, expression of IκBα, pi-IκBα, pi-p65, and p65 in peritoneal macrophage was determined by western blot, n � 5. (D)
After treatment with LPS (100 ng/ml) and TFA, expression of M1 markers in peritoneal macrophage was determined by q-RT-PCR, n � 5. (E) After 12 h treatment
by miR-33 mimics and TFA, expression of M1 or M2 markers in peritoneal macrophage was determined by q-RT-PCR, n � 5. Data are presented as mean ± SEM, *p <
0.05, significantly different as indicated; ns: not significantly different. TFA inhibits endothelial activation and monocyte recruitment to endothelial cells.
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HUVEC to induce the activation of NFκB in presence of TFA
treatment. In addition, HUVEC was treated with miR-33 mimic.
After treatment by LPS or miR-33 mimic, the protective effects of
TFA on monocyte recruitment was significantly abolished
(Supplementary Figures S5), suggesting that TFA treatment is
associated with inactivation of NFκB and miR-33. Moreover,
adhesion molecules from endothelial cells can bind to specific
ligands expressed by monocytes, such as CD36 and SRA,
resulting in the increased leukocyte-endothelial interactions
(Santiago-García et al., 2003; Trinh-Trang-Tan et al., 2010).
Therefore, we further assessed the expression of CD36 and
SRA in THP-1 cells and found that both were reduced by
TFA (Figure 6E), indicating that the monocyte binding ligand
was decreased, which contributed not only to the inhibition of
lipid uptake (Figure 3E) but also to the reduction in monocyte
adhesion to HUVEC. Collectively, TFA reduced monocyte
recruitment to endothelial cells by reducing binding ligands

(CD36 and SRA) in monocyte and adhesion molecules
(ICAM-1 and VCAM-1) expression in endothelial cells,
partially by which exerting the antiatherogenic function.

Lipid dysfunction is a critical contributor to atherosclerosis
development. The influx of LDL into the arterial intima, the site of
atherogenesis, is closely associated with their plasma concentration
because high concentrations of LDL lead to higher LDL uptake by
macrophages. In addition, infiltrated LDL are oxidized to turn into
highly atherogenic form, such as ox-LDL. Macrophages ingest the
modified LDL particles via scavenger receptors and thereby
transformed into foam cells. In contrast, HDL is considered
antiatherogenic lipoproteins because it can initiate the reverse
cholesterol transport, by which transfering cholesterol from
foam cells to the liver, and ultimately to the gut for excretion.
In this study, the body weight of mice was not changed by TFA
(Figure 7A). Of note, TFA significantly reduced level of total
cholesterol (T-CHO), LDL, TG, and VLDL, whereas increased the

FIGURE 6 | TFA inhibits monocyte adhesion to endothelial cells. (A, B) HUVECs in 24-well plates and THP-1 cells were pretreated with oxLDL (100 μg mL−1) for
12 h. After incubation with oxLDL, THP-1 cells were added to HUVECs and co-incubated for 1 h. The image of adherent THP-1 cells were captured with a microscope
and the number of adherent THP-1 cells was calculated, n � 5. (C, D) After 12 h TFA treatment in HUVECs, expression of ICAM-1 and VCAM-1 was determined by
immunofluorescent staining, n � 5. (E) Expression of CD36 and SRA protein in THP-1 cells was determined by western blot after 12 h TFA treatment, n � 3. (F)
Expression of proinflammatory cytokines in THP-1 cells was determined by q-RT-PCR after 12 h TFA treatment, n � 5. Data are presented as mean ± SEM, *p < 0.05,
significantly different as indicated. TFA improves the HFD-induced dyslipidemia in apoE−/− mice and reduces the oxidant stress in vitro.
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HDL level (Figures 7B–E). In addition, we quantified the level of
ox-LDL, a modified LDL that contributed to atherogenesis, and
observed that ox-LDL level was downregulated in TFA-treated
mice compared with control mice (Figure 7F), suggesting that the
atherogenic form of LDL was reduced and oxidant stress may be
attenuated by TFA. Therefore, we further determined the cellular
ROS levels by DCF staining. Intriguingly, DCF fluorescent
intensity was reduced by TFA in dose-dependent manner
(Supplementary Figures S6), indicating that TFA reduced the
production of cellular ROS. Collectively, TFA improved the lipid
profile and restrained the transformation of LDL to atherogenic
form during the atherosclerosis development, partially by which
TFA exerted the anti-atherogenic function.

Hepatic steatosis facilitates atherogenesis because the liver plays
an important role in lipidmetabolism, such as RCT, lipid synthesis,
and fatty acid oxidation (Patel and Siddiqui, 2019; Stols-Gonçalves
et al., 2019; Jiang et al., 2020). As shown in Figure 8A, liver color
and weight were changed to almost normal condition, which was
accompanied by reduced ratio of liver weight to body weight
(Figure 8B). Moreover, H&E and Oil Red O staining revealed that
hepatic steatosis was attenuated in TFA-treated mice compared to
control mice (Figures 8C,F). Furthermore, TFA significantly
reduced the hepatic TC and TG content (Figures 8D,E),
indicating that hepatic steatosis was attenuated by TFA. Hepatic
steatosis can lead to the liver injury. Noticeable, chronic treatment
with TFA did not cause hepatic toxicity as measured by plasma
AST and ALT enzyme levels. In contrast, TFA markedly reduced

the HFD-induced liver injury, which was shown by the reduced
levels of AST and ALT (Figures 8G,H). To further determine the
mechanism of TFA on hepatic lipid metabolism, we assessed the
expression of genes involved lipid oxidation and genesis.
Intriguingly, TFA markedly promoted the expression of SRBI,
the gene in charge of cholesterol uptake in liver; and
simultaneously promoted the expression of ABCG5/G8, the
genes responsible for cholesterol transportation to intestine
(Figures 8I,J), by which enhanced the RCT and then reduced
the hepatic retention of cholesterol. In addition, TFA significantly
reduced expression of genes responsible for lipid genesis, including
FASN and SREBP1c (Figure 8K), indicating that TFA inhibited
hepatic lipid synthesis. Consistent with this observation, the
protein or mRNA expression of genes involved in fatty acid
oxidation (AMPKα and CPT1α) were upregulated in TFA-
treated mice (Figures 8L,M), which indicated that TFA
promoted the lipid consumption. Taken together, TFA
attenuated the hepatic steatosis by promoting RCT, enhancing
fatty acid oxidation, and downregulating lipid synthesis, by which
improving the lipid metabolism and thereby partially accounting
for its antiatherogenic function.

DISCUSSION

Atherosclerosis, a major pathogen of coronary heart disease
(CHD), is closely associated with lipid disorder and chronic

FIGURE 7 | TFA improves the lipid disorder in vivo under HFD condition. (A) Body weight was recorded weekly. Date are presented as mean ± SEM (n � 10). (B–F)
Serum levels of total cholesterol (T-CHO), LDL- and HDL-C, VLDL, TG (mM) and oxLDL (μg/ml) were determined by biochemical analyzer or ELISA assay. Date are
presented as mean ± SEM (n � 7), *p < 0.05, significantly different from control; ns: not significantly different. TFA ameliorates the HFD-induced hepatic steatosis in
apoE−/− mice.
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FIGURE 8 | TFA ameliorates hepatic steatosis in vivo. (A) Liver photos and weight, n � 10. (B) Ratio of liver to body weight, n � 10. (C) Oil Red O staining on liver
frozen sections, n � 10. (D, E)Quantitative analysis of hepatic TG and TC. (F) Haematoxylin and eosin staining of liver frozen sections, n � 10. (G,H) Serum levels of AST
(n � 10) and ALT (n � 7). (I) Expression of SRBI in liver was determined by immunofluorescent staining, n � 5. (J) Expression of ABCG5 and ABCG8 in liver was
determined by q-RT-PCR, n � 5. (K) Expression of SRBI, FASN, and SREBP1c in liver was determined by western blot, n � 3. (L) Expression of CPT1α in liver was
determined by immunofluorescent staining, n � 5. (M) Expression of AMPKα in liver was determined by q-RT-PCR, n � 5. Data are presented as mean ± SEM, *p < 0.05,
significantly different as indicated.
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inflammation. TFA is the flavone component from A.
membranaceus which is the long-term used traditional Chinese
medicine for CHD treatment in clinic. Noticeable, the current
study showed that higher intake of flavone was associated with a
lower risk of CHD (Ma L. et al., 2020). In this study, we
determined whether TFA could inhibit atherosclerosis, and
attempted to uncover the underlying mechanism. Intriguingly,
TFA treatment substantially reduced the atherosclerotic
development, enhanced the plaque stability, and reduced
monocyte recruitment, which may be attributed to the
inhibition of lipid disorder and inflammation. Mechanistically,
we found that miR-33 is a critical signaling mediator of TFA on
promoting ABCA1/G1 expression as well as inhibiting
inflammation in macrophages, which coordinated the anti-
inflammatory effect of TFA by inactivating NFκB signaling
pathway.

Increased vulnerability is prone to plaque rupture, which can
result in severe cardiovascular event (Seneviratne et al., 2017). Of
note, composition of plaque markedly affects the lesion stability
(Naghavi et al., 2003). In this study, TFA significantly reduced
atherosclerotic plaque size and promoted a more favorable plaque
composition with increased fibrous cap, plaque collagen and SMC
content; and reduced necrotic core area and macrophage
accumulation, indicating that TFA significantly reduced the
plaque vulnerability. Moreover, TFA markedly promoted the
expression of ABCA1/G1 and inhibited the CD36 and SRA
expression (Figures 3G,H), by which enhancing cholesterol
efflux, reducing cholesterol uptake and thereby inhibiting foam
cell formation. However, as the upstream regulatory gene of
ABCA1/G1, liver X receptor (LXR) was not activated by TFA
(Figure 3I). Moreover, the key gene for cholesterol synthesis,
HMGCR, was also not affected by TFA (Figure 3I). These results
indicated that other molecule may mediate the TFA-induced of
ABCA1/G1 expression.

To gain further insight into the effect of TFA on ABCA1/G1
expression, we investigated the mechanism. Noticeable, miRNAs,
a group of small endogenous non-coding RNAs, can regulate
gene expression at posttranscriptional levels. Functionally,
miRNAs can serve as important regulators of atherogenic
process, such as cellular adhesion, lipid uptake and efflux, and
generation of inflammatory mediators (Feinberg and Moore,
2016). Therefore, we hypothesized that miRNAs may
participate in the protective effect of TFA on lipid metabolism
and inflammation. Noticeable, miR-33 is a negative regulator of
ABCA1/G1 and thereby promoting foam cell formation via
inhibiting macrophage cholesterol efflux (Rayner et al., 2011b).
We further postulated that the enhancement of ABCA1/G1 and
the inhibition of inflammation by TFA may be through
suppression of miR-33, by which removing the restriction on
expression of ABCA1/G1. To test the hypothesis, we evaluated
miR-33 expression in vitro and in vivo, and found that miR-33
was reduced by TFA (Figure 3J), which accounted for the
upregulation of ABCA1/G1 expression.

Atherosclerosis is characterized with the predominance of an
M1 macrophage phenotype within the plaque, whereas plaques
undergoing regression are rich in M2 macrophages (Lutgens
et al., 2019; Tunon et al., 2019). Intriguingly, in this study, TFA

significantly inhibited M1 macrophage polarization, whereas
promoted M2 macrophage phenotype in vivo and in vitro, as
indicated by the reduced levels of proinflammatory cytokines
and increased anti-inflammatory cytokines (Figures 4A–D and
5A). NFκB signaling pathway plays important role in regulating
macrophage polarization and inflammation (Song et al., 2019).
In addition, miR-33 can sustain the inflammatory M1
macrophage phenotype, and inhibition of which can reduce
plaque inflammation (Distel et al., 2014; Ouimet et al., 2015).
Therefore, we determined whether the anti-inflammatory effect
of TFA was involved in NFκB and miR-33. We assessed not only
the activity of NFκB pathway but also the expression of miR-33,
and observed that TFA markedly inactivated the NFκB activity
(Figures 4E and 5C) and reduced the expression of miR-33
(Figure 4F). Intriguingly, miR-33 mimic or LPS almost
abolished the effect of TFA on macrophage inflammation
(Figure 5D, E). These results indicated that anti-
inflammatory effect of TFA may be attributed to dual
suppression of miR-33 and NFκB pathway.

Atherogenic endothelial activation enhances circulating
monocytes adhesion, and especially in the context of
hypercholesterolemia. These monocytes uptake excessive lipid
to drive early plaque formation (Tabas et al., 2015). In the
monocyte attachment assay, TFA markedly suppressed the
monocyte recruitment to HUVECs, and mechanistically
reduced the expression of VCAM-1 and ICAM-1 (Figures
6A–D), the major molecules that expressed in the activated
ECs (Gerhardt and Ley, 2015), indicating that TFA can
attenuate the endothelial activation and the following
monocyte adhesion. Moreover, TFA significantly reduced the
HFD-induced the lipid disorder (Figures 7A–F), which favored
the reduction in cellular lipid accumulation in monocyte and
thereby retarding the initiation and development of
atherosclerosis.

Liver is a critical organ that regulates lipid metabolism, which
mainly determines the cholesterol metabolism and lipid profile in
serum, thereby affecting the atherogenesis. Despite no significant
differences were observed in body weight over the 16 weeks of
HFD along with TFA feeding, the serum lipid profile was
significantly improved by TFA (Figure 7). Mechanistically,
SREBP-1c can activate transcription of genes involved in lipid
synthesis, such as fatty acid synthase (FASN) (Shimano, 2009).
Noteworthy, in the liver, TFAmarkedly damped the expression of
SREBP-1c and FASN while increased the expression of CPT1α
and AMPKα (Figures 8K–M), indicating that lipid synthesis was
decreased, and fatty acid oxidation (FAO) was increased.
Noticeable, miR-33, an intronic miRNA that co-expressed with
its host gene SREBP1 (Najafi-Shoushtari et al., 2010), can balance
cellular lipid levels by increasing genes that oppose SREBP-
regulated pathways, including those involved in cholesterol
efflux and FAO. For instance, in non-human primate model,
miR-33 antagonism increased FAO and reduced fatty acid
synthesis (Rayner et al., 2011a). In this study, hepatic miR-33
expression was reduced by TFA (Supplementary Figures S4),
which may be attributed to repression of SREBP1 (Figure 8K). In
addition, scavenger receptor class B member 1 (SR-BI) is key
molecule for RCT, loss of which in people are associated with
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increased cardiovascular risk (Zanoni et al., 2016). After ABCA1/
G1-mediated cholesterol efflux to HDL, mature HDL can directly
deliver cholesterol to the liver via SR-BI, by which mediates RCT
and are thereby anti-atherogenic (Rader et al., 2009; Rosenson
et al., 2012; Shen et al., 2018). In this study, TFA significantly
enhanced SRBI expression (Figures 8I,K), which may promote
RCT and thereby inhibit atherogenesis. Additionally, the TFA-
induced promotion in efflux capacity was significantly correlated
with plasma HDL concentrations (Figure 7C). Moreover, the
biliary cholesterol excretion rate is mainly dependent on the
expression of ABCG5/G8 (Nijstad et al., 2011; Lee-Rueckert et al.,
2016); and it should be noted that the RCT rate in the mice can be
promoted by increasing the hepatic expression of ABCG5/G8
(Escolà-Gil et al., 2011). In the present study, TFA markedly
increased the expression of the ABCG5/G8 (Figure. 8J),
indicating that TFA may contribute to the cholesterol
excretion into bile and thereby increasing RCT, by which
inhibiting the foam cell formation in the atherogenic plaque.

This study explored a broad variety of potential downstream
mechanisms that could be associated with TFA effects. However,
the limitation of the study is that upstream mechanisms need to
be further investigated. Oxidant stress is a factor of atherogenesis
(Förstermann et al., 2017). Previous study has reported the
antioxidant effect of TFA in vitro (Xu et al., 2014). In our
study, TFA reduced the oxLDL level in the serum (Figure 7F)
and reduced the ROS generation in vitro (Supplementary
Figures S6), indicating that oxidant stress may be attenuated
by TFA. These data indicate that TFA may react with reactive
oxygen species associated with atherosclerosis, which then
triggers the observed downstream mechanisms.

CONCLUSION

Taken together, TFA can attenuate the atherosclerotic development
via inhibiting foam cell formation and inflammation, which is
through negative regulation of miR-33, CD36, and SRA
expression; and NF-κB pathway. Simultaneously, TFA markedly
ameliorates hepatic steatosis via improving the hepatic lipid
metabolism, and thereby reduces proatherogenic lipid disorder,
which is through promoting reverse cholesterol transport,
enhancing fatty acid oxidation, and downregulating lipid
synthesis. Therefore, TFA may act as a very promising anti-
atherosclerotic drug by activating multiple signaling pathways
that regulating lipid metabolism and inflammation.
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The Efficacy of Beta-Blockers in
Patients With Long QT Syndrome 1–3
According to Individuals’ Gender, Age,
and QTc Intervals: A Network
Meta-analysis
Lu Han, Fuxiang Liu, Qing Li, Tao Qing, Zhenyu Zhai, Zirong Xia and Juxiang Li*

Department of Cardiovascular Medicine, The Second Affiliated Hospital of Nanchang University, Nanchang, China

Long QT syndrome (LQTS) is an arrhythmic heart disease caused by congenital genetic
mutations, and results in increased occurrence rates of polymorphic ventricular
tachyarrhythmias and sudden cardiac death (SCD). Clinical evidence from numerous
previous studies suggested that beta blockers (BBs), including atenolol, propranolol,
metoprolol, and nadolol, exhibit different efficacies for reducing the risk of cardiac events
(CEs), such as syncope, arrest cardiac arrest (ACA), and SCD, in patients with LQTS. In this
study, we identified relevant studies in MEDLINE, PubMed, embase, and Cochrane
databases and performed a meta-analysis to assess the relationship between the rate
of CEs and LQTS individuals with confounding variables, including different gender, age,
and QTc intervals. Moreover, a network meta-analysis was not only established to evaluate
the effectiveness of different BBs, but also to provide the ranked efficacies of BBs
treatment for preventing the recurrence of CEs in LQT1 and LQT2 patients. In
conclusion, nadolol was recommended as a relatively effective strategy for LQT2 in
order to improve the prognosis of patients during a long follow-up period.

Keywords: beta-blockers, atenolol, propranolol, metoprolol, nadolol, cardiac events

INTRODUCTION

Congenital long QT syndrome (LQTS) is characterized by a prolonged QT interval and action
potential duration (APD). Patients with LQTS have a propensity to develop ventricular tachycardia
(VT) and also have a higher rate of cardiac events (CEs) (Arking et al., 2014). The three major
genotypes of LQTS, LQT1, LQT2, and LQT3, account for 80–90% of all 15 gene-mutations identified
in LQTS patients (Tester and Ackerman, 2014). LQT1, as the prevailing inherited genotype of LQTS,
results from gain-of-function mutations in a slow potassium (K+) outward current channel encoded
by KCNQ1. LQT2 is associated with dysfunction of a rapid K+ channel encoded by the KCNH2 gene.
Mutations in the SCN5A gene trigger enhanced levels of late sodium (Na+) inward current, which is
the pathomechanism of LQT3 (Maguy et al., 2020).

Although there are a few novel targeted treatments for LQTS, such as peptide/antibody-based
antiarrhythmic approaches, RNA interference, and immunotherapy (Lumley, 2002; Salanti et al.,
2011; Boutjdir and Lazzerini, 2020), beta blockers (BBs) are regarded as first-line therapy for LQTS
patients in the absence of obvious contraindications. The most common BBs include atenolol,
propranolol, metoprolol, and nadolol, all of which are efficient at reducing the risk of cardiac events
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TABLE 1 | Characteristics of included studies according to the effective of BBs on CEs.

Study
(Ref.
no)

Study
design

No.
of participant
(female,%)

The
percentage
of treated

with
BBs, %

Prescribed
BBs and
dose

Follow-up
duration,

yrs

Mean
QTc value

Definition
of CEs

Mean
ages,
yrs

Included
LQTS

genotype(s)

Moss et al. (2000) ITS 869 (62.3) 100 Atenolol: 1.36 ± 0.8 (mg/kg/day) 5 Probands: 520 ± 60 Syncope,
ACA,SCD

15.7 LQT1, LQT2,
LQT3Metoprolol: 1.8 ± 1.1 (mg/kg/day)

Nadolol: 1.4 ± 1.0 (mg/kg/day) Affected family members:
500 ± 40Propranolol: 2.9 ± 1.8 (mg/kg/

day)
Conrath et al. (2002) ITS 87 (females: 55.2, girls: 13.8,

males: 16.0, boys: 15.0)
100 NS 5.5 ± 5.7 Boys, LQT1: 504 ± 10 NS NS LQT1, LQT2

LQT2: 488 ± 9
Girls, LQT1: 485 ± 9
LQT2: 461 ± 19

Males, LQT1: 472 ± 10
LQT2: 494 ± 12

Females, LQT1: 502 ± 19
LQT2: 493 ± 8

Chatrath et al. (2004) Cohort 28 (71.4) 100 Atenolol, metoprolol, Nadolol:
0.75–1.25 mg/kg/day

4 507 ± 67 Syncope, ACA 19.8 ± 11.9 LQT1, LQT2,
LQT3

Propranolol: 2.5–4 mg/kg/day
Priori et al. (2004) ITS 335 (62) 100 Nadolol: 1.2 ± 0.5 mg/kg/day 4.7 (0.6–36) 492 ± 47 ACA, SCD 26 ± 17 LQT1, LQT2,

LQT3Propranolol: 2.2 ± 1.04 mg/kg/
day

Wang and Wu
(2004)

ITS 26 (65.3) 84.6 Metoprolol: 67.5 ± 39.1 mg/day 3.1 ± 1 560 ± 60 Syncope 19 ± 10 LQT1, LQT2
Propranolol: 60.0 ± 5.5 mg/day

Goldenberg et al.
(2008)

Cohort 3,015 children (girls: 63) 21.3 Atenolol, female: 75 ± 51 mg/day Female: 11.6 ±
1.7

Female: 493 ± 49 Syncope, ACA,
SCD

7.5 ± 5.4 LQT1, LQT2,
LQT3Male: 85 ± 61 mg/day

Metoprolol, female: 119 ± 72 mg/
day
Male: 89 ± 55 mg/day
Nadolol, female: 57 ± 49 mg/day Male: 489 ± 48 Male: 489 ± 48
Male: 50 ± 35 mg/day
Propranolol, female: 51 ± 35 mg/
day
Male: 51 ± 34 mg/day

Vincent et al. (2009) ITS 216 (64) 100 Nadolol, 2.2 ± 1.1 mg/kg/day 12.5 (7–26) 495 ± 46 Syncope, ACA,
SCD

26 (18–42) LQT1
Propranolol, 1.7 ± 0.79 mg/kg/
day

Shimizu et al. (2009) Cohort 858 (27.8) 23.4 NS 41 Rochester: 490 ± 60 Syncope, ACA,
SCD

Rochester: 25 ±
20

LQT2

Netherlands: 470 ± 50 Netherlands:
33 ± 21

Japan: 490 ± 50 Japan: 30 ± 18
Mayo: 470 ± 50 Mayo: 22 ± 16

Goldenberg et al.
(2010)

Cohort 971 (58.7) 57.2 Atenolol: 49 ± 32 mg/day LQT1: 5.0 ± 6.8 QTc ≥ 500 (34.5%) Syncope, ACA,
SCD

31 ± 12 LQT1, LQT2
Metoprolol: 67 ± 55 mg/day
Nadolol: 58 ± 45 mg/day LQT2: 6.1 ± 7
Propranolol: 96 ± 71 mg/day

(Continued on following page)
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TABLE 1 | (Continued) Characteristics of included studies according to the effective of BBs on CEs.

Study
(Ref.
no)

Study
design

No.
of participant
(female,%)

The
percentage
of treated

with
BBs, %

Prescribed
BBs and
dose

Follow-up
duration,

yrs

Mean
QTc value

Definition
of CEs

Mean
ages,
yrs

Included
LQTS

genotype(s)

Goldenberg et al.
(2012)

Cohort 721 (45.3) 43.8 NS NS CE triggered by four
factor or no event

Syncope, ACA,
SCD

30 ± 12 LQT1

Exercise: 504 ± 52
Acute arousal: 491 ± 49
Sleep/rest nonarousal:

486 ± 58
Other triggers: 480 ± 48

No event: 471 ± 43
Chockalingam et al.
(2012)

Cohort 382 (56) 100 Metoprolol: 1.4 (0.9–2.5) Propranolol: 2
(1–6)

472 ± 46 Syncope, ACA,
SCD

14 (8–32) LQT1, LQT2

Nadolol: 0.8 Metoprolol: 4
(2–8)

Propranolol: 2.5 (1.3–3) Nadolol: 3 (2–5)
Abu-zaitone et al.
(2014)

Cohort 1,530 (60.1) 45.1 Atenolol, Age>18 years: 0.7 ± 0.3 5 Atenolol: 492 ± 49 Syncope, ACA,
SCD

14.9 LQT1, LQT2
Age<18 years: 1.0 ± 0.7
Metoprolol, Age>18 years: 1.2 ±
0.9

Metoprolol: 496 ± 52

Age<18 years: 1.4 ± 1.0
Nadolol, Age>18 years: 1.0 ± 0.8 Nadolol: 490 ± 51
Age<18 years: 1.0 ± 0.8
Propranolol, Age>18 years: 2.1 ±
2.3

Propranolol: 500 ± 58

Age<18 years: 2.3 ± 1.5
Koponen et al.
(2015)

Cohort 316 (53.1) 77.2 Metoprolol: 1.3 ± 0.4 (mg/kg/day) 5.8 LQT1 mutation (G589D):
454 ± 35

Syncope, ACA,
SCD

12.0 ± 5.5 LQT1, LQT2

Mutation (c.1129–2A >
G): 465 ± 37

Bisoprolol: 0.1 ± 0.1 (mg/kg/day) Non-mutation: 475 ± 43
LQT2

Atenolol: 1.2 ± 1.5 (mg/kg/day) Mutation (L552S): 448 ±
32

Propranolol: 2.4 ± 0.8 (mg/kg/
day)

Mutation (R176W): 436 ±
31

Non-mutation: 480 ± 39
Steinberg et al.
(2016)

Cohort 114 (58.7) 100 Atenolol: 53 ± 30 mg/day Atenolol: 6
(3–10)

Atenolol: 466 ± 23 Syncope, ACA,
VT

Atenolol: 37 ± 19 LQT1, LQT2

Nadolol: 74 ± 47 mg/day Nadolol: 3 (1–5) Nadolol: 469 ± 32 Nadolol: 27 ± 13
Wilde et al. (2016) Cohort 391 (55) 29 ND 7.25 476 ± 57 Syncope, ACA,

SCD
28 ± 20 LQT3

Mazzanti et al.
(2018)

Cohort 1710 (52) ND Nadolol: >0.5 mg/kg/day 9 ± 7 471 ± 45 Syncope,ACA,
SCD

ND LQT1, LQT2,
LQT3Propranolol: >1.5 mg/kg/day

Metoprolol: >1.0 mg/kd/day

BBs: beta-blockers; LQTS: long-QT syndromes; ITS: interrupted time series; ACA: aborted cardiac death; SCD:sudden cardiac death; VT: ventricular tachycardia.
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[CEs, e.g., syncope, aborted cardiac arrest (ACA), and sudden
cardiac death (SCD)] in LQTS patients (Chatrath et al., 2004).
However, a previous study has shown that different BBs exhibit
various pharmacodynamic and pharmacokinetics, which may
explain why nadolol is superior to its counterparts in the
treating of LQT2 patients (Wilde and Ackerman, 2014). Out
of the above-mentioned BBs, propranolol has furthermore been
found to be the least efficient in preventing the recurrence of CEs
(Abu-Zeitone et al., 2014). In addition, the effectiveness of BBs
can be affected by different genotype of LQTS. The protective
effect of BBs has been proposed to be highest in LQT1 patients,

lower (albeit present) in LQT2 patients, and completely absent in
LQT3 (Priori et al., 2004). Interestingly, the efficacy of BBs has
also been shown to be associated with individual factors, such as
gender, age, and corrected QT (QTc) intervals. Previous research
has demonstrated that QTc, gender, and age are indispensable
factors influencing the clinical course of LQTS patients (Vincent
et al., 2009; Mazzanti et al., 2018). We therefore performed a
network meta-analysis to assess how epidemiological factors
influence the efficacy of BBs for CE risk reduction in LQT1-3
patients, in order to define more beneficial therapeutic strategies
in these patients.

FIGURE 1 | (A), Flow diagram showing the identification of literatures according to the PRISMA format. (B), Evidence of eligible comparisons for network meta-
analysis. Numbers by the lines indicates the cumulative number of enrolled studies for each indirect comparison.
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METHODS

Search Strategy and Selection Criteria
This meta-analysis was carried out in accordance with the
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) Statement. The article protocol was
registered on the PROSPERO International Prospective
Register of Systematic Reviews (CRD42020179454). We
searched for and collected relevant studies published between
Jan 1, 1990, and April 30, 2020, from MEDLINE, PubMed,
embase, and Cochrane Library (CENTRAL) databases. The
keywords applied for computerized searching were atenolol,
propranolol, metoprolol, nadolol, long QT syndromes, and
beta-blockers. Additionally, manual searches were also carried
out to identify potentially relevant literatures (Supplementary
Table S1).

Study Selection and Data Extraction
Studies included in this meta-analysis had to meet the
following criteria: 1) The study selected participants with
LQT1-3 genotypes. 2) Primary CEs included syncope, ACA,
and SCD. 3) The studies needed to discuss the efficacy of
different BBs on reducing the rate of CEs. 4) Articles needed to
contain at least two of the following BBs: atenolol, propranolol,
metoprolol, and nadolol. 5) The effectiveness of four BBs
needed to be analyzed by comparing patients before and
after BB therapy. 6) The data should be available for our
analysis.

If papers met any of the following criteria, they were excluded:
1) Duplicated studies and reviews, conference papers, abstracts,
and case reports. 2) Studies of subjects who received two or more
BBs in combination therapy. 3) Studies that did not involve a
comparison of efficacy among the four BBs. 4) Studies that
provided insufficient and unqualified data (Figure 1A) (Moss
et al., 2000; Conrath et al., 2002; Chatrath et al., 2004; Priori et al.,
2004;Wang andWu, 2004; Goldenberg et al., 2008; Shimizu et al.,
2009; Vincent et al., 2009; Goldenberg et al., 2010; Chockalingam
et al., 2012; Goldenberg et al., 2012; Abu-Zeitone et al., 2014;
Koponen et al., 2015; Steinberg et al., 2016; Wilde et al., 2016;
Mazzanti et al., 2018).

Data Extraction and Quality Assessment
We extracted information from selected studies, including
authors, study type, year of publication, race, number of
participants with or without BBs, age, types of BBs, clinical
CEs, the period of follow-up, gender, and the length of QTc
interval (Table 1). Quality assessment was carried out by two
independent reviewers using a standardized data collection
form (Stang et al., 2018), as presented in Supplementary
Figure S1. Discrepancies were addressed and resolved by a
third reviewer. Sensitivity analysis was conducted to verify the
robustness of the above results and to evaluate the deviational
degree of each study; sensitivity analysis was performed using
the command metaninf in STATA 12.0 (Stata Corp, College
Station, TX). Rank probabilities were calculated via the
surface under the cumulative ranking curve (SUCRA)
(Fabritz et al., 2010). The SUCRA line shows the

effectiveness of each treatment accounting for all possible
rankings.

Statistical Analysis
Hazard ratios (HRs) with 95% confidence intervals (CIs) of CEs
were extracted or analyzed. We conducted our meta-analysis by
applying random-effects models. HRs were assessed using the
Inverse-Variance method, as well as the calculation of subgroups.
Heterogeneity among these comparisons was evaluated using the
I2 test, with an I2 > 75% considered as a series of comparisons
with unacceptable heterogeneity. Statistical calculations in
traditional meta-analyses were performed using RevMan 5.3
(Cochrane Collaboration, Oxford, United Kingdom) and
STATA 12.0 software. Moreover, a network meta-analysis was
evaluated using a random-effects model within a Bayesian
framework (Lumley, 2002). HRs and corresponding 95%
credible intervals (CrIs) were analyzed using gemtc package
(https://drugis.org/software/r-packages/gemtc) in R (x64 3.6.0)
for all statistical analyses. Publication bias was evaluated using the
command metabias with the Egger’s linear regression test in
STATA 12.0. When the number of studies was less than 10, the
Egger’s linear regression test was used to measure the publication
bias by performing a quantitative test on the funnel chart.

RESULTS

Correlation Between Gender, Age,
Corrected QT, and CEs Risk in Long QT
Syndrome Patients
Our analysis showed that before puberty, male and female LQTS
patients had a similar likelihood of experiencing CEs (girls vs.
boys in group of 10-years-old: HR 1.01, 95% CI 0.45–2.23; I2 �
0%, p for heterogeneity 0.78; Figure 2A). However, the risk of CEs
between female andmale LQTS patients after the onset of puberty
was not compared due to a lack of data. Individuals with a QTc ≥
500 ms had a higher risk of CEs than individuals with QTc <
500 ms during childhood (HR 4.20, 95% CI 2.47–7.14, I2 � 0%,
p � 0.96; Figure 2B). On the other hand, CE risk was higher in
LQT1 patients than in LQT2 patients at the age of 10 (HR 1.52,
95% CI 1.08–2.14; I2 � 0%, p � 0.79; Figure 2C). Due to the lack of
sufficient data throughout the adolescent period, there was no
assessment of different QTc intervals and genotypes on CE risk in
this age group.

The Efficacy of Beta Blockers in Long QT Syndrome
Patients Based on the Different Gender, Age, and
Corrected QT Intervals
Overall, BBs treatments showed a significant risk reduction for
CEs in LQTS patients. Throughout preadolescence, boys were
more likely to be affected by CEs than girls when both were
treated with BBs (boys vs. girls: HR 1.75, 95% CI 1.17–2.62; I2 �
52%, p � 0.1; Figure 3A). Interestingly, after puberty, females had
a higher likelihood of developing CEs than male patients, despite
BB therapy (males vs. females, ages 13–40: HR 0.43, 95% CI
0.26–0.72 I2 � 42%, p � 0.16; Figure 3A). Thus, we observed that
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age and gender could synergistically influence the efficacy of BB
therapy on the risk reduction of CEs.

Our findings showed that BBs therapy efficiently decreased
QTc intervals lengths by an average of 17.8 ms (95% CI
14.51–21.09 ms; Figure 3B). Under BBs treatments, patients
with the LQT1 genotype had a significantly higher reduction
in QTc-length than LQT2 patients (95% CI 2.24–14.19 ms, I2 �
6%, p � 0.30; Figure 3C). Furthermore, similarly to the above
findings, even after BBs therapy, LQTS patients with QTc ≥
500 ms had a greater risk of experiencing CEs than subjects with
QTc < 500 ms (HR 2.28, 95% CI 1.46–3.55; I2 � 17%, p � 0.31,
Figure 3D).

Comparison of the Efficiency of Different Beta
Blockers in the Three Main LQT Genotypes
We observed a significant reduction of CEs in LQT1 and LQT2
following BBs management, but not in LQT3 (LQT1: HR 0.32,
95% CI 0.24–0.47; I2 � 17%, p � 0.3; LQT2: HR 0.44, 95%
CI 0.33–0.59; I2 � 8%, p � 0.34; LQT3: HR 0.63, 95% CI
0.36–1.10; I2 � 0%, p � 0.43; Figure 4A). Upon intervention
with BBs, LQT2 patients tended to have a greater propensity of
suffering CEs compared to LQT1 patients, although this was not
statistically significant (LQT2 vs. LQT1: HR 1.64, 95% CI
0.97–2.78; I2 � 33%, p � 0.19; Figure 4B). Interestingly, when

the effect of BBs in LQT3 was respectively compared with LQT2
or LQT1 alone, it revealed a similar efficacy for controlling
CE risk (LQT3 vs. LQT1: HR 2.17, 95% CI 0.62–7.58; I2 � 40%,
p � 0.19 and LQT3 vs. LQT2: HR 1.99, 95% CI 0.76–5.24; I2 � 0%,
p � 0.73; Figure 4B).

Atenolol appeared to reduce the risk of CEs in LQT1, but not
in LQT2 patients (HR 0.49, 95% CI 0.31–0.76; I2 � 0%, p � 0.59 in
LQT1 andHR 0.51, 95%CI 0.24–1.11; I2 � 15%, p � 0.31 in LQT2;
Figure 4C). However, comparing these groups directly, we found
in significant differences in the efficacy of atenolol between LQT1
and LQT2 patients (LQT2 vs. LQT1, HR 1.13, 95% CI 0.71–1.83;
I2 � 0%, p � 0.44; Figure 4D). Propranolol also attenuated the rate
of CEs in patients with LQTS (HR 0.44, 95% CI 0.28–0.67; I2 �
0%, p � 0.73; Figure 4C). Although the efficiency of propranolol
appeared to be somewhat higher in LQT2 than in LQT1 patients,
these results also did not reach significance (LQT2 vs. LQT1, HR
0.80, 95% CI 0.53–1.23; I2 � 0%, p � 0.73; Figure 4D). Metoprolol
exhibited an obvious risk-reducing effect in LQT1 (HR 0.30, 95%
CI 0.12–0.72; I2 � 0%, p � 0.37; Figure 4C), but not in LQT2 (HR
0.73, 95% CI 0.30–1.77; I2 � 0%, p � 0.51; Figure 4C), although a
direct comparison of the efficacy of this BB in LQT1 and LQT2
patients was not statistically significant (LQT2 vs. LQT1, HR 2.17,
95% CI 0.67–7.07; I2 � 19%, p � 0.27; Figure 4D). Nadolol
provided a strong risk reduction for CEs in LQTS patients (HR

FIGURE 2 | The risk of CEs in a long follow-up period. (A), the hazard ratio (HR) values in comparing females/males at 10-years-old; (B), the HR values in comparing
QTc ≥ 500 ms/QTc < 500 ms at 10-years-old; (C), the HR values in comparing LQT1/LQT2 at 10-years-old.
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FIGURE 3 | (A), The HR value of CEs in LQTs patients with female and male. (B), the HR value of CEs via comparsing female and male patients during pre-
adolescent or post-adolescent periods (males vs. females). (C), The efficacy of BBs on shorting the length of QTc intervals. (D), The efficacy of BB on shorting the length
of QTc intervals in comparison with LQT1 and LQT2 (LQT1 vs. LQT2). (E), The HR value of the possibility of CEs in the comparsion between LQTs patients with QTc ≥
500 ms or QTc < 500 ms (QTc ≥ 500 ms vs. QTc < 500 ms).
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FIGURE 4 | (A), The HR value of CEs in comparing the two different LQT genotypes, including LQT2 vs. LQT1, LQT3 vs. LQT1, and LQT3 vs. LQT2. (B), the
effectiveness of BBs in reducing the occur of CEs via comparsing LQT2 and LQT1 (LQT2 vs. LQT1). (C), The efficacy of different BBs on the risk reduction of CEs in LQT1
and LQT2. (D), The efficacy of BBs therapy on managing of CEs in different LQTs genotypes, including LQT1, LQT2, LQT3. (E), The efficacy of BBs therapy in reducing
the incidence of syncope or ACA respectively.
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0.42, 95% CI 0.25–0.70; I2 � 0%, p � 0.77; Figure 4C). This effect
was more pronounced in LQT2 than in LQT1 patients, and a
direct comparison between the groups revealed that this was
statistically significant (LQT2 vs. LQT1, HR 0.53, 95% CI
0.27–1.04; I2 � 0%, p � 0.92; Figure 4D). We observed a
different efficacy of these BBs for risk reduction of different
types of CEs. BBs seemed to be more effective at preventing
syncope than decreasing the rate of ACA (HR 0.13, 95% CI
0.08–0.22; I2 � 5%, p � 0.37 in syncope and HR 0.32, 95% CI
0.16–0.64; I2 � 0%, p � 0.46 in ACA; Figure 4E).

Joint Comparison of the Effectiveness of Different
Beta Blockers
For LQT1 patients, the CrIs value was too wide to show
significance for the difference observed for atenolol over
propranolol and metoprolol (atenolol vs. propranolol, HR
0.73, 95% CrIs 0.37–1.5, and atenolol vs. Metoprolol, HR �
0.71, 95% CrIs 0.33–1.7; Figure 5A, Table 2). Conversely,
atenolol efficacy for risk reduction seemed somewhat lower
than for nadolol (atenolol vs. nadolol, HR � 1.2, 95% CrIs
0.56–2.4; Figure 5A; Table 2). Propranolol and metoprolol
had similar efficacy for risk reduction (propranolol vs.
Metoprolol, HR 0.98, 95% CrIs 0.49–2.1; Figure 5A; Table 2).
All four BBs interventions had an almost equal effect in LQT1
patients via pairwise comparisons (nadolol vs. propranolol: HR
0.63, 95% CrIs 0.32–1.3; and nadolol vs. Metoprolol: HR 0.61,
95% CrIs 0.3–1.4; Figure 5A; Table 2). In addition, we found that
LQT2 patients treated with nadolol showed the greatest decrease
in the risk of CEs compared to the other three BBs (nadolol vs.
atenolol: HR 0.35, 95% CrIs 0.22–0.55; nadolol vs. propranolol:
HR 0.36, 95% CrIs 0.23–0.58 and nadolol vs. Metoprolol: HR

0.35, 95% CrIs 0.21–0.57; Figure 5A; Table 2). With the
exception of nadolol, pairwise comparisons among the other
three BBs exhibited no superiority to any others in managing
LQT2 patients (atenolol vs. propranolol: HR 1.0, 95% CrIs
0.7–1.6; atenolol vs. Metoprolol: HR 1.0, 95% CrIs 0.65–1.6
and propranolol vs. Metoprolol: HR 0.98, 95% CrIs 0.62–1.5;
Figure 5A; Table 2). Due to a lack of sufficient data, we were
unable to assess the effectiveness of different BBs for LQT3
patients.

Relative Ranking of Four Beta Blockers
Next, we used SUCRA to analyze rank probability of different BBs
on the risk reduction for CEs based on LQTS genotype, as shown
in Table 3 and Figures 5C–F. For LQT1 patients, nadolol ranked
first with a higher efficacy for reducing CEs risk (Figures 5C,E).
Interestingly, we noticed that atenolol was the second-most
effective treatment of the four BBs for patients with LQT1.
Propranolol was ranked third, and metoprolol was ranked last.
In LQT2 patients, nadolol was further verified to be a first-line
therapy with minimal risk of CEs. The other three BBs treatments
displayed no benefit for managing the CEs risk (Figures 5D,F).

DISCUSSION

The aim of this study was to assess the relationship between
epidemiological variables (gender, age, and QTc intervals) and
CE risk in LQTS patients using a meta-analysis. We furthermore
systematically evaluated the efficacy of BBs therapy in LQTS with
different ages, genders, and QTc intervals, as well as genetic
subtypes (Bohnen et al., 2017). It is well-established that the rate

FIGURE 4 | (Continued).
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of CEs in LQTS patients is closely correlated with age and sex
(Wang and Wu, 2004). Previous reports have indicated that the
risk of fatal events in LQTS is higher in boys than girls during
childhood (Goldenberg et al., 2008). After adolescence, gender-

related risk is reversed, and a greater risk of CEs is observed in the
group of female patients (Goldenberg et al., 2012). This might be
due to longer QTc intervals in LQTS female patients than in male
patients in adulthood (Conrath et al., 2002). However, we showed

FIGURE 4 | (Continued).
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FIGURE 5 | (A, B), The effect of different BBs on risk reduction of CEs in patients with LQT1 (A) or LQT2 (B). (C, D), The rank probability of BBs therapy for reducing
the occurrence of CEs in LQT1 (C) and LQT2 (D) patients. E-F, SUCRAs between 0 and 1 represent the probability of being ranked highest. For the CEs risk, higher score
corresponds to higher proportion achieving at least 5% CEs risk reduction with a most effective therapy in LQT1 (E) and LQT2 (F) patients.
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that boys and girls with LQTS have a similar risk of CEs during
pre-adolescence. After the onset of puberty, there was no result
concerning the risk of CEs among females’ and males’ patients
due to a lack of data (Figure 2A). Strikingly, although there
was a decreased risk for CEs in both males and females after
BBs treatment regardless of age, girls were less likely to
experience CEs than boys in pre-puberty (<13-year-old).
After the onset of adolescence, BBs were more efficient at
reducing CEs in males than in females (13–40-year-old)
(Figure 3A).

Recent studies have suggested that both genotype and QTc
duration are independent risk factors influencing the risk of CEs
in patients with LQTS (Mazzanti et al., 2018; Priori et al., 2004;
Ebbehøj et al., 2004). Furthermore, a 3.3-times lower risk for CEs
were detected in LQTS patients with shorted QTc duration
compared to patients with prolonged QTc duration (Koponen
et al., 2015). Consistent with this view, our result indicates that
LQTS patients with QTc intervals ≥500 ms had a higher risk of
experiencing CEs compared to patients with QTc < 500 ms
during childhood (at 10-years-old) (Figure 2B). Unfortunately,
due to insufficient data in the present studies, we were unable to
assess the effect of QTc duration on the risk of CEs in adulthood.
The efficacy of BBs in patients with QTc ≥ 500 ms was lower than
in patients with QTc < 500 ms (Figure 3D). Our study found that
BBs reduce the QTc interval in LQTS patients by an average of
17.8 ms (Figure 3B). We also observed that this effect of
decreasing QTc was more pronounced in LQT1 patients than
in LQT2 patients (Figure 2C). A previous study showed a 3-fold
increased risk for CEs in LQT2 patients compared to LQT1
during adulthood, regardless of BBs therapy (Goldenberg et al.,
2010). Interestingly, we summarized that, in the pre-adolescent
period, LQT1 patients were reported to have more CEs than
LQT2 patients. The rate of CEs among LQT1 and LQT2 patients
in post-adolescence was not presented due to a lack of sufficient
evidence (Figure 2C). Thus, appropriate stratification in terms of
the above factors should be performed, in order to guide clinical
decision-making for BBs therapy and improve the prognosis of
LQTS with the minimum adverse-events (Migdalovich et al.,
2011; Westphal et al., 2020).

BBs are considered the most effective therapy for alleviating
CEs in LQTS patients (Moss et al., 2000). Notably, although BB
treatments may be applied to LQT1 patients with a minimum risk
of CEs during a long follow-up period, this does not mean that it
is inherently safe for treating patients with other LQT subtypes
with the same BB (Postema et al., 2013). Therefore, it is important
to investigate which BBs perform best for controlling CEs in
different LQTS genotypes. In our study, we found that after BBs
therapy, patients with LQT1 had a relatively lower rate of CEs
than patients with LQT2 (Figure 4B). BBs therapy had no
apparent function in decreasing CEs risk for LQT3 patients,
but the risk of CEs in LQT3 patients was generally higher
than in other LQTS genotypes (Priori et al., 2004). This
phenomenon could be explained by the incorrect notion that
BBs therapy has no effect on LQT3 patients (Schwartz et al., 2012)
(Figure 4A). Strikingly, the blocking effect of BBs is observed
among LQT3 female patients but absent in male patients (Wilde
et al., 2016). We confirmed a protective effect of BBs therapy for
LQT2 and LQT3 patients was somewhat lower than for LQT1
patients, which was consistent with prevailing findings (Shimizu
et al., 2009), although there was no statistically significant
difference on the risk of CEs via the pairwise comparisons
between the LQT1-3 genotypes (Figure 4B). Among the four
BBs, we investigated that nadolol exhibited a pronounced risk
reduction in both LQT1 and LQT2 (HR 0.49 and HR 0.33,
respectively; Figure 4C). However, atenolol, propranolol, and
metoprolol only prevented LQT1 patients from CEs (HR 0.49,
0.37 and 0.30, respectively), but did not prevent them in LQT2
patients (HR 0.51, 0.61 and 0.73, respectively). Nadolol, a
hydrophilic long-acting nonselective drug with the longest
elimination half-life of these four BBs, could maintain high
pharmacodynamic levels, which might be the main reason
why it is regarded as the most effective BB therapy for LQTS
patients (Abu-Zeitone et al., 2014). In addition, it could be
because of the membrane-stabilizing effect of nadolol, which
was attributed to its effect of shorting QTc intervals when
compared to atenolol, propranolol and metoprolol in LQT2
patients (Chockalingam et al., 2012). On the other hand,
nadolol exhibited a significant effect of reducing the CEs in
LQT2. Compared to the effect of BBs between LQT1 and

TABLE 2 | The efficacy of different BB therapies on reducing the occurrence of
CEs (syncope, SCD, ACA) in patients with LQT1 and LQT2 by the network
meta-analysis using HR and 95% CrIs.

LQT1

Cardiac
events

Atenolol 1.4 (0.66–2.7) 1.4 (0.56–3.0) 0.86 (0.41–1.8)
0.73 (0.37–1.5) Propranolol 1.0 (0.48–2.1) 0.63 (0.32–1.3)
0.71 (0.33–1.7) 0.98 (0.49–2.1) Metoprolol 0.61 (0.3–1.4)
1.2 (0.56–2.4) 1.6 (0.76–3.1) 1.6 (0.7–3.3) nadolol

LQT2

Cardiac
events

Atenolol 0.98 (0.63–1.4) 0.99 (0.64–1.5) 0.35 (0.22–0.55)
1.0 (0.7–1.6) Propranolol 1.0 (0.66–1.6) 0.36 (0.23–0.58)
1.0 (0.65–1.6) 0.98 (0.62–1.5) Metoprolol 0.35 (0.21–0.57)
2.9 (1.8–4.6) 2.8 (1.7–4.4) 2.9 (1.7–4.7) nadolol

TABLE 3 | Relative ranking of different BBs assessed by using SUCRA values.

Rank 1 Rank 2 Rank 3 Rank 4

LQT1
Atenolol 0.294350 0.447550 0.17180 0.0863
Propranolol 0.035675 0.124925 0.43360 0.4058
Metoprolol 0.062550 0.146400 0.31355 0.4775
Nadolol 0.607425 0.281125 0.08105 0.0304

LQT2
Atenolol 0.000250 0.289075 0.352525 0.358375
Propranolol 0.000150 0.36075 0.347125 0.291975
Metoprolol 0.000100 0.349900 0.300350 0.349650
Nadolol 0.999725 0.000275 0.000000 0.000000
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LQT2 patients, there was no superiority in controlling the
recurrence of CEs among other three BBs, including atenolol,
propranolol, and metoprolol (Figure 4D). Lastly, we also
observed that BBs seemed to be somewhat more effective in
preventing syncope than ACA in LQTS patients (Figure 4E).

Furthermore, we conducted a network meta-analysis to assess
the efficacy of different BBs in LQT1 and LQT2 via pairwise
comparisons, and then joint ranked those results using cluster
analysis. Steinberg et al. suggested that all four BBs had a similar
effect in preventing the rate of CEs in LQT1, but nadolol was
regarded as the most effective drug with the minimum risk of CEs
in LQT2 (Steinberg et al., 2016). Our study also showed that
nadolol had the best efficacy for reducing the risk of CEs in LQT2.
Interestingly, it also ranked first for LQT1 with the lowest
possibility of CEs. A previous article suggested that metoprolol
had a greater risk of CEs in symptomatic patients than a
combined therapy of propranolol and nadolol (Chockalingam
et al., 2012). We retrieved various studies and our results have
demonstrated that metoprolol is the least effective of the four
studied BBs in decreasing the risk of CEs in LQTS (Figures
5A,B). The therapeutic effect of atenolol seemed somewhat
superior compared to propranolol for LQT1 patients, but
neither of them were beneficial in LQT2 (Figures 5A,B).
Interestingly, there has been a controversial view on whether

propranolol is inferior to its counterparts in high-risk LQTS
patients (Steinberg et al., 2016; Kwok et al., 2017). It is well-
known that the discrepancy of BBs efficacy in monitoring LQTS
could be attributed to inadequate dosage and/or patients’
noncompliance in earlier research (Moss et al., 2000). In
summary, our results propose that the ranked effectiveness of
BBs in reducing CEs risk in LQT1 patients is the following:
nadolol, atenolol, propranolol, and metoprolol. For LQT2
patients, nadolol showed a protective effect, while other BBs
did not significantly prevent the occurrence of CEs, including
atenolol, propranolol, and metoprolol (Figures 5C,D). These
findings are consistent with previous reports (Ahn et al., 2017;
Wallace et al., 2019). As described earlier, atenolol had fewer
neuropsychiatric side effects, which was attributed to its lower
lipid solubility and permeability of the blood-brain barrier
(Chatrath et al., 2004). The above results indicate that if
patients do not tolerate nadolol, atenolol could represent an
alternative therapy for controlling CEs in LQT1 patients.
However, for LQT2, propranolol might be a relatively better
choice. The different efficacies of BBs was primarily due to the
pharmacological and pharmacokinetic characteristics of each
blocker (Ågesen et al., 2019) (Figure 6). Generally, long-term
safety and effectiveness have to be considered for BB treatments
in the clinical management of LQTS patients.

FIGURE 6 | (A), An overview of the pharmacokinetic and pharmacodynamic of BBs was presented. Atenolol is mainly concentrated in the lungs and liver.
Propranolol andmetoprolol are almost totally metabolized in the liver. Nadolol is absorpted by the gastrointestinal tract, and primarily appears in blood serum. However, it
is not metabolized by the liver in humans, only excreted in an unchanged form by the kidney (75%) (A: atenolol, P: propranolol, M: metoprolol, N: nadolol). (B), The
structural formula of BBs.
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CONCLUSION

In the present study, we investigated the relationship between the
risk of CEs in LQTS patients and their age, gender, and QTc length.
We also clarified different efficacies of BBs for CE risk reduction
based on patients with LQTS genotypes. Our analysis did not only
induce a pairwise comparison to reveal the efficacy of four BBs in
LQTS patients, but also provided the ranked efficacies of BBs
treatment for preventing the recurrence of CEs in LQT1 and LQT2
patients. Our results demonstrated that nadolol was the most
effective therapy for LQT2 patients. However, in LQT1 patients,
the effect of nadolol was also relatively superior to treatment with
the three other BBs. In the future, we will investigate which BB is to
be preferred for the management of LQTS patients with increased
risk factors, such as QTc > 500 ms, male gender in pre-puberty,
female gender in adulthood, and LQT2/LQT3 genotypes.

LIMITATIONS

We only included sixteen studies, which was due to a lack of
sufficient evidence reflecting the efficiency of BB treatments in
LQTS patients based on randomized controlled trials. The
results of sensitivity analysis indicated that studies had
comparable bias and heterogeneities (Goldenberg et al.,
2008). In addition, we will continue to retrieve new studies
in order to further investigate the effectiveness of different BBs
treatments in relation to other characteristics of LQTS patients,
such as ethnicity. Finally, the BBs dosage and the follow-up
years of patients plays a pivotal role in their efficacy (Ahrens-
Nicklas et al., 2009). How those factors affect their efficacy in
LQTS patients warrants further study.
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Perivascular adipose tissue (PVAT) has been identified to have significant endocrine and
paracrine functions, such as releasing bioactive adipokines, cytokines, and chemokines,
rather than a non-physiological structural tissue. Considering the contiguity with the
vascular wall, PVAT could play a crucial role in the pathogenic microenvironment of
atherosclerosis. Growing clinical evidence has shown an association between PVAT
and atherosclerosis. Moreover, based on computed tomography, the fat attenuation
index of PVAT was verified as an indication of vulnerable atherosclerotic plaques. Under
pathological conditions, such as obesity and diabetes, PVAT shows a proatherogenic
phenotype by increasing the release of factors that induce endothelial dysfunction and
inflammatory cell infiltration, thus contributing to atherosclerosis. Growing animal and
human studies have investigated the mechanism of the above process, which has yet
to be fully elucidated. Furthermore, traditional treatments for atherosclerosis have been
proven to act on PVAT, and we found several studies focused on novel drugs that target
PVAT for the prevention of atherosclerosis. Emerging as an indication, contributor to,
and therapeutic target for atherosclerosis, PVAT warrants further investigation.

Keywords: perivascular adipose tissue, atherosclerosis, inflammation, imaging, adipocytokines

INTRODUCTION

Atherosclerosis is a process in which the formation and buildup of lipid, cells, as well as
matrix, and represents a major stage of atheromatous plaque formation. Atherosclerosis can cause
myocardial infarction, stroke, and disabling peripheral artery disease, leading to high morbidity
and mortality worldwide (Libby et al., 2019). The pathogenesis of atherosclerosis including
endothelial dysfunction, inflammatory cells recruitment, vascular smooth muscle cells (VSMCs)

Abbreviations: 10,12 CLA, 10,12 conjugated linoleic acid; AMPK, AMP-activated protein kinase; AT1, angiotensin II type
1 receptor; CA, coronary artery; CAD, atherosclerotic coronary artery disease; CRP, C-reactive protein; CT, computed
tomography; DPP-4, dipeptidyl peptidase-4; EMT, extramedial thickness; eNOS, endothelial nitric oxide synthase; FAI,
fat attenuation index; GLP-1, glucagon like peptide-1; GM-CSF, granulocyte macrophage colony stimulating factor; HFD,
high-fat diet; IL, interleukin; IMT, intima-media thickness; ITA, internal thoracic artery; MB, myocardial bridge; MCP-1,
monocyte chemoattractant protein-1; mitoNEET, CDGSH iron sulfur domain 1 protein; MMP-9, matrix metalloprotein-9;
MRI, magnetic resonance imaging; mRNA, messenger RNA; Nh, native human; PIAS1, inhibiting protein of activated STAT1;
PPARγ, peroxisome proliferator-activated receptor-γ; PPD, pseudoprotodioscin; Psgl-1, P-selectin glycoprotein ligand-1;
PVAT, perivascular adipose tissue; SGLT2, sodium glucose cotransporter 2; SLE, systemic lupus erythematosus; SOCS3,
suppressor of cytokine signaling 3; TGF, transforming growth factor; TNF, tumor necrosis factor; VCAM-1, vascular cell
adhesion molecule-1; VEGF, vascular endothelial growth factor; VSMCs, vascular smooth muscle cells.
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proliferation and migration. During the process, cytokines are
released by different types of cells and exert multiple effects,
such as crosstalk among endothelial cells, vascular smooth muscle
cells, inflammatory cells, and adipocytes (Tousoulis et al., 2016).
The dynamic microenvironment plays a fundamental role in the
pathogenesis of atherosclerosis.

The perivascular adipose tissue (PVAT) has long been
considered a non-physiological structural tissue, but in the last
decade, an increasing number of studies have identified it to
have significant endocrine and paracrine functions, including
the release of bioactive adipokines, cytokines, and chemokines
(Szasz and Webb, 2012). Given the anatomical proximity between
PVAT and the vascular wall, PVAT could play a crucial role
in the pathogenic processes of atherosclerosis, mainly toward
endothelial dysfunction (Virdis, 2016) and inflammatory cell
recruitment (Omar et al., 2014). However, the pathophysiological
characteristics of PVAT seem to be distinct in different anatomical
locations (Gil-Ortega et al., 2015) and metabolic statuses (Molica
et al., 2015; Ferrara et al., 2019), which remains to be clarified.
In this review, we discuss the PVAT imaging features from the
latest clinical evidence, the proatherogenic and antiatherogenic
phenotypes of PVAT, the underlying molecular mechanisms and
pathways, and potential therapeutic measures.

IMAGING FEATURES OF PVAT

Ultrasound
Carotid intima-media thickness (IMT) is an index measure
derived from high-resolution carotid ultrasound to assess the
burden of atherosclerosis. As a complement, carotid extramedial
thickness (EMT) focuses on the adventitial structure of arteries,
which is mainly attributed to PVAT (Falk et al., 2009). Haberka
et al. (2019) reported that EMT is an independent and strong
predictor of significant internal carotid artery stenosis instead
of obesity measurements. In addition, the combination of
ultrasound indexes related to PVAT and the vascular wall was
associated with more complex atherosclerotic coronary artery
disease (CAD) in patients with high risk (Haberka et al., 2018).
Carotid EMT is a promising index for early assessment of
the clinical risk of atherosclerosis (Skilton, 2019). Similarly,
intravascular photoacoustic ultrasound detected increased iliac
arteries-PVAT in Ossabaw swine with metabolic syndrome,
which was verified by histology as early-stage atherosclerotic
changes (Kole et al., 2019).

Computed Tomography
CT-based volumetric quantification of PVAT is feasible and
highly reproducible (Schlett et al., 2009). Recent evidence has
demonstrated that coronary artery-PVAT transforms from the
lipid to aqueous phase during vascular inflammation, resulting
in increased CT attenuation around the inflamed coronary artery
(Antonopoulos et al., 2017). A novel non-invasive biomarker, the
fat attenuation index (FAI), was designed to predict vulnerable
atherosclerotic plaques and cardiac mortality (Antonopoulos
et al., 2017; Antoniades et al., 2019; Lin et al., 2019). Moreover,
the FAI was validated in a clinical cohort to show significant

reduction around the culprit lesion; by contrast, there was no
change around the stable atherosclerotic plaques (Antonopoulos
et al., 2017). In CT imaging, we can identify adipose tissue
with voxels between -190 and -30HU, and perform quantitative
evaluation by calculating FAI or volume of PVAT, which helps
the prediction of atherosclerosis.

Magnetic Resonance Imaging
Due to its high cost and time consumption, studies based
on MRI are limited and controversial. Randrianarisoa et al.
(2018) showed a correlation between brachial artery PVAT
and insulin resistance, while aorta PVAT is associated with
carotid IMT, indicating that brachial artery PVAT and aorta
PVAT may act differently as possible modulators of insulin
resistance and subclinical atherosclerosis. However, Alkhalil
et al. (2018) demonstrated the dissociation between the spatial
distribution of PVAT and arterial wall thickening in the
aorta and carotid arteries, which does not support that PVAT
promotes atherosclerotic plaque through the paracrine route. The
quantitative evaluations were implemented with different special
software. Further research focusing on the assessment of PVAT
with MRI is warranted.

PVAT and Vascular Calcification
Vascular calcification was found to be associated with PVAT
as a surrogate measure of atherosclerosis. The coronary artery
segment covered by a myocardial bridge (MB) was isolated
from the influence of PVAT. Verhagen et al. (2013) revealed
that segments without an MB have a higher calcium score
than segments covered with an MB. The association between
calcium scores and MBs was influenced by local PVAT thickness
(Verhagen et al., 2013). Moreover, women with systemic lupus
erythematosus (SLE) were demonstrated to have greater aortic
PVAT, which correlated with the calcification of different vascular
beds (Shields et al., 2013). The summary of clinical imaging
studies of PVAT and atherosclerosis is presented in Table 1.
Based on above studies, it can be concluded that the increased
volume or thickness of PVAT is associated with atherosclerosis.
The enlargement of PVAT may indicates the transition from anti-
atherogenic to pro-atherogenic phenotypes, which mediating
the progression of atherosclerosis. The imaging features and
pathological characteristics of PVAT needs further investigations.

REGIONAL AND SEX DIFFERENCES IN
PVAT

Regional Differences in PVAT
Several rodents and human studies found regional differences
in PVAT impacting vascular function. Mouse abdominal aorta-
PVAT is more inflamed than thoracic aorta-PVAT, which is
independent of aging (Padilla et al., 2013). The phenotypic
differences in PVAT between the regions of the aorta may
account for the evidence that the abdominal aorta is more
vulnerable to atherosclerosis than the thoracic aorta (Padilla
et al., 2013; Victorio et al., 2016). A study based on multimodal
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TABLE 1 | Overview of clinical imaging studies of perivascular adipose tissue (PVAT) and atherosclerosis.

Authors Study design Number of
subjects

Imaging
technology

Imaging index Main findings

Haberka et al., 2019 Cross-sectional 391 Ultrasound Carotid EMT Carotid EMT was an independent and strong predictor of
significant internal carotid artery stenosis

Haberka et al., 2018 Cross-sectional 215 Ultrasound PATIMA index The PATIMA index was associated with more complex CAD
in high- and very-high-risk patients

Antonopoulos et al., 2017 Cross-sectional 273 CT FAI The FAI gradient around coronary arteries identified early
subclinical coronary artery disease and vulnerable
atherosclerotic plaques

Randrianarisoa et al., 2018 Cross-sectional 95 MRI Volume Brachial artery-PVAT was associated with insulin sensitivity,
while aorta-PVAT was associated with carotid IMT

Alkhalil et al., 2018 Cross-sectional 29 MRI Thickness The spatial distribution of PVAT was uncorrelated with
arterial wall thickening in the aorta and carotid arteries

Verhagen et al., 2013 Cross-sectional 128 CT Thickness The coronary artery segments without an MB have a higher
calcium score than segments covered with an MB. The
association between calcium scores and MBs was
influenced by local PVAT thickness

Shields et al., 2013 Cross-sectional 135 CT Volume Women with SLE had greater aortic-PVAT, which correlated
with calcification of different vascular beds

EMT, extramedial thickness; PATIMA, periarterial adipose tissue intima media adventitia; CT, computed tomography; FAI, fat attenuation index; MRI, magnetic resonance
imaging; IMT, intima-media thickness; MB, myocardial bridge; SLE, systemic lupus erythematosus.

non-linear optical imaging reported that mouse thoracic PVAT
changes differentially from the initial stages to advanced stages
of atherosclerosis and undergoes spatial impairment focused
on atherosclerotic plaques (Kim et al., 2019). In humans, the
phenotype of internal thoracic artery (ITA)-PVAT is closer to
that of subcutaneous adipose tissue than that of coronary artery
(CA)-PVAT (Numaguchi et al., 2019). ITA-PVAT appears to
be protected from inflammation and consecutive adipose tissue
remodeling, which may explain the decreased atherosclerotic
plaque burden in the ITA (Numaguchi et al., 2019). Similarly,
in patients with CAD, the genes related to inflammation,
lipid metabolism and myocardial processes are differentially
expressed in CA-PVAT and ITA-PVAT, demonstrating that PVAT
is the key determinant in the development of atherosclerosis
(Lu et al., 2017). In a community-based sample, individuals
with high thoracic aorta-PVAT in the absence of high visceral
adipose tissue were characterized by adverse cardiometabolic
profiles, such as smoking and reduced high-density lipoprotein
cholesterol (Britton et al., 2012). Therefore, compared with
thoracic aorta and ITA, the vulnerability of abdominal aorta
and CA to atherosclerosis may be explained by the regional
differences of PVAT.

Sex Differences in PVAT
Abdominal aortic aneurysm is a fatal disease with significant
sexual dimorphism. Testosterone was verified to increase
aneurysm rupture rates in female, which suggest the aortic
vascular biology is regulated by sex chromosome (Alsiraj et al.,
2017). Similarly, male is a risk factor of CAD, and estrogen
could protect vascular from atherosclerosis. El Khoudary
et al. (2015) demonstrated women gain cardiovascular fat
after menopause, and the aortic PVAT volume is positively
associated with estradiol reduction. Therefore, sex and sex
hormones could play an important role in PVAT-mediated
vascular atherosclerosis. Thromboxane and PGF2α mediate

PVAT-induced vasoconstriction of porcine coronary artery in
male and female pigs, respectively (Ahmad et al., 2017b). PVAT
from female pigs inhibit contraction of porcine coronary artery,
not male pigs (Ahmad et al., 2017a). Sex differences in PVAT
have been reviewed in detail recently (Victorio et al., 2020),
while the sex differences in PVAT-mediated atherosclerosis
remains to be verified.

Inflammation and Immunity of PVAT
Genome-wide expression analyses identified that the genes
associated with the regulation of inflammation, angiogenesis,
blood clotting, and vascular morphology were differentially
expressed in human perivascular adipocytes and subcutaneous
adipocytes (Chatterjee et al., 2013). Perivascular adipocytes signal
to both inflammatory cells and endothelial cells, thus significantly
modulating vascular inflammatory crosstalk in atherogenesis
(Chatterjee et al., 2013).

Proinflammatory and Anti-inflammatory
Phenotypes of PVAT
Under physiological conditions, PVAT protects the artery
against atherosclerosis by counteracting inflammation. Ren et al.
(2019) founded that PVAT was formed around the disturbed
blood flow-induced carotid atherosclerosis, and transplantation
of thoracic PVAT from wild-type mice, which showed lower
messenger RNA (mRNA) levels of inflammatory cytokines
than thoracic PVAT from ApoE−/− mice, decreased plaque
macrophage content. Similarly, wild-type mouse periaortic
PVAT transplantation inhibited atherosclerosis development by
exerting TGF (transforming growth factor)-β1-mediated anti-
inflammatory activity, which might involve M2 macrophages
(Terada et al., 2018). Under pathological conditions, PVAT
contributes to the formation process of atherosclerosis.
Transplantation of abdominal aortic PVAT from high-fat diet
(HFD)-fed mice increased aortic atherosclerosis and inhibited
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endothelium-dependent relaxation (Horimatsu et al., 2018).
In the transplanted abdominal aortic PVAT tissue, MCP-1
(monocyte chemoattractant protein-1) and TNF (tumor necrosis
factor)-α expression was elevated, while adiponectin expression
was reduced (Horimatsu et al., 2018). Moreover, compared
with PVAT surrounding a normal vessel (internal mammary
artery), human PVAT of atherosclerotic arteries (coronary artery)
showed more extensive inflammation, lymphangiogenesis, and
fibrosis, probably due to local VEGF (vascular endothelial
growth factor)-C, VEGF-D, and angiopoietin-2 overexpression
(Drosos et al., 2019).

Similarly, the proinflammatory state of PVAT was identified
with cardiovascular risk factors, such as hypertension, diabetes
mellitus and peripheral arterial disease. In a hypertensive
mouse model, T cells preferentially accumulated in aortic
PVAT and could be increased by angiotensin II (Guzik
et al., 2007). Accordingly, aortic PVAT-specific renin-angiotensin
system activation contributes to accelerating atherosclerotic
development in uninephrectomized mice (Kawahito et al., 2013).
Angiotensin II type 1 receptor (AT1) plays an important
role in the HFD-induced phenotypic alteration of aortic
PVAT in ApoE−/− mice, identified as higher expression of
proinflammatory cytokines and inflammatory cell infiltration,
and modulation of AT1 may exert beneficial effects on
atherosclerosis (Irie et al., 2015). In patients with diabetes,
carotid PVAT surrounding the atheromatous plaques showed
an increase in the mRNA levels of TNF-a, MCP-1, and IL
(interleukin)-6 (Hamlat-Khennaf et al., 2017). Patients with
peripheral arterial disease showed higher gene expression of
TNF-α in renal artery-PVAT (Cejkova et al., 2017). According to
Wakana et al. (2015), maternal HFD accelerated atherosclerosis
development in offspring, as the increasing thoracic aorta-PVAT
specific inflammatory response mediated by higher expression of
macrophage colony-stimulating factor. In contrast, an Ossabaw
pig experiment exhibited disconnection between left anterior
descending coronary artery-PVAT inflammation and HFD-
induced cardiometabolic dysfunction (Vieira-Potter et al., 2015).

Inflammatory Cells of PVAT
Human aortic PVAT produces different chemokines, such as IL-
8 and MCP-1, which induce the chemotaxis of granulocytes,
monocytes, and activated T cells (Henrichot et al., 2005). In
patients with CAD, the ratio of macrophages was significantly
higher in the coronary arterial wall, and a close relationship
was identified between the ratio of macrophages in the arterial
wall and PVAT (Verhagen et al., 2012; Kralova Lesna et al.,
2015). Coronary PVAT macrophages were associated with
stenosis of the adjacent vessel, and M2 macrophages were
more abundant than M1 macrophages in PVAT (Verhagen
et al., 2014). The inflammatory cells in PVAT seem to play
a crucial role in atherogenesis. A postmortem study revealed
that the plaque/media ratio increased with the area and
macrophages of coronary PVAT (Verhagen et al., 2012). The
area of coronary PVAT was related to the presence of a lipid
core and the infiltration of macrophages and lymphocytes
in atherosclerotic plaques (Verhagen et al., 2012). Similarly,
Farias-Itao et al. (2019) identified the correlation between

inflammatory cells in coronary PVAT and atherosclerotic plaque
features. In periplaque coronary PVAT, the density of CD68+
macrophages and CD20+ B lymphocytes increased with the
size of the plaque, and coronary PVAT surrounding unstable
atherosclerotic plaques exhibited greater CD68+ macrophages
than surrounding stable lesions (Farias-Itao et al., 2019). In
addition, in the development of atherogenesis, commensal
microbes activate B2 cells in PVAT through lipid metabolism-
independent mechanisms (Chen et al., 2016). B1 cells in PVAT
were found to produce immunoglobulin type M antibodies to
limit atherosclerosis development (Srikakulapu et al., 2017).

PVAT and Immunity
Both rodents and human experiments suggested that PVAT
produced complement proteins C3 and C4, which bind to
elastin fibers and collagen within the adventitia, leading to
increased vascular atherosclerosis and vascular calcification
(Shields et al., 2011; Nagaraj et al., 2015). In rats, immunization
intracutaneously with native human (nh)-LDL or nh-HDL
induced increased PVAT volume and atherosclerosis-like changes
in the aortic wall: leukocytes accumulation, intima destruction
and media structure disruption (Fomina et al., 2017). Therefore,
the immune response toward native lipoproteins might be
adipogenic and atherogenic.

Taken together, the inflammation and immunity of PVAT are
key determinants in the pathogenesis of atherosclerosis, which
deserve further exploration.

Endothelial Function and PVAT-Derived
Adipocytokines
Endothelial function is largely based on endothelial nitric
oxide synthase (eNOS) function and activity (Daiber et al.,
2019). PVAT may regulate arterial tone by releasing diffusible
vasorelaxation factors, which, through endothelium-derived
NO production, compensate for impaired vasodilatation in
metabolic disorders (Kagota et al., 2017; Baltieri et al., 2018).
On the other hand, factors released from PVAT may inhibit
endothelial NO production and induce vasocontraction by
increasing the expression of Cav-1 protein (Lee et al., 2014).
AMP-activated protein kinase (AMPK) was revealed to regulate
adipocyte metabolism, adipose biology and vascular function
(Almabrouk et al., 2014). Activation of AMPK restrains
the production of PVAT-released adipokines and prevents
endothelial dysfunction by increasing the bioavailability of NO
(Gao et al., 2018). Compared with the PVAT of the thoracic aorta,
eNOS-derived NO production decreased in the PVAT of the
abdominal aorta, suggesting the susceptibility of the abdominal
aorta to vascular injury (Victorio et al., 2016). It is now well
accepted that adiponectin, as a protective adipocytokine secreted
by PVAT, possesses anti-inflammatory, insulin-sensitizing,
and vasodilating properties (Milutinovic et al., 2019). In
HFD mice, endothelium-mediated vascular relaxation was
impaired, and subcutaneously pumped adiponectin was
demonstrated to increase eNOS phosphorylation and decrease
PVAT inflammation, thereby restoring endothelial cell function
(Sena et al., 2017). Consistently, endothelium-dependent
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relaxation was reduced in obese patients (Virdis, 2016; Cybularz
et al., 2017). Endogenous adiponectin expression was increased
in PVAT to maintain endothelial function (Cybularz et al.,
2017). Moreover, in patients with atherosclerosis, peroxidation
products produced in the vascular wall promote adiponectin
gene expression in PVAT through a peroxisome proliferator-
activated receptor-γ (PPARγ)-dependent mechanism (Margaritis
et al., 2013). Then, adiponectin restores eNOS coupling to
improve the redox state (Margaritis et al., 2013). In addition,
PPARγ deficiency in PVAT enhances atherosclerosis and results
in vascular and systemic inflammation (Xiong et al., 2018).
Additionally, PVAT-secreted adiponectin promotes macrophage
autophagy by suppressing the Akt/FOXO3a signaling pathway,
subsequently suppressing plaque formation (Li et al., 2015).
Growing studies focus on glucose metabolism of endothelial
and VSMCs. Diabetes restrains glycolysis upregulation in
endothelial cells under hypoxia conditions (Primer et al.,
2020). High concentration of glucose promotes P. gingivalis
invasion of human aortic SMCs, then initiates osteogenic
phenotype switch, which results in calcification (Chen et al.,
2018). Adiponectin also participates in the regulation of
related process. High glucose leads to vascular adiponectin
resistance, and contributes to diabetic endothelial dysfunction
(Liu et al., 2015). High glucose could reduce adiponectin
expression of stromal cells in epicardial adipose tissue, which
induce an inflammatory paracrine process in endothelial
cells (Fernández-Trasancos et al., 2016). Besides, adiponectin
could reduce VSMCs proliferation and migration which
induced by high glucose (Cersosimo et al., 2020). Leptin
was perceived as a risk factor in atherosclerosis progression,
which promote endothelial dysfunction, PVAT inflammation
and vascular smooth muscle cell phenotypic switching (Dib
et al., 2014; Li et al., 2014; Payne et al., 2014). Circulating
plasma leptin negatively correlates with endothelial dependent
vasodilation (Gonzalez et al., 2013). In Ossabaw with metabolic
syndrome, the increased epicardial PVAT leptin was revealed
to exacerbate coronary endothelial dysfunction via a protein
kinase C-β-dependent pathway (Payne et al., 2010). In female
mice, leptin was found to induce endothelial dysfunction
through aldosterone-dependent mechanisms (Huby et al.,
2016). In addition, patients with coronary artery disease were
identified to have more severe hypoxia in local tissue and
higher expression of leptin in PVAT, as well as increased
inflammation, vascularization, and fibrosis, accounting for the
increased atherosclerotic plaque burden within the coronary
arteries (Drosos et al., 2016). A study of ewes showed that
leptin increased IL-1B and TNF-a gene expression, which
may moderate the inflammatory reaction progress in PVAT
(Krawczynska et al., 2019).

Perivascular adipose tissue dysfunction is characterized by
its inflammatory state, reduced production of vasoprotective
adipocyte-derived relaxing factors such as adiponectin and
omentin (Van de Voorde et al., 2013) and augmented production
of proinflammatory factors such as leptin, resistin, cytokines
(TNF-α and IL-6) and chemokines (MCP-1 and RANTES)
(Nosalski and Guzik, 2017). These factors promote inflammatory
cell infiltration and induce eNOS dysfunction, ultimately leading

to the development of atherosclerotic diseases (Van de Voorde
et al., 2013; Nosalski and Guzik, 2017; Aroor et al., 2018).

PVAT and Thermoregulation
Perivascular adipose tissue is similar to brown adipose tissue
and is essential for intravascular thermoregulation upon cold
acclimation, which plays a protective role in the pathogenesis
of atherosclerosis (Chang et al., 2012). Proteomics analysis
of PVAT from mice identified that cold exposure improves
endothelial function and inhibits atherosclerosis (Chang et al.,
2012). Moreover, an experiment in ferrets found that cold
exposure downregulated gene expression in aortic PVAT, which
was associated with the immune response, cell cycle and
gene expression regulation (Reynes et al., 2017). Aortic PVAT
exhibited an anti-inflammatory response to cold acclimation and
demonstrated a protective effect against atherogenesis (Reynes
et al., 2017). Different proteins mediated the thermoregulatory
response of PVAT. As a mitochondrial outer membrane
protein, the CDGSH iron sulfur domain 1 protein (referred
to as mitoNEET) could regulate oxidative capacity and the
browning of adipose tissue (Xiong et al., 2017). MitoNEET in
PVAT contributes to PVAT-dependent thermogenesis, thereby
preventing atherosclerosis development (Xiong et al., 2017). In
addition, Tang et al. (2018) demonstrated ribosomal protein
S3A as a key factor in modulating the brown fat-specific gene
uncoupling protein 1 and carbon metabolic enzymes in epicardial
adipose tissue to prevent CAD. These findings suggested that the
thermogenic capacity of PVAT is beneficial to the protection of
atherosclerosis.

Proatherogenesis-Related Molecular
Mechanisms and Pathways
With respect to the proatherogenic role of PVAT, different
proteins, bioactive factors and pathways have been investigated.
Coronary PVAT of Ossabaw swine was identified to attenuate
vasodilation through the inhibitions of vascular smooth muscle
K+ channels (Noblet et al., 2015). Carotid PVAT transplantation
leads to endothelial dysfunction and accelerated atherosclerosis
in ApoE−/− mice, and it could be blocked by neutralization
of Psgl-1 (P-selectin glycoprotein ligand-1) (Ohman et al.,
2011). Consistently, Psgl-1 deficiency was revealed to prevent
mesenteric PVAT inflammation and endothelial dysfunction in
obese mice (Wang et al., 2012). Thus, Psgl-1 may play a crucial
role in the formation of atherosclerotic lesions. Moreover, in
HFD-fed rabbits, especially in carotid PVAT(+) groups, CRP (C-
reactive protein) significantly promoted endothelial dysfunction,
which might be mediated by activating the inflammatory
response of adipose tissue (Chen et al., 2013). CRP was also
found to contribute to vasa vasorum growth by activating the
proangiogenic activity of adipose-derived stem cells (Chen et al.,
2016), which promote the pathogenesis of atherosclerosis.

Xpr1 and Taf3, a regulator of macrophage differentiation
and a core transcription factor, which were detected in mouse
PVAT, were significantly upregulated during atherosclerosis,
suggesting a role in the pathogenesis of atherosclerosis (Hueso
et al., 2016). Interestingly, hepatokine fibroblast growth factor
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21 exerts secretome-modulating responses in human perivascular
adipocytes, establishing a novel liver-PVAT-blood vessel axis that
possibly accounts for vascular inflammation and atherosclerosis
(Berti et al., 2016). Moreover, miR-19b in endothelial cell-
derived microvesicles promotes atherosclerosis progression by
increasing PVAT-specific inflammation by diminishing SOCS3
(suppressor of cytokine signaling 3) expression (Li et al., 2018).
In addition, endoplasmic reticulum stress in PVAT destabilizes
atherosclerotic plaques by increasing GM-CSF (granulocyte
macrophage colony stimulating factor) in a paracrine manner via
the transcription factor NF-κB (Ying et al., 2018). In addition,
higher levels of inhibiting protein of activated STAT1 (PIAS1)
and diminished expression of NF-κB- or STAT1-regulated genes
involved in adipocyte inflammation, differentiation, senescence
and apoptosis were present in mouse PVAT, while PIAS1
was decreased in the PVAT of patients with atherosclerosis
(Schutz et al., 2019), suggesting that STAT1- or NF-κB-regulated
genes may mediate the proatherogenesis effects of PVAT.
Taken together, PVAT may contribute to atherosclerosis through
promoting endothelial dysfunction, accelerating inflammation
reaction, and motivating vasa vasorum growth. The underlining
molecular mechanism warrants further clarification.

THERAPEUTIC TARGETS

Smoking Cessation
Nicotine, as the key active component of cigarette smoke, was
proven to correlate with PVAT inflammation and contribute to
endothelial dysfunction. The PVAT of smokers showed higher
expression and activity of the P2 × 7 receptor-inflammasome
complex, which contributed to the proinflammatory status (Rossi
et al., 2014). Nicotine induced mature adipocyte dysfunction,
thus leading to the abnormal secretion of adiponectin and
inflammatory adipokines and exacerbating endothelial
inflammation (Wang et al., 2016). In addition, adipocytes
promote nicotine-induced apoptosis of endothelial cells through
the NF-κB pathway (Liu et al., 2017). Smoking cessation could
prevent vascular atherosclerosis induced by PVAT dysfunction.

Antidiabetic Drugs
Pioglitazone, an insulin sensitizer, alleviated PVAT oxidative
damage induced by fructose treatment and prominently
diminished proinflammatory markers in ApoE−/− mice
(Quesada et al., 2018). Additionally, pioglitazone dramatically
downregulated the expression of vascular cell adhesion molecule-
1 (VCAM-1) and matrix metalloprotein-9 (MMP-9), as well as
the activity of MMP-9 in the aortic media wall, and markedly
decreased the accumulation of macrophages and lipids in
atheroma plaques (Quesada et al., 2018). Pioglitazone treatment
increased adiponectin serum level (Negrotto et al., 2016), which
enhance endothelial mediated vasodilation (Quinn et al., 2010)
and increase the number and function of endothelial progenitor
cells (Werner et al., 2007), thereby improve vascular dysfunction
(Fernandez et al., 2008).

It was reported that glucagon-like peptide-1 (GLP-1)-
based therapeutic methods may positively affect autophagy

in PVAT, thus improving endothelial dysfunction caused
by obesity (Costantino and Paneni, 2019). Both dipeptidyl
peptidase-4 (DPP-4) inhibitors and GLP-1 receptor agonists
are modulators of this process. In addition, PVAT is a
source of DPP-4, and its biology could be influenced by
DPP-4 inhibition (Akoumianakis and Antoniades, 2017).
DPP-4 inhibition was associated with diminished oxidative
stress and local inflammation both in the PVAT and the
vascular wall, potentially regulating atherogenesis progression
in vivo (Akoumianakis and Antoniades, 2017). For instance,
teneligliptin could decrease the expression of a major NADPH
oxidase subunit, Nox-4, and a macrophage marker in
perivascular adipocytes of normoglycemic ApoE−/− mice
(Salim et al., 2017).

Sodium glucose cotransporter 2 (SGLT2) inhibitors were
revealed to suppress the inflammation of PVAT and attenuate
atherogenesis in an in vivo mouse model. Empagliflozin
ameliorated the RNA expression of inflammatory factors in
PVAT, attenuated diabetes-induced endothelial dysfunction, and
decreased the atherosclerotic lesion area in the aortic arch of
diabetic ApoE−/− mice (Ganbaatar et al., 2020). Empagliflozin
suppressed the expression of PDGF-B in PVAT macrophages,
thereby attenuating neointimal hyperplasia after wire injury in
HFD-fed mice (Mori et al., 2019).

Other Drugs
Short-term intensive atorvastatin therapy attenuates PVAT
inflammation by inhibiting the 5-lipoxygenase pathway, thus
significantly ameliorating endothelial dysfunction in HFD rabbits
(Wang et al., 2014). The selective Mas receptor agonist AVE0991
(angiotensin 1-7 mimetic) affected macrophage differentiation
and recruitment into the perivascular space, exhibiting anti-
inflammatory and antiatherosclerotic actions during the early
stages of atherosclerosis in ApoE−/− mice (Skiba et al., 2017).

Morinda citrifolia leaf extract was shown to reduce
PVAT deposition while preventing atherosclerosis through
lipid elimination and anti-inflammatory reactions in
ovariectomized HFD-fed mice (Chong et al., 2018). Similarly,
pseudoprotodioscin (PPD), a phytoestrogen isolated from
Dioscorea nipponica Makino, alleviated atherosclerotic lesions
and exerted estrogenic and anti-inflammatory properties in
ovariectomized HFD-fed ApoE−/− mice (Sun et al., 2020).

Polysaccharide peptide from Ganoderma lucidum, as one
source of antioxidant, had a significant effect in decreasing
H2O2 levels, PVAT thickness, the number of foam cells, and
atherosclerotic plaque width in mice (Andri Wihastuti et al.,
2015). 10,12 Conjugated linoleic acid (10,12 CLA)-supplemented
mice were characterized by enrichment of M2 macrophages in
artery lesions and surrounding PVAT, which contributed to the
antiatherosclerotic role of 10,12 CLA (Kanter et al., 2018). Dietary
ethanolic extract of mangosteen pericarp significantly diminished
the expression of VCAM-1 and decreased the thickness of PVAT
and IMT in HFD-fed mice (Wihastuti et al., 2019).

Smoking, antidiabetic drugs and other drugs have been
verified to act on PVAT, reducing inflammation reaction and
endothelial dysfunction, thus preventing atherosclerosis. PVAT is
emerging as the therapeutic target of atherosclerosis.
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FIGURE 1 | The proatherogenic and antiatherogenic phenotypes of perivascular adipose tissue. Under physiological conditions, perivascular adipose tissue (PVAT)
can secrete NO, TGF-β, adiponectin, omentin, and other bioactive factors to reduce the inflammatory response and improve endothelial function, which helps
vasodilation. In addition, PVAT also acts as an antiatherogenic phenotype through thermoregulation. Under pathological conditions, such as obesity and diabetes,
PVAT shows a proatherogenic phenotype by increasing the release of MCP-1, TNF-a, leptin, resistin and other bioactive factors to induce endothelial dysfunction,
inflammatory cell infiltration, vascular smooth cell (VSMC) proliferation and migration.

CONCLUSION

Growing clinical evidence based on imaging technology
suggests that the phenotype of PVAT is associated with
inflammation and the metabolic profile of the corresponding
vasculature as the key determinants for the pathogenesis of
atherosclerosis. Under physiological conditions, PVAT acts as
an antiatherogenic phenotype by releasing vasodilating factors,
exerting an anti-inflammatory response, and thermoregulation.
Under pathological conditions, such as obesity and diabetes,
PVAT shows the proatherogenic phenotype by increasing
the release of adipocytokines and chemokines, which induce
endothelial dysfunction, inflammatory cell infiltration, VSMC
proliferation and migration, thus contributing to the augmented
atherosclerotic plaque burden of the arteries (Figure 1).
Improving cardiovascular risk stratification based on PVAT
imaging could help identify individuals with unstable lesions.
Furthermore, the traditional treatments for atherosclerosis, such
as smoking cessation, atorvastatin and antidiabetic drugs, have
been proven to act on PVAT. Rapid progress in pharmaceutical
research has led to the identification of novel drugs targeting

PVAT for the prevention of atherosclerosis. Defining the
mechanism of PVAT regulation of vascular homeostasis warrants
more and better controlled investigations.
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The Role of Periprostatic Adipose
Tissue on Prostate Function in
Vascular-Related Disorders
Gabriela Reolon Passos‡, Ana Carolina Ghezzi‡, Edson Antunes,
Mariana Gonçalves de Oliveira and Fabiola Zakia Mónica*†

Department of Pharmacology, Faculty of Medical Sciences, University of Campinas (UNICAMP), Campinas, Brazil

The lower urinary tract symptoms (LUTS) secondary to benign prostatic hyperplasia (BPH)
are highly prevalent worldwide. Clinical and experimental data suggest that the incidence
of LUTS-BPH is higher in patients with vascular-related disorders such as in pelvic
ischemia, obesity and diabetes as well as in the ageing population. Obesity is an
important risk factor that predisposes to glucose intolerance, insulin resistance,
dyslipidemia, type 2 diabetes mellitus and cardiovascular disorders. Prospective
studies showed that obese men are more likely to develop LUTS-BPH than non-obese
men. Yet, men with greater waist circumferences were also at a greater risk of increased
prostate volume and prostate-specific antigen than men with lower waist circumference.
BPH is characterized by an enlarged prostate and increased smooth muscle tone, thus
causing urinary symptoms. Data from experimental studies showed a significant increase
in prostate and epididymal adipose tissue weight of obese mice when compared with lean
mice. Adipose tissues that are in direct contact with specific organs have gained attention
due to their potential paracrine role. The prostate gland is surrounded by periprostatic
adipose tissue (PPAT), which is believed to play a paracrine role by releasing growth
factors, pro-inflammatory, pro-oxidant, contractile and anti-contractile substances that
interfere in prostate reactivity and growth. Therefore, this review is divided into two main
parts, one focusing on the role of adipokines in the context of obesity that can lead to
LUTS/BPH and the second part focusing on the mediators released from PPAT and the
possible pathways that may interfere in the prostate microenvironment.

Keywords: prostate, periprostatic adipose tissue, obesity, adipokines, benign prostate hyperplasia

INTRODUCTION

The prostate gland is a reproductive organ whose main function is to secrete an alkaline fluid that,
along with sperm cells from the testicles and fluids from other glands, makes up the semen (Verze
et al., 2016). The human prostate is divided into three zones, according to John McNeal (McNeal
1984), namely the peripheral zone (contains the majority of glandular tissue), the central zone
(surrounds the ejaculatory ducts) and the transition zone (surrounds the urethra just beneath the
bladder). The enlargement of the transition zone is considered the main cause of benign prostatic
hyperplasia (BPH) in ageing men and is one of the main causes of lower urinary tract symptoms
(LUTS) (Roehrborn 2008; D’Ancona et al., 2019).

LUTS refer to a group of clinical symptoms that involve the bladder, urinary sphincter, urethra
and, in men, prostate. LUTS are divided into three main groups that are storage, voiding and post
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micturition symptoms. Storage symptoms are observed during the
storage phase of the bladder and can be classified into i) general
storage symptoms, ii) sensory symptoms and iii) incontinence
symptoms. Voiding symptoms are LUTS experienced during
micturition (hesitancy, episodic inability to void, straining to
void, slow stream, intermittency, terminal dribbling, spraying,
dysuria, hematuria, pneumaturia and urinary retention) (Figure
1A). Post-micturition symptoms are experienced after voiding
ceases and are characterized by a feeling of incomplete bladder
emptying, a need to immediately re-void, post-void incontinence
and post-micturition urgency (D’Ancona et al., 2019). The
prevalence of LUTS is over 60% in men and women aged >
40 years (Irwin et al., 2006; Coyne et al., 2009) and are also
associated with various modifiable risk factors such as obesity,
diabetes, and metabolic syndrome (Gacci et al., 2015; Chughtai
et al., 2016). LUTS interfere in the quality of life, sexual quality,
social functioning and productivity at work. The therapeutic
management of LUTS secondary to BPH is aimed at relaxing
the bladder (antimuscarinics, beta-3 adrenoceptors agonist) and/
or prostatic smooth muscle (alpha-1 antagonists,
phosphodiesterase type 5 inhibitors) and to inhibit prostate
proliferation (5-alpha reductase inhibitors) (Morelli et al.,
2011; Mónica and De Nucci, 2019).

The overproduction of testicular androgens is considered a key
step in the development of BPH. The enzyme 5-alpha reductase
type 2 converts testosterone into dihydrotestosterone (DHT), the
main intraprostatic androgen. The imbalance between cell
proliferation and cell death is a proposed mechanism for BPH
progression (Carson and Rittmaster, 2003). DHT, which is more
potent than testosterone, translocates to the nucleus and favors
the transcription of several growth factors such as keratinocyte
growth factor, epidermal growth factor and insulin-like growth
factor (Chughtai et al., 2016).

Clinical and experimental data show a greater prevalence of
LUTS in patients who present metabolic disorders that
predispose to various diseases including obesity and BPH. The
prostate gland is surrounded by the periprostatic adipose tissue
(PPAT), which is believed to play a paracrine role by releasing
anti-and pro-inflammatory substances, growth factors,
contractile and anti-contractile substances. Therefore, this
review is divided into two main parts, one highlighting the
role of adipokines in the context of obesity that can lead to
LUTS/BPH and the second part the role of substances released
from PPAT that may facilitate the development of prostate
growth.

OBESITY AS RISK FACTOR

Obesity is an epidemic health problem worldwide. A 20%
increase in body weight increases significantly the risk of
developing insulin resistance, dyslipidemia, type 2 diabetes
mellitus and other cardiovascular diseases (World Health
Organization, 2002). A strong association between heritability
and obesity (Friedman, 2016; Chiurazzi et al., 2020; Lan et al.,
2020) and low-grade systemic inflammation (Xu et al., 2003;
Hotamisligil 2006) also exist. Adipokines which are released from

adipose tissue, may also engage cells of the immune system that
can also contribute to the chronic inflammatory state seen in
obesity (Bouloumié et al., 2005).

Mice and rats fed with a high fat diet showed marked increases
in the body and prostate weights (Silva et al., 2015; Calmasini
et al., 2018), along with larger number of cells and blood vessels in
the ventral prostate when compared to the prostates from lean
animals (Silva, et al., 2015). In vitro studies reported a
hypercontractile state of the prostate smooth muscle from
obese animals as characterized by greater contraction induced
by transmural stimulation or by direct activation of alpha-1-
adrenoceptors (Silva, et al., 2015; Calmasini, et al., 2018). Another
study has identified increased levels of phosphorylated-ERK
(Extracellular Signal-Regulated Kinases) in the prostate from
hyperinsulinemic rats fed with a high fat diet, suggesting an
involvement of the MERK/ERK (Mitogen-activated protein
kinases/Extracellular signal-regulated kinases) pathway in the
prostate growth (Vikram et al., 2010).

The inflammatory microenvironment favors the proliferation
of epithelial and stromal cells in BPH pathogenesis. Meng et al.,
2020, included 77 patients (±69 years) with BPH who underwent
transurethral prostatic resection and no report of LUTS
complaint. In all biopsy samples, inflammatory infiltrates were
identified. The predominant cell type was T lymphocytes, which
were identified in 96% of samples, followed by B lymphocytes
(77%) and macrophages (52.6%). Individuals with a waist
circumference more than 100 cm had a higher incidence of
moderate/severe LUTS, evaluated by an International Prostate
Symptoms Score (IPSS) greater than eight for the initiation of the
treatment of BPH, erectile and ejaculatory dysfunction, as well as
a greater propensity to increased prostate volume (Penson et al.,
2011). In Sweden, a survey with 27,858 men showed that
participants exhibiting the highest abdominal obesity ratio
were 22% more likely to suffer moderate to severe LUTS.
Furthermore, for every 5-unit increase in BMI the risk of
developing severe LUTS secondary to BPH increased by 13%
as evaluated by IPSS (Laven et al., 2008).

THE ADIPOSE TISSUE

Three types of adipocytes are identified, commonly classified
based on their morphology and function. The White Adipose
Tissue (WAT), composed by a unilocular lipid droplet that
occupies > 95% of the adipocyte, is composed of non-
thermogenic and energy-storing type of fat cells. Brown
Adipose Tissue (BAT), composed of multilocular lipid droplets
dispersed in a mitochondrial rich cytoplasm, acts in
thermogenesis, which is mediated by uncoupling protein 1
(UCP-1) (Jeremic et al., 2017; Lu et al., 2020). Beige adipose
tissue has now been identified as a cluster in WAT, with
multilocular/unilocular morphology and able to both store and
spend energy (Cheng et al., 2019; Mao et al., 2020).

The stimulation of beta-adrenoceptors (ARs) in the WAT and
BAT is crucial for the activation of thermogenic pathways. The
beta- ARs are the main adrenergic receptors involved in pathways
related to WAT browning and BAT thermogenesis, although the
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subtypes involved differ between species. For example, in rodents,
beta3-AR agonists increase lipolysis, fat oxidation and energy
expenditure (Galitzky et al., 1993; Uehling et al., 2006; Michel and
Korstanje, 2016; Hao et al., 2019), thus leading to the belief that
this class of substances would be effective in the treatment of
diabetes and obesity. However, in humans, lipolysis occurs
mainly via beta-1AR (Rosenbaum et al., 1993; Barbe et al.,
1996; Michel and Korstanje, 2016). The differences between
species (rodents vs human), the lack of selective tools
(antibodies, agonists and antagonists) to differentiate beta3-AR
over beta1-/beta2-ARs and the absence of clinical data make
beta3-AR agonists ineffective in the treatment of obesity and type
2 diabetes. On the other hand, in the human bladder, beta3-AR is
the main subtype that induces smooth muscle relaxation
(Nomiya and Yamaguchi, 2003). To date, mirabegron, a beta3-
AR agonist is used to treating patients with overactive bladder.

ADIPOSE TISSUE IN OBESITY

Under conditions of over-nutrition, an expansion of WAT, a
remodeling of extracellular matrix components and blood
vasculature, along with an enhanced secretion of pro-
inflammatory mediators all contribute to local and systemic
inflammation (Vgontzas et al., 2000). Adipose tissue is mainly
formed by adipocytes, but other cell types also contribute to its
growth and function such as pre-adipocytes, lymphocytes,
macrophages, fibroblasts and vascular cells (Tilg and Moschen,
2006; Ouchi et al., 2011). WAT exerts endocrine and paracrine
functions by releasing peptides, non-peptides and cytokines
called adipokines. Adipokines have highly diverse chemical
structures and physiological functions. For example, some
adipokines are involved in inflammation such as the cytokines;
Tumor Necrosis Factor - alpha (TNF-α), interleukin-1 [IL-1], IL-
6, monocyte chemoattractant protein-1 (MCP-1) while others
regulate feeding behaviour through the central nervous system
(leptin), sensitize insulin (adiponectin) or have anti-
inflammatory properties (adiponectin, secreted frizzled-related
proteins) (Ouchi et al., 2011). In humans, leptin, adiponectin,
resistin and visfatin are key adipokines that work as hormones to
interfere in energy haemostasis and to regulate neuroendocrine
function. Adipokines that have cytokine properties interfere
mainly in immunological and inflammatory processes, both
locally and systemically (La Cava and Matarese, 2004;
Kusminski et al., 2007; Tilg and Moschen, 2006; Carr and
Rodeo, 2019; Smith et al., 2020).

Leptin, along with adiponectin, are the main adipokines
released from the adipose tissue, although they are not all
exclusively derived from this organ. In mammals, the action of
leptin in the central nervous system reduces food intake and
increases energy expenditure, in addition to regulating
neuroendocrine function and glucose and fat metabolism
(Friedman, 1997). Animals that are leptin-deficient present
defects in the neuroendocrine axis, are infertile or subfertile
and present greater levels of corticosterone. Male ob/ob mice
treated with leptin for 15 and 75 days were used to evaluate
energy expenditure thorough food intake and body composition.

The body mass of ob/ob mice decreased around 30% in 15 days of
leptin treatment and the food consumption of the animals was
reduced by about 95%. Leptin-induced reduction of food intake
ceased during treatment with leptin over 75 days, when the lipid
reserves of the mice were depleted and energy expenditure
became similar to that in control mice (Rafael and Herling
2000). In mice, the activation of sympathetic efferent nerves to
adipose tissue was seen to be involved in the leptin-induced
lipolysis in WAT (Zeng et al., 2015). While in mice a defect in
leptin axis promotes hyperphagia and a decrease in energy
expenditure, in humans, leptin acts mainly on appetite
(Friedman, 2016). However, obese individuals have elevated
plasma leptin in comparison with non-obese individuals. The
hyperleptinemia found in obese individuals is attributed to
alterations in the leptin receptor or a deficiency in its
transport, a phenomenon called leptin resistance (Considine
et al., 1996). The beneficial effects of the treatment with leptin
in obese patients are controversial. Four weeks treatment of
exogenous leptin in both eutrophic and obese individuals
reduced body weight (Friedman and Hallas, 1998), however,
this effect was only observed in those individuals who did not
present hyperleptinemia, as the administration of leptin in obese
patients resistant to leptin did not produce a significant weight
loss (Maffei et al., 1995; Lee et al., 2002). Leptin receptors are also
found in endothelial cells and may induce reactive oxidative
stress, which can aggravate cardiometabolic problems
(Bouloumie et al., 1999; Yamagishi et al., 2001).

Adiponectin, in turn, has a cardioprotective role (Matsubara
et al., 2002). He et al., 2016 showed that TNF-α impairs
adiponectin multimerization and, consequently, decreases
adiponectin secretion both in vitro and in vivo. Adiponectin
overexpression in leptin-deficient ob/ob mice induces the
redirection of adipose tissue deposits from the visceral region
to the subcutaneous region, promoting an improvement in blood
glucose, systemic insulin sensitivity, dyslipidemia and
inflammation (Kim et al., 2007). The cardioprotective effect
promoted by adiponectin has been partially explained by its
anti-inflammatory role. In co-culture of human skeletal muscle
cells with human adipocytes adiponectin negatively modulates
the release of IL-6, IL-8 TNF-α and MCP-1 in the adipose tissue,
which are linked to insulin resistance (Dietze-Schroeder et al.,
2005). Adiponectin also releases IL-10 secretion, an anti-
inflammatory cytokine that plays an important role in the
polarization of macrophages to the M2 profile (Kumada et al.,
2004).

ROLE OF ADIPOKINES IN PROSTATE
GROWTH

Inflammatory cells release cytokines and growth factors that may
contribute to prostate growth (Steiner et al., 2003; Delongchamps
et al., 2008). For instance, in primary culture of prostatic epithelial
cells, IL-8 increased the expression of the fibroblast growth factor
(FGF) and its blockade reduced the production of FGF. In
specimens from patients with BPH, the expression of IL-8 was
greater in epithelial cells than in normal prostate (Giri and
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Ittmann, 2001). The levels of IL-8 and its receptors were up-
regulated in BPH tissues when compared to normal tissues. In
BPH-1 cells, the IL-8 axis was increased in comparison with
normal epithelial cells and the deletion of its receptor, CXR7
inhibited the growth (Smith et al., 2020). A study with normal,
BPH and PCa prostate tissue found greater expression of IL-1 and
IL-6 in specimens from BPH and PC samples in the epithelial and
stromal compartments, thus suggesting that these cytokines may
play a role in epithelial hyperplasia (Mechergui et al., 2009).

Prostates removed from leptin-deficient ob/ob male mice that
received testosterone (3 mg/kg for 14 days) to induce BPH,
showed a smaller proportion of glandular lumen and reduced
collagen deposition in comparison to prostates from control and
ob/ob mice. Because extracellular deposition and glandular
hyperplasia are typical patterns of BPH, these results suggest
that leptin deficiency attenuated morphological changes and
collagen deposition. Yet, prostates from ob/ob + testosterone
exhibited greater levels of E-cadherin and lower levels of vimentin
in comparison to the testosterone control group. These results
suggested that leptin may function as a facilitator of the epithelial-
mesenchymal transition (EMT) to favor BPH progression (Zhang
et al., 2020).

The receptors for adiponectin; AdipoR1 and AdipoR2 are
expressed in normal epithelial and stromal cells lines (RPWE and
WPMY1), as well as in the stroma and epithelium in specimens
from BPH. In vitro addition of adiponectin in RPWE and
WPMY1 cells arrested cells in G0 phase and induced
apoptosis by increasing the expression of caspase-3. In obese
mice fed with a high-fat diet, treatment with recombinant
adiponectin for 14 days protected the prostate from histologic
BPH, thus showing that adiponectin reduced prostate growth (Fu
et al., 2017).

RELATIONSHIP BETWEEN
PERIPROSTATIC ADIPOSE TISSUE AND
PROSTATE GROWTH
Adipose tissues that are in direct contact with specific organs
have gained attention due to their potential paracrine role.
Among them are perivascular adipose tissue (PVAT), which
comprises 3% of all adipose tissue mass and surrounds the
vessels (Szasz et al., 2013), and PPAT, which surrounds the
prostate and the prostatic urethra. The anatomic distribution
of PPAT was evaluated in radical prostatectomy specimens.
The presence of PPAT was along 48% of the prostate surface, of
that 57-59% present PPAT on the right and lateral surface and
44% and 36% along the anterior and posterior region,
respectively (Hong et al., 2003). PPAT can have similar
characteristics to PVAT by releasing pro-inflammatory
cytokines (resistin, IL-6, TNF-α, MCP-1, chemerin,
progranulin) (Blüher 2013; Alexandre et al., 2018), growth
factors (progranulin and chemerin) (Klöting et al., 2010),
contractile (angiotensin II, superoxide generation) (Lu et al.,
2010) and anti-contractile (leptin, adiponectin, H2O2, ADRF
and NO) (Victorio et al., 2016; Araujo et al., 2018) substances
(Figure 1B).

Most studies that have evaluated the role of substances
released from PPAT on prostate focused on cancer. Although
that there is no evidence to suggest that men with LUTS due to
BPH are at an increased risk of prostate cancer, in this section
we focused only on experimental studies that evaluated the
possible interplay between PPAT and BPH due to word limit.
More information about PPAT in cancer can be seen in the
studies conducted by Finley et al., 2009 and Ribeiro
et al., 2012 (Table 1).

In obese mice, the area of PPAT and the gene expression for
NADPH oxidase 2 (NOX 2) and TNF-α were all higher than in
the lean mice. Although this study did not evaluate the impact
of PPAT on the prostate, it strongly suggests that PPAT may
release pro-inflammatory and pro-oxidant substances that
could interfere in prostate contractility (Alexandre et al.,
2018).

The secretome derived from conditioned media from PPAT
(PPAT-CM) obtained from patients with prostate cancer and
BPH were assessed. The authors observed that the amount of
protein in PPAT-CM derived from patients with prostate cancer
stage 3 (PCa-T3) were significantly higher, relative to CM-PCaT2
and CM-BPH. Proteins related to lipid transport and
adipogenesis were detected in all three CM. Regarding
pathways related to biological functions, the integrin family
cell surface interaction, homeostatic pathway and TNF-related
apoptosis-inducing ligand/Apo-2L (TRAIL) signaling pathway
were the most enriched pathways for CM-T3, CM-T2 and CM-
BPH, respectively, which means that in the case of cancer cells,
overexpression of these biological pathways is related to cell
adhesion, migration and invasiveness (Sacca et al., 2019). In
this study it is not possible to know the source of these
proteins, as in PPAT-CM there are different cell types.
According to the study above, TRAIL was the most enriched
biological pathway observed in CM-BPH. In a cell line from the
epithelium of a hyperplasic prostate, BPH-1 cells, which express
low abundance of the protein DJ-1 (a protein involved in
transcriptional regulation, antioxidative stress reaction and
chaperone) in comparison with cancer cells (LNCaP, Du145,
PC-3), the addition of increasing concentrations of TRAIL
correlated with an increased the expression of DJ-1. Yet the
accumulation of TRAIL increased DJ-1 in treated BPH-1 cells,
occurred in a time-dependent manner, reaching its peak after
25 min. These results suggest that DJ-1 plays a role in the control
of apoptosis (Hod, 2004).

FINAL REMARKS: POTENTIAL THERAPIES
TARGETING ADIPOSE TISSUE

Cardiometabolic risk factors affect the function of different
adipose tissue deposits. Ageing, sex steroid hormones,
metabolic syndrome, cardiovascular diseases, inflammation
and obesity are modifiable and non-modifiable risk factors
that contribute to the pathogenesis of BPH. Obesity is a
component of metabolic syndrome and both are associated
with systemic and local inflammation. PPAT, which surrounds
part of the prostate surface, has been implicated in the release
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of paracrine factors that may lead to the development of BPH.
The therapeutic aim in BPH is to improve symptoms and lower
the risk of progression to improve patient quality of life.

Different pharmacological classes of drugs are used in
LUTS-BPH including those to reduce outlet obstruction and
to treat bladder overactivity. The role of PPAT dysfunction as a

FIGURE 1 | (A)General scheme showing the organs of the lower urinary tract. (B) Substances present in the systemic circulation and/or released from periprostatic
adipose tissue (PPAT) that may interfere in the prostate microenvironment such as angiogenesis, proliferation and inflammation. IL: interleukins, TNF: tumor necrosis
factor-α, NADPH oxidase 2 (NOX 2), MCP-1: monocyte chemoattractant protein-1.

TABLE 1 | Major pre-clinical and clinical findings linking the role of PPAT, adipokines and lower urinary tract dysfunction.

Specie Protocol design Key results Reference

Human Specimens from patients with BPH The inflammation associated with BPH is characterized by greater number of
T-cells and greater expression of the cytokine IL-1.

Steiner et al.
(2003)

Human PPAT anatomic distribution Presence of PPAT was along the 48% of prostate surface, of that 57-59%
represent the PPAT on the right and lateral surface, 44% and 36% along the
anterior and posterior region, respectively.

Hong et al. (2003)

Human Normal, BPH and PCa prostate tissue Greater expression of IL-1 and IL-6 in specimens from BPH and PC sample in
the epithelial and stromal compartments in comparison with normal prostate.

Mechergui et al.
(2009)

Human PPAT explants from patients with prostate cancer Higher secretion of IL-6 from PPAT, which was correlated with higher tumor
grade. Increased phosphorilation in Jak/Stat, Akt/mTOR and NFκB pathways
identified as IL-6 downstream.

Finley et al. (2009)

Human Cultured PPAT and stromal vascular fraction (SVF) from
BPH patients

In PPAT explants increased proteolitic activities and up-regulation of MMP2
and MMP9 in comparison with SVF

Ribeiro et al. 2012

Human Prostate cancer cells lines PPAT supernatants-derived factors increased migration of both PC3 and
LNCaP cells, while PPAT had a strong proliferative effect on PC3.

Ribeiro et al.
(2012)

Human and
mice

RPWE and WPMY1 and in specimens from patients
with BPH.

Addition of adiponectin in RPWE andWPMY1 cells arrested cells in G0 phase
and induced apoptosis. Long-term treatment with adiponectin protected the
prostate from histologic BPH in obese mice

Fu et al. (2017)

Mouse Urethral smooth muscle from high fat diet-induced
obesity

Obese mice exhibited urethral hypercontractility and reduced NO-induced
relaxation response along with increased PPAT size, higher ROS generation
besides NOX2 and TNFα overexpression.

Alexandre et al.
(2018)

Human Conditioned media from PPAT obtained from patients
with prostate cancer and BPH

The integrin family cells surface interaction, homeostasis pathway and TRAIL
signaling pathway were the most enriched pathway for CM-T3, CM-T2 and
CM-BPH, respectively.

Sacca et al. (2019)

Human BPH patients and BPH-1 cells The levels of IL-8 and its receptors were up-regulated in BPH tissues when
compared to normal tissues. In BPH-1 cells the IL-8 axis was increased in
comparison with normal epithelial cells and the deletion of its receptor, CXR7
inhibited the growth by 50%

Smith et al. (2020)

Human and
mice

Prostates from ob/ob mice that received testosterone
and BPH-1 cells

Leptin deficiency attenuated morphological changes and collagen
deposition. In BPH-1 cells treated with leptin a decrease and increase protein
expression of E-cadherin and vimentin, respectively, were observed.

Zhang et al.
(2020)
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trigger of BPH, especially in cases of obesity, is a new area of
investigation and more studies are needed to find key mediators
directly involved in the pathogenesis of prostatic hyperplasia.
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Plasticizers and Cardiovascular
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Since the 1950s, the production of plastics has increased 200-fold, reaching 360 million
tonnes in 2019. Plasticizers, additives that modify the flexibility and rigidity of the product, are
ingested as they migrate into food and beverages. Human exposure is continuous and
widespread; between 75 and 97% of urine samples contain detectable levels of bisphenols
and phthalates, themost common plasticizers. Concern over the toxicity of plasticizers arose
in the late 1990s, largely focused around adverse developmental and reproductive effects.
More recently, many studies have demonstrated that exposure to plasticizers increases the
risk for obesity, type 2 diabetes, and cardiovascular disease (CVD). In the 2000s, many
governments includingCanada, the United States and European countries restricted the use
of certain plasticizers in products targeted towards infants and children. Resultant consumer
pressure motivated manufacturers to substitute plasticizers with analogues, which have
been marketed as safe. However, data on the effects of these new substitutes are limited
and data available to-date suggest that many exhibit similar properties to the chemicals they
replaced. The adverse effects of plasticizers have largely been attributed to their endocrine
disrupting properties, which modulate hormone signaling. Adipose tissue has been well-
documented to be a target of the disrupting effects of both bisphenols and phthalates. Since
adipose tissue function is a key determinant of cardiovascular health, adverse effects of
plasticizers on adipocyte signaling and function may underlie their link to cardiovascular
disease. Herein, we discuss the current evidence linking bisphenols and phthalates to
obesity and CVD and consider how documented impacts of these plasticizers on adipocyte
function may contribute to the development of CVD.

Keywords: bisphenols (BPs), phthalates (PAEs), adipogenesis, adipose tissue, cardiovascular disease

INTRODUCTION

Cardiovascular diseases (CVD) lead to an estimated 17.9 million deaths annually, making them one
of the leading causes of death worldwide.1 The substantial global impact of CVD is one of the most
critical public health issues of our time. One of the strongest predictors of CVD is obesity. While
obesity is considered an independent risk factor for CVD, it frequently occurs in conjunction with
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other risk factors, including hypertension, insulin resistance and
dyslipidemia (Kachur et al., 2017), in what is known as the
metabolic syndrome (MetS). Presence of the MetS increases
the risk of death from CVD by approximately 2-fold (Ju et al.,
2017).

Given that obesity is a major driver of CVD, preventative
strategies depend on an understanding of the environmental and
socioeconomic factors that underpin worldwide trends in obesity
rates. According to the World Health Organization (WHO), over
1.9 billion adults were overweight (BMI > 20) and 650 million
adults were obese (BMI > 30) in 2016, representing 39 and 13% of
the world population, respectively. If trends continue,
approximately half of U.S. adults will be obese by 2030, with
one in four experiencing severe conditions (Ward et al., 2019).
Over the past decades, the rates of obesity have risen faster in
children than in adults (Biro et al., 2016), leading to the present
reality that one third of North American children suffer from one
or more risk factors for CVD (Tremblay and Willms, 2000; Biro
et al., 2016). Approximately three-quarters of overweight or obese
children will be obese as adults and at risk for cardiovascular
complications (Ward et al., 2019).

The high incidence of obesity is attributable to multiple
environmental and lifestyle factors, most notably changes in
food production and supply and reductions in physical
activity. While consumption of high caloric foods and
sedentary behaviour are indeed driving forces in the
pathogenesis of cardiometabolic disease, there is some
evidence to suggest that they do not fully explain the obesity
epidemic (Huo et al., 2016). In the early 2000s, Paula Baillie
Hamilton synthesized ecological data to reveal a correlation
between increasing rates of obesity in the United States and
increasing production of synthetic chemicals (Baillie-Hamilton,
2002). This observation coincided with the emerging theory of
endocrine disruption that attributes the homeostasis-disrupting
effects of exogenous chemicals to an interference with the
synthesis, release, transportation, metabolism, or elimination
of endogenous bodily hormones. In 2006, Grun and Blumberg
coined the “environmental obesogen hypothesis”, proposing a
causal link between environmental toxins and the obesity
epidemic (Grün and Blumberg, 2006).

Endocrine disrupting chemicals (EDCs) interfere with
hormone signaling by mimicking endogenous ligands to
nuclear receptors and acting as agonists or antagonists
depending on the dose, species, and cell-type. Plasticizers are
among the most pervasive EDCs owing to their high production,
slow degradation and leaching into the environment. There are
two main groups of plasticizers: 1) bisphenols, which confer
rigidity to hard polycarbonate plastics and 2) phthalates,
which provide flexibility to soft plastics and polyvinyl chloride
(PVC) products. A large body of evidence indicates that these
plastics interfere with adipocyte differentiation and adipose tissue
function. Since adipose tissue is a critical regulator of
cardiovascular health, the effects of plasticizers on adipocyte
biology may underlie their association with obesity and CVD.
Thus, this review will discuss bisphenols and phthalates, their
relationship with MetS, and their impact on adipose tissue
development and function.

PLASTICIZERS

Bisphenols
Bisphenols are one of the most commonly produced synthetic
chemicals worldwide. They are used in the manufacturing of
polycarbonate plastics and epoxy resin coatings in food and
beverage containers. Additional products containing
bisphenols include medical and dental devices, building
materials, thermal receipt paper, and children’s toys (Chen
et al., 2016). The most common and well-known bisphenol is
2,2-bis(4-hydroxyphenyl) propane or bisphenol A (BPA).
Worldwide production of BPA increased by approximately 2.3
million tons between 2003 and 2011 (Flint et al., 2012) and its
consumption is expected to increase at a rate of 3.6% per year
through 20232. Human exposure primarily occurs through the
ingestion of food, beverages and drinking water that have been
contaminated through leaching due to incomplete
polymerization or polymer degradation. A study conducted on
Harvard students found that after a washout period during which
BPA exposure was limited, 1 week of drinking from
polycarbonate water bottles increased urinary BPA levels by
almost 70% (Carwile et al., 2009). In National Health and
Nutrition Examination Survey (NHANES) participants that
consumed one or more canned foods over a 24 h period,
urinary BPA levels were over 50% higher than those who
consumed no canned goods (Hartle et al., 2016). Bisphenols
can enter the body through routes other than ingestion
(Stojanoska et al., 2017) as they are ubiquitous in our
environment, detected in surface water, biosolids, soil and air
(Corrales et al., 2015).

Ingested BPA is quickly conjugated in the liver and excreted in
bile or urine, with an approximate half-life of 6 h (Völkel et al.,
2008; Genuis et al., 2012). Despite its rapid metabolism and
clearance, BPA is persistent in our environment and detected in
over 92% of urine samples (Calafat et al., 2008). Findings of a
recent study that employed a new direct method of measuring
levels of BPA and its conjugated metabolites suggest that
traditional indirect methods used by regulatory bodies to
estimate health risk in humans may have underestimated
exposure by over 40-fold (Gerona et al., 2020). Studies show
that bisphenols cross the placenta and accumulate in fetal tissues
at levels higher than maternal serum (Ikezuki et al., 2002; Gerona
et al., 2013). This may be due to immature detoxification
defences, leading to slower clearance of bisphenols from the
fetal compartment, as demonstrated by studies in pregnant
sheep (Corbel et al., 2015; Gingrich et al., 2019). The fetus is
particularly vulnerable to the endocrine disrupting effects of
bisphenols and other xenobiotics as it is undergoing critical
developmental stages of organ maturation and setting of
endocrine axes.

By 2005, there were over 100 studies showing adverse effects of
BPA at or below the safety standard, conducted by dozens of
laboratories in the United States, Japan, and Europe. In 2008, the
Government of Canada declared BPA a toxic substance and in

2https://ihsmarkit.com/products/bisphenol-chemical-economicshandbook.html
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2010 banned all import and sales of baby products containing
BPA3, actions that were followed by the European Union in 2011
and the FDA in 2012. These policies, founded on developments in
toxicology and toxicokinetic data, prompted consumer concern
that pressured industries to replace BPA with chemical
substitutes. BPA analogues share two hydroxyphenol
functionalities (Chen et al., 2016). Bisphenol S (BPS), bisphenol
F (BPF) and bisphenol AF (BPAF), are the most common
analogues and are found in products labeled “BPA-free”
(Rochester and Bolden, 2015). Increased production and
consumption of BPA analogues have resulted in a rise in
environmental and human exposure. Based on data from
NHANES, BPA, BPS, and BPF, were detected in 96, 84, and
67% of U.S. adult urine samples, respectively (Lehmler et al.,
2018). Another study by Liao et al. reported the presence of BPS
in 81% of urine samples collected in the United States (Lehmler
et al., 2018). Wang et al. determined that exposure levels of BPA
analogues vary across countries, likely a reflection of manufacturing
practices or sources of exposure. Human BPS daily intake was
highest in Saudi Arabia, France, and Vietnam, whereas human BPF
daily intake was highest in Saudi Arabia, the Netherlands and
Canada (Wang et al., 2020). Canada, the country that first restricted
the use of BPA, had the lowest intake of BPA, but the highest intake
of BPF (Wang et al., 2020). While there has been extensive
investigation into the health effects of BPA, relatively few studies
have explored the analogues that have replaced it. The toxicity of
BPA analogues was not investigated sufficiently before introduction
to themarket, and the data that is available indicate that they exhibit
similar endocrine disrupting properties and may lead to the same
adverse health effects.

Phthalates
Phthalates are diesters of 1,2-benzendicarboxylic acid that are
used as plasticizers in polymer products, softeners in PVC plastics
and fragrance stabilizers in hygiene and cosmetic products
(Stojanoska et al., 2017; Wang et al., 2019). Exposure to
phthalates is pervasive as they are found in numerous
consumer products ranging from adhesives, detergents,
automotive plastics, clothing, storage containers, and personal-
care products. Human exposure primarily occurs through
ingestion, inhalation, or by skin absorption as phthalates can
migrate out of products into food, air, dust, and water (Wang
et al., 2019). Approximately 60% of ingested phthalates are
metabolized within 24 h and excreted in urine; however,
metabolites have been detected in blood, saliva, amniotic fluid,
and breast milk (Stojanoska et al., 2017).

Di(2-ethylhexyl)phthalate (DEHP) is a high molecular weight
phthalate that is most commonly found in plastics and is
transformed into several different metabolites after entering
the body. Primary monoester metabolites of DEHP include:
mono(2-ethylhexyl)phthalate (MEHP), di-n-octyl phthalate
(DnOP), di-n-butyl phthalate (DnBP), benzyl butyl phthalate
(BBzP), and diethyl phthalate (Lang et al., 2008). Secondary

oxidation metabolites include: mono-2-ethyl-5-hydroxyhexyl
phthalate (MEHHP), mono-2-ethyl-5-oxohexyl phthalate
(MEOHP), and mono-2-ethyl-5-carboxypentyl phthalate
(MECPP) amongst many others (Meeker et al., 2012).
According to NHANES 1999–2000 data, MEHP was detectable
in the urine of >75% participants, and MEP, MBP, and MBzP
were detectable in >97% of participants in the USA (Silva et al.,
2004). In the Canadian Health Measures Survey 2007–2009, 11
metabolites were monitored, and results indicated that MEP,
MnBP, MBzP, MCPP, MEHP, MEOHP, and MEHHP were
detected in >90% of Canadians (Saravanabhavan et al., 2013).

In the late 1990s, concerns arose about adverse effects of
phthalates in humans, originally focused on DEHP and DINP
and their possible reproductive and developmental toxicity.
Panels formed by the American Council on Science and
Health (ACSH) and the NTP Center for the Evaluation of
Risk to Human Reproduction (NTP-CERHR) evaluated the
toxicity of a number of phthalates (Kamrin, 2009). In 2008,
the US Consumer Product Safety Improvement Act (CPSIA)
named limits on the use of six phthalates in children’s products.
Under this act DEHP, DBP, and BBP are restricted to an
individual concentration limit of 1000 ppm in children’s toys
and products for those under the age of 3 (Smith et al., 2020).
Whereas, DINP, DIOP, and DnOP are limited to concentrations
no greater than 1000 ppm in children’s toys that are small enough
to enter a child’s mouth, and in products for those under the age
of three (Smith et al., 2020). Canadian and European
governments have implemented similar restrictions on these
six phthalates. The Chronic Hazard Advisory Panel convened
in 2010 recommended further action by US agencies to widen
restrictions for DBP, BBP, and DEHP to include additional
consumer products. These regulations initiated a push toward
safer alternatives, motivating some companies to voluntarily use
substitutes with presumed lower toxicity.

EXPOSURE TO PLASTICIZERS AND RISK
FOR METABOLIC SYNDROME:
EPIDEMIOLOGICAL EVIDENCE

Bisphenols
To-date epidemiological research examining the association
between urinary bisphenol concentrations and the
development of obesity and other risk factors for CVD have
primarily focused on BPA. Many of these studies have been
conducted in a cross-sectional design, mainly utilizing data from
NHANES (LaKind et al., 2012). Using 2003–2008 data,
researchers determined that higher urinary BPA levels were
strongly associated with weight circumference (WC) and BMI
in males and females over 20 years of age (Shankar et al., 2012).
Cai et al. used NHANES 2003–2014 data to determine that higher
levels of BPA were associated with increased total CVD burden in
males; however, no results were determined in female groups (Cai
et al., 2020). Through analysis of 2003–2004 data, Lang et al.,
similarly demonstrated that CVD was associated with relatively
high levels of BPA compared to lower quartiles and that an

3https://www.canada.ca/en/health-canada/services/chemical-substances/
challenge/batch-2/bisphenol-a.html
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increase in CVD was associated with a one standard deviation
increase of BPA (Lang et al., 2008). While the above findings
indicate a relationship between bisphenols and MetS, there has
been debate regarding analytical methods and suitability of
NHANES data to determine associations. By applying different
inclusion criteria, methods and case definitions, Lankind et al.
was unable to find associations between BPA concentrations and
CVD in multiple NHANES datasets (LaKind et al., 2012).

Data obtained from cohorts other than NHANES provide
further evidence to support a relationship between bisphenol
exposure and MetS. In a cross-sectional study, Wang et al.
analyzed a population of adults over the age of 40 from a
community in Shanghai, China (n � 3,390). Positive
associations between the highest quartiles of BPA exposure
and insulin resistance, as well as both general and abdominal
obesity were determined (Wang et al., 2012). A case-control study
performed by Duan et al. revealed a positive correlation between
urinary BPS or BPAF concentrations and type 2 diabetes (T2D)
(Duan et al., 2018). Another study aimed to determine the risk of
developing T2D over a 9-year period in the French cohort called
“Data from an Epidemiological Study on the Insulin Resistance
Syndrome” (D.E.S.I.R). Of 755 participants, 201 cases of diabetes
were diagnosed, and results suggested that participants in higher
quartiles of BPA exposure had nearly double the risk of
developing T2D (Rancière et al., 2019). Overall, available data
provide strong evidence supporting a link between bisphenol
exposure and MetS.

Phthalates
Several epidemiological studies have explored the relationship
between phthalates exposure and the risk for obesity and related
metabolic disorders. Using data from NHANES (1992–2002),
two studies highlighted a relationship between urinary phthalate
metabolites and obesity. Hatch et al. found that BMI and WC
were positively associated with exposure to six phthalates inmales
aged 20–59: the strongest associations occurring with MBzP,
MEHHP, and MEOHP (Hatch et al., 2008). However, only
MEP significantly predicted BMI and WC in adolescent
females, but not in adult females. Stahlhut et al. reported links
between MBzP, MEHHP, MEOHP, and MEP and WC (Stahlhut
et al., 2007). Both studies determined that MEHP was not
significantly correlated with WC, with a possible explanation
being its shorter half-life compared to the other studied
metabolites.

A cross-sectional study using data from the 2012–2014 Korean
National Environmental Health Survey II (n � 5,251) reported a
significant association between urine MEHHP levels and MetS,
defined by NCEP ATP III criteria (Shim et al., 2019). In
agreement with these results, James-Todd et al., used
NHANES data from 2001 to 2010 (n � 2,719) and found that
higher concentrations of DEHP metabolites, including MEHP,
MEHHP, and MEOHP, increased the odds of developing MetS in
males (Shim et al., 2019). Similar to findings revealed by Hatch
et al., (2008), no correlations were found in adult females. Gaston
and Tulve performed a cross-sectional study with NHANES data
from 2003 to 2013 in U.S. adolescents (n � 918) and discovered a
strong association between MnBP and MetS (Gaston and Tulve,

2019). A smaller study examining MetS patients in a hospital in
Prague (n � 168) revealed significantly higher urine levels of four
phthalate metabolites (MnBP, MEHHP, MEOHP, MECPP) in
T2D patients compared to non-diabetic patients, but no
relationship with hypertension or dyslipidemia (Piecha et al.,
2016). Similarly, another study noted significantly elevated
concentrations of DEHP and MECPP in T2D Mexican
women; however, correlations between DEHP and IR were
only noted for non-diabetic patients (Svensson et al., 2011).
Lastly, Huang et al. (2014) determined there was a significant
correlation between MnBP, MiBP, MCPP, and DEHP with IR,
glycemia, and insulinemia (Huang et al., 2014). In summary,
current literature supports a relationship between phthalate
exposure and MetS.

UNDERSTANDING THE LINK BETWEEN
PLASTICIZERS AND CVD: ROLE OF
ADIPOSE TISSUE
Adipose tissue is thought to be a major target for the adverse
developmental and functional effects of plasticizers and other
EDC as it tends to sequester lipophilic toxins. Numerous
investigations have implicated adipose tissue dysfunction as
central in the development of obesity-associated CVD. The
metabolic consequences of adipose tissue dysfunction, which
include insulin resistance, dyslipidemia and increased visceral
adiposity among others, are defining features of MetS.

Adipogenesis
Adipose tissue is the body’s largest endocrine organ and major
energy reservoir (Berry et al., 2013). There is growing
appreciation for the importance of the “quality” of adipose
tissue, over its mass-based quantity, in carrying out its role in
regulating systemic metabolic homeostasis (Ikeoka et al., 2010;
Akoumianakis et al., 2017). As the body’s main energy reserve,
adipose tissue undergoes dynamic remodeling to expand or
contract in response to fluctuations in energy balance (Chait
and den Hartigh, 2020). In a state of prolonged positive energy
balance, subcutaneous fat depots serve as a “metabolic sink” that
buffers the excess energy. Healthy expansion of adipose tissue
depends on a dynamic balance between hypertrophic growth of
existing adipocytes and hyperplastic growth that increases the
number of adipocytes through adipogenesis (Chatterjee et al.,
2014; Choe et al., 2016; Jeffery et al., 2016). Adipogenesis is the
process by which adipocyte stem cells commit and differentiate
into mature, lipid-storing adipocytes. When adipogenesis is
insufficient, expansion relies on hypertrophy, which beyond a
threshold leads to lipid spillover into the circulation and engorged
adipocytes that are hypoxic, inflamed and resistant to the anti-
lipolytic effects of insulin (Kim et al., 2015; Jang et al., 2016).
Thus, failed expansion of adipose tissue underlies the insulin
resistance, hyperlipidemia and low-grade inflammation that
triggers obesity-induced onset of CVD (Medina-Gomez et al.,
2007; Chatterjee et al., 2014).

In adult depots, new adipocytes are recruited from a resident
population of progenitors that are committed in utero, as revealed
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by seminal studies by the Gaffe group (Jiang et al., 2014).
Therefore, a perturbation in the critical in utero window of
adipocyte lineage commitment will not only influence
postnatal fat mass but may also have later-life consequences
for availability of preadipocytes for differentiation and thereby
the buffering capacity of adipose tissue. Adipogenesis in vitro is
increased in response to BPA, as supported by a large body of
evidence (Sargis et al., 2010; Boucher et al., 2014; Ohlstein et al.,
2014; Ariemma et al., 2016). Much less is known regarding the
effect of BPA substitutes on in vitro adipogenesis, but the
evidence to-date points to similar pro-adipogenic properties. A
non-monotonic response to BPS exposure, where increased
adipogenesis was observed at lower doses, was reported in
stem cells isolated from the subcutaneous depots of female
donors (Boucher et al., 2016). In 3T3-L1 murine fibroblasts,
pro-adipogenic effects were more pronounced after treatment
with BPS compared to BPA (Ahmed and Atlas, 2016). Using the
same cell line, a recently published study showed that the
adipogenic response of BPS, BPF and BPB occurred at lower
doses than that of BPA (Ramskov Tetzlaff et al., 2020). The
molecular pathways mediating bisphenol-induced potentiation of
adipogenesis are unclear, although a few studies have
demonstrated the involvement of estrogen (Boucher et al.,
2014) or glucocorticoid (Sargis et al., 2010) signaling.

Phthalates and their metabolites have been studied far less
compared to BPA with respect to their effect on preadipocyte
differentiation; however, existing evidence indicate similar pro-
adipogenic properties. Feige et al. showed increased
differentiation via PPARγ activation in 3T3-L1 cells exposed
to MEHP, a monoester metabolite of DEHP (Feige et al.,
2007). In agreement, a more recent study reported that MEHP
promoted differentiation in the same cell line (Qi et al., 2019).
Work by Pomatto et al. assessed four plasticizers (DiNP, DiDP,
DEGDB, and TMCP) commonly used in the manufacture of food
packaging as substitutes for the phthalate DEHP. All DEHP
substitutes increased adipogenesis in 3T3-L1 cells, albeit with a
maximal response lower than BPA (Pomatto et al., 2018).
Another study reported an increase in 3T3-L1 differentiation
in response to prolonged exposure to the DEHP substitute, DiNP,
an effect that was prevented by PPARγ antagonism (Zhang et al.,
2019). Overall, these findings suggest that phthalates and their
substitutes augment in vitro differentiation of adipocyte
progenitors.

While the pro-adipogenic effects of plasticizers in isolated
stem cells are well-documented, whether this translates to
increased in vivo adipogenesis during critical developmental
windows of adipose tissue development remains unclear. In
offspring born to pregnant rats treated with a low dose of
BPA during pregnancy, body weight of both sexes was
increased at birth and at weaning total mass and adipocyte
size was increased in fat depots of females only (Somm et al.,
2009). However, the authors studied only visceral fat, which
contributes negligibly to total fat mass in rodents at weaning,
as these secondary depots develop primarily after birth (Wang
and Scherer, 2014). Later in postnatal life, there were no
differences in body weight between offspring born to BPA or
vehicle treated dams; however, BPS-exposed offspring were more

vulnerable to diet-induced weight gain (Somm et al., 2009). Mice
and rats are not ideal species to study the effect of in utero
exposures on adipogenesis as they are born with very little fat
compared to humans, sheep, and guinea pigs. In ovine fetuses of
BPA-exposed, but not BPS-exposed dams, there was a sex-
dependent increase in differentiation of isolated preadipocytes,
without changes in body weight and perirenal adipocyte size (Pu
et al., 2017). However, exposure was restricted to mid-gestation
(Gd 30–100) despite the accumulation of fat mass occurring
predominately in late gestation in sheep and other precocious
species. While some studies have examined prenatal bisphenol
exposure, fewer have investigated the impact of intrauterine
phthalate exposure on early life fat accumulation. One study
found higher body weight and visceral adiposity in 8-week old
offspring born to pregnant C57BL/6J mice dams exposed to a low
dose of the DEHP metabolite, MEHP (Hao et al., 2012).

In humans, studies regarding the relationship between
plasticizer exposure and early-life fat mass have yielded
inconsistent results. As far as bisphenols, some studies have
reported a negative association between maternal exposure and
birth weight (Miao et al., 2011; Troisi et al., 2014), while others
have found a positive association (Lee et al., 2014). A study by
Vafeiadi et al. studied a cohort of 1,363 pregnancies in Greece and
showed maternal urinary BPA levels in the first trimester to be
negatively associated with BMI in girls between the ages of 1–4,
but positively associated with BMI in boys (Vafeiadi et al., 2016).
The same study showed that urinary BPA levels were lower in
mothers compared to their children and that BPA levels in
children at 4 years of age predicted higher BMI and prevalence
of obesity. BPA levels in spot urine samples collected from a
smaller cohort of pregnant women were negatively associated
with BMI in 9 year old girls, with no effect on boys, while
BPA levels in children of both sexes were higher in those with
greater BMI (Harley et al., 2013). In a Spanish cohort,
prenatal BPA levels had no effect on growth in the first 6-
months, but was correlated to higher WC and BMI at 4 years
of age (Valvi et al., 2013). Overall, these findings suggest that
obesity is associated with postnatal rather than prenatal exposure
to bisphenols.

Similar to data on bisphenols, current evidence does not
support a relationship between prenatal phthalate exposure
and birth weight (Shoaff et al., 2016; Chiu et al., 2018).
Weight gain in the first 6 months and BMI between ages 1
and 7 were positively associated with maternal DEHP
metabolites measured in the first and third trimester, while
higher in utero exposure decreased early life weight gain in
boys (Valvi et al. 2015). No relationship between maternal
exposure to DEHP metabolites and fat mass in children aged
4–9 was reported by Buckley et al., (2016b). In a pooled analysis of
three cohorts, prenatal exposure to MCPP, a non-specific
metabolite of high molecular weight phthalates, was associated
with a 2-fold increase in childhood obesity, while exposure to
metabolites specific to DEHP was inversely related to childhood
obesity (Buckley et al., 2016a). The effect of childhood exposure
on adiposity is clearer, with studies showing high levels,
particularly in low molecular weight phthalates, to predict
childhood obesity (Hatch et al., 2008; Trasande et al., 2013;

Frontiers in Pharmacology | www.frontiersin.org February 2021 | Volume 11 | Article 6264485

Callaghan et al., Plasticizers and Cardiovascular Health

60

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Deierlein et al., 2016). Together, the above studies underscore the
importance of timing of exposure in relation to stages of
development. Slower clearance in the fetus due to immature
detoxification defences may shift the non-monotonic dose
response curve to the right and additionally, toxic effects on
the placenta may adversely affect fetal growth. Further, low dose
effects are difficult to extract from epidemiological studies due to
ubiquitous exposure. As well, studies typically treat EDCs in
isolation when human exposure occurs in mixtures. In summary,
while in vitro studies demonstrate a pro-adipogenic effect of
plasticizers, more studies are needed to determine if accelerated
fat accumulation due to early life exposure leads to the
development of obesity and its cardiometabolic complications.

Production of Adipokines
Adipose tissue regulates systemic metabolic homeostasis in part
through secreting adipokines, a group of adipocyte-derived
hormones, proteins, and cytokines with autocrine, paracrine
and endocrine effects on energy balance, lipid and glucose
metabolism, appetite, insulin sensitivity and inflammation
(Ahima and Lazar, 2008). Dysregulated adipokine secretion is
a hallmark of hypertrophic adipocyte dysfunction and
contributes to the pathogenesis of obesity-associated CVD.

Many plasticizers can alter adipose function by disrupting
endocrine signaling in adipose tissue. Obesogenic effects leading
to adipocyte hypertrophy and dysfunction may account for
dysregulated adipokine release, or EDC may directly
influence the endocrine function of adipose tissue. In human
adipose tissue explants, treatment with BPA inhibited the
release of the hormone adiponectin when present at
nanomolar concentrations (Hugo et al., 2008). Adiponectin
itself is a 30 kDa protein with the capacity to form several
multimers, the synthesis of which is regulated by PPARy
receptors (Trujillo and Scherer, 2006). Once released from
adipocytes, the physiological effects of adiponectin vary based
on the specific adiponectin multimer and tissue-specific
receptor to which the protein binds. For example,
adiponectin increases fatty acid oxidation and glucose
metabolism in muscle when bound to skeletal AdipoR1.
When bound to hepatic AdipoR2, however, adiponectin
stimulates increased insulin sensitivity. Adiponectin also
has the potential to stimulate anti-inflammatory and
antiatherogenic effects and is considered to be a key
regulator of insulin sensitivity (Trujillo and Scherer, 2006).
BADGE, a synthesis product of BPA, has been shown to
antagonize PPARy receptors, potentially inhibiting
adiponectin expression through this mechanism (Wright
et al., 2000). Moreover, BPA may directly inhibit adiponectin
synthesis by disrupting the action of protein disulfide isomerase,
an enzyme crucial to the assembly and retention of adiponectin
(Hiroi et al., 2006). Other bisphenols, including BPF, have also
been shown to inhibit adiponectin production (Rochester and
Bolden, 2015). Further, the phthalate DEHP has been shown to
inhibit the expression of adiponectin in female mice (Schmidt
et al., 2012; Klöting et al., 2015). Similarly to bisphenols, this
phthalate and its metabolites suppress expression of PPARy
receptors (Schmidt et al., 2012).

Plasticizers have also been shown to disrupt the production
of the adipokine leptin in adipose tissue, which is a signaling
protein involved in regulating feelings of hunger and satiety.
BPA exposure was positively associated with serum leptin levels
in both humans and rats, although this increase was not
correlated with a change in fat mass in human subjects (Wei
et al., 2011). Elevation of leptin in these studies was shown to be
attributable, in part, to neonatal exposure to BPA (Rönn et al.,
2014). The plasticizer, DEHP, a phthalate, has also been shown
to increase leptin levels in human pre-adipocytes, although
decreased lipid accumulation was observed in this study (Wei
et al., 2011; Rönn et al., 2014; Haq et al., 2020). In contrast to the
anti-inflammatory properties of adiponectin, leptin stimulates
the production of pro-inflammatory cytokines, and an
imbalance in the ratio of leptin-to-adiponectin secretion has
been associated with obesity and its cardiovascular outcomes
(López-Jaramillo et al., 2014).

Adipocytes are responsible for the production of a number of
other adipokines, although the effects of plasticizers on these
compounds is less studied. Chemerin is a protein produced by
adipocytes that is associated with inflammation, metabolic
dysfunction and carcinogenesis (Hoffmann et al., 2018). BPA
and its halogenated derivatives have been shown to decrease the
mRNA expression levels of this peptide in a cancer cell model
(Hoffmann et al., 2018). Resistin, an adipokine that interferes
with insulin signaling, also shows increased expression in vitro
in the presence of BPA (Jamaluddin et al., 2012; Menale et al.,
2017). The phthalate DEHP did not affect resistin levels in rats,
while increases in circulating resistin were observed in female
mice after perinatal DEHP exposure (Campioli et al., 2014;
Neier et al., 2019). The plasticizer dibutyl phthalate (DBP) has
also been negatively correlated with the serum levels of the
adipokine omentin (Zhang et al., 2017). The effects of
plasticizers on other adipokines such as visfatin and
dipeptidyl peptidase 4 have been insufficiently studied.
Visfatin, however, is regulated by PPARγ signalling (Choi
et al., 2005). Given the previously discussed effects of
plasticizers on these receptors, it is possible to speculate that
plasticizers may impact visfatin expression.

Adipose Tissue Inflammation and Oxidative
Stress
Inflammation and oxidative stress are core underlying
mechanisms in the progression of adipose tissue dysfunction
and CVD. BPA has been shown to stimulate the release of
inflammatory adipocytokines, including IL-6 and TNF-α from
preadipocytes, adipocytes and macrophages within adipose
tissue (Heinrich et al., 2003; Ben-Jonathan et al., 2009).
Phthalates such as DEHP have also been shown to stimulate
TNF-α in adipose tissue (Campioli et al., 2014). While both
cytokines exhibit potent inflammatory effects, IL-6 is a
pleiotropic cytokine that has been known to stimulate
lipolysis, inhibit lipoprotein lipase, and reduce glucose uptake
in the adipose tissue. This cytokine furthermore suppresses
adiponectin release (Kamimura et al., 2003). TNF-α
stimulates lipolysis in the adipose tissue and suppresses
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insulin sensitivity by downregulating glucose transporter
expression, interfering with insulin signaling, and by
inhibiting transcription factors involved in insulin sensitivity
(Ben-Jonathan et al., 2009).

An increase in oxidative stress in response to BPA has been
reported in several cell types (Gassman, 2017). A relationship
between the inflammation induced by BPA and oxidative stress
has been demonstrated (Ferguson et al., 2016). In an
inflammatory state, immune cells such as macrophages are
recruited to the adipose tissue; these cells generate reactive
oxygen species (ROS) and nitrogen species that both
contribute to chronic inflammation and damage cells.
Furthermore, oxidative stress induced by BPA was shown to
be essential in the activation of the NOD-like receptor protein 3
(NLRP3) inflammasome in adipose cells (Ahmed and Atlas,
2016). The activation of an inflammatory response by BPA-
induced oxidative stress causes the recruitment of additional
ROS-generating immune cells to the adipose tissue, leading to a
sustained cycle of inflammation and oxidative stress (Meli et al.,
2020). Alternatively, BPA may induce the production of ROS
directly by inhibiting the action of antioxidant enzymes,
including superoxide dismutase, catalase, glutathione

reductase (GR), and glutathione peroxidase (GSH-Px) (Meli
et al., 2020). Further, BPA exposure leads to ATP depletion,
cytochrome c release, loss of mitochondrial mass, and loss
membrane potential (Lin et al., 2013). Thus, mitochondrial
dysfunction may be both a cause and consequence of BPA-
induced oxidative stress. Phthalate exposure has also been
associated with oxidative stress in adipose tissue (Schaedlich
et al., 2018). It has been hypothesized that phthalate-induced
oxidative stress is mediated through the activation of PPAR
receptors or through changes in mitochondrial function
(Trasande and Attina, 2015). The above evidence highlights
oxidative stress and inflammation as important pathogenic
mechanisms linking plasticizer exposure to adipose tissue
dysfunction and CVD.

CONCLUSION

Commonly used plasticizers, bisphenols and phthalates, are
among the most pervasive environmental toxins in our
environment. Numerous studies have revealed that
exposure to these synthetic chemicals can lead to

FIGURE 1 | In isolated adipocyte progenitors, differentiation is enhanced with exposure to common plasticizers, phthalates and bisphenols. Therefore, exposure to
plasticizers during critical developmental windows of adipogenesis may recruit a greater number of progenitors towards terminal differentiation. Increased adipogenesis
during early life leads to the development of obesity and may prematurely deplete the progenitor pool that protects against obesity-associated adipose tissue
dysfunction. Adipose tissue dysfunction characterized by an impaired energy buffering capacity, adipocyte hypertrophy and inflammation, is a pivotal pathogenic
event in the development of CVD risk factors such as dyslipidemia and insulin resistance. Image made in Biorender.
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reproductive and developmental disorders including
infertility and early puberty. More recently, exposure has
been linked to the pathogenesis of cardiometabolic diseases
such as obesity, diabetes and CVD. Given that adipose tissue
sequesters environmental toxins and is central to the
development of obesity-associated CVD, it may play a
critical role in mediating the impact of plasticizers on
cardiovascular health (Figure 1). Herein we highlight
current evidence surrounding potential mechanisms by
which plasticizer exposure modulates adipose tissue
development and function. Data described include those
from recent studies revealing that synthetic analogues
marketed as safer alternatives have similar effects on
adipogenesis, oxidative stress and adipose tissue function.
These findings emphasize the need for further scientific
inquiry into synthetic analogues and their purported safety
and continued efforts to limit environmental exposure or
develop safer alternatives such as the emerging bio-polymers.
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Objectives: Epicardial adipose tissue (EAT) is closely adjacent to the coronary arteries
and myocardium, its role as an endocrine organ to affect the pathophysiological
processes of the coronary arteries and myocardium has been increasingly recognized.
However, the specific gene expression profiles of EAT in coronary artery disease (CAD)
has not been well characterized. Our aim was to investigate the role of EAT in CAD at
the gene level.

Methods: Here, we compared the histological and gene expression difference of EAT
between CAD and non-CAD. We investigated the gene expression profiles in the EAT
of patients with CAD through the high-throughput RNA sequencing. We performed
bioinformatics analysis such as functional enrichment analysis and protein-protein
interaction network construction to obtain and verify the hub differentially expressed
genes (DEGs) in the EAT of CAD.

Results: Our results showed that the size of epicardial adipocytes in the CAD group
was larger than in the control group. Our findings on the EAT gene expression profiles
of CAD showed a total of 747 DEGs (fold change >2, p value <0.05). The enrichment
analysis of DEGs showed that more pro-inflammatory and immunological genes and
pathways were involved in CAD. Ten hub DEGs (GNG3, MCHR1, BDKRB1, MCHR2,
CXCL8, CXCR5, CCR8, CCL4L1, TAS2R10, and TAS2R41) were identified.

Conclusion: Epicardial adipose tissue in CAD shows unique gene expression profiles
and may act as key regulators in the CAD pathological process.

Keywords: epicardial adipose tissue, coronary artery disease, gene expression profiles, bioinformatics analysis,
mRNA

INTRODUCTION

Obesity, hypertension, type 2 diabetes, hyperlipidemia, and other pathogenic factors are all
associated with coronary artery disease (Gensini et al., 1998; Zengin et al., 2015; Messerli et al.,
2019). Recent studies have found that in addition to the accumulation of peripheral fat, the increase
in local epicardial fat is also one of the important risk factors for coronary artery disease (CAD)
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(Franssens et al., 2017). In addition to storing fat, adipose
tissue has been increasingly recognized as an endocrine organ,
particularly because it is related to glucose and lipid homeostasis
(Chong et al., 2017; Wong et al., 2017; Gruzdeva et al.,
2019). Excessive calorie intake will trigger chronic inflammatory
changes in adipose tissue (Sekimoto et al., 2015), and the
link between adipose tissue inflammation and CAD has been
gradually attracting attention.

Adipose tissue mainly includes two types, white adipose
tissue (WAT) and brown adipose tissue (BAT). In terms of
morphology and distribution, WAT containing unilocular lipid
droplets is the main body fat, which contains less cytoplasm
and mitochondria. BAT containing polylocular lipid droplets is
mainly distributed in the inside of the scapula or around the
kidney. Its mitochondria express abundant uncoupling protein
1 (UCP1), and are rich in blood vessels and innervation.
Cold and β3 receptor stimulation can trigger the yielding of
UCP1-positive cells in WAT, which are similar in shape to
BAT adipocytes, with multilocular lipid droplets and abundant
mitochondria, and are named as “browning” adipocytes (Alipoor
et al., 2020; Reinisch et al., 2020). Under physiological conditions,
Epicardial adipose tissue (EAT) belongs to WAT, but under
pathological conditions, UCP1 expression increases in EAT
which then presents “browning” changes (Chechi et al., 2017).
Clinical studies have found that EAT deposition is positively
correlated with increased metabolic abnormalities and CAD
(Milanese et al., 2020).

Epicardial adipose tissue covers almost all coronary arteries
anatomically (Iacobellis, 2015). By wrapping around and directly
contacting the coronary arteries without fascia separation, EAT
is able to affect the pathophysiological process of coronary
arteries. EAT is mainly located in the atrioventricular and
ventricular sulcus. It is regarded as a unique adipose depot
with unique metabolic characteristics, which has a higher ability
to absorb and release fatty acid (FFA) than other visceral
fats and is an effective source of FFA that fuels the energy-
intensive myocardial tissue (Kankaanpää et al., 2006; Pezeshkian
and Mahtabipour, 2013). Many studies have shown that CAD
patients have more expressions and pro-inflammatory cytokines
production in the EAT than in the subcutaneous adipose
tissue (SAT) (Vacca et al., 2016; Mráz et al., 2019). The EAT
in CAD patients expresses pro-inflammatory adipokines and
is accompanied by the infiltration of various immune cells
(Nomura et al., 2020). However, most studies only compare the
difference between EAT and SAT in an individual with CAD
and lack the comparison with the EAT in subjects with normal
coronary arteries. Therefore, it is difficult to estimate the scale
of the EAT pro-inflammatory effect on coronary arteries in
CAD.

In this study, we first directly compared the gene
expression in the EAT of subjects with and without CAD
through RNA sequencing (RNA-Seq), and obtained the gene
expression profiles of EAT in CAD, and then performed
bioinformatics analysis such as functional enrichment analysis
and protein-protein interaction (PPI) network construction,
etc., and obtained and verified differentially expressed genes
with research value.

MATERIALS AND METHODS

Study Population
The study subjects were 11 patients with CAD who underwent
coronary artery bypass surgery and 11 patients without CAD
who underwent valve replacement in the Department of
Cardiovascular Surgery of Xiangya Hospital of Central South
University. The selective and exclusive criteria were as follows: (1)
CAD group were patients with CAD who underwent coronary
artery bypass surgery (confirmed by coronary angiography);
(2) Control group (CTRL group) were patients with valvular
disease who matched the age, gender, and body mass index
(BMI) of the CAD group and underwent valve replacement
with no evidence of CAD syndrome and negative findings in
coronary angiography; (3) The main exclusive criteria included
a previous PCI history, history of diabetes mellitus, previous
thoracotomy history, tumor, severe infection, and autoimmune
diseases. We selected five pairs from the two groups matched in
age, gender, BMI, and abdominal circumference (AC), and RNA-
seq was performed on the selected pairs. All patients underwent a
preoperative risk assessment and signed informed consent forms.
This study was approved by the Ethics Committee of Xiangya
Hospital of Central South University. Trial registration: Chinese
Clinical Trial Registry, No. ChiCTR1900024782.

Sample Collection
Before starting the extracorporeal circulation, the samples of EAT
were taken from uninjured areas near the anterior descending
coronary artery or along the atrioventricular sulcus near the right
coronary artery. The samples were quickly frozen with liquid
nitrogen for molecular biology experiments and stored at -80◦C.

Histology
The EAT samples were fixed in 4% paraformaldehyde, embedded
in paraffin, and cut into 4 µm thick slices. The size of the
adipocyte was determined by calculating the Feret’s diameter
of the H&E stained slices (Lin et al., 2013). For each slice, we
used the Image-Pro 6.2 software to check five fields of view and
calculated the average.

RNA Sequencing
Total RNA was extracted from the samples using TRIzol. RNase
H method was used to remove rRNA. After RNA fragmentation,
cDNA synthesis, A-Tailing Mix, and adapters were added to
establish a library. An Agilent 2100 Bioanalyzer (Agilent DNA
1000 Reagents) was used to detect the inserted fragments of
the library, and HiSeq4000 (BGI-Shenzhen, China) was used to
sequence the library qualified for detection.

Functional Enrichment Analysis of DEGs
The database for annotation, visualization, and integrated
discovery (DAVID 6.81) (Huang da et al., 2009) was used to
analyze the functional enrichment of key differentially expressed
genes (DEGs) in the GO Terms and KEGG Pathways. The
threshold was p < 0.05.

1http://david.ncifcrf.gov
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PPI Network Construction and Analysis
Studying the interaction between the encoded proteins will
help us to discover the core regulatory genes. Thus, in
order to explore the DEGs with a research value, a search
tool (STRING 10.52) (Szklarczyk et al., 2019) was used to
establish a PPI network, and Cytoscape (Shannon et al.,
2003) was used to plot the network. Interactions with a
score >0.4 were set as the cutoff point. The most important
modules in the PPI network were identified using MCODE in
Cytoscape, which clustered a given network through topology.
The threshold was set as: MCODE scores > 5, degree cut-
off = 2, node score cut-off = 0.2, max depth = 100, and
k-score = 2. Subsequently, the maximal clique centrality (MCC)
algorithm of CytoHubba was used to explore the hub genes of
the PPI network.

Real-Time Quantitative PCR
Total RNA was extracted from the samples using TRIzol
(Takara) according to the manufacturer’s instruction. We
used the cDNA synthesis kit (Takara) to conduct reverse
transcription. Real-time quantitative PCR (RT-qPCR) was
performed by the FastStart Universal SYBR Green Master
(ROX) (Takara). 2−11Ct relative quantification method was
used for relative expression. β-actin was used as the internal
reference (Sangon Biotech). The primer sequences were as
following: UCP1 forward CGACGTCCAGTGTTATTAGGTA,
UCP1 reverse GTAGAGTTTCATCCGCCCTTC, GNG3 forward
CGGTGAACAGCACTATGAGTAT, GNG3 reverse TCACAGTA
AGTCATCAGGTCTG, MCHR1 forward CGCTTGGTCC
TGTCGGTGAAG, MCHR1 reverse GCCTTTGCTTTCTG
TCCTCTCCTC, BDKRB1 forward CTTTTTGTCCTGTTGG
TCTTCC, BDKRB1 reverse CTGATGAACAAATTGGCCTTGA,
MCHR2 forward AACCTGGCTGTGGCTGATTTGG, MCHR2
reverse GGGATGTGATGATGGTGCAGAGAG, CXCL8 forward
AACTGAGAGTGATTGAGAGTGG, CXCL8 reverse ATGA
ATTCTCAGCCCTCTTCAA, CXCR5 forward CGGCAG
ACACGCAGTTCCAC, CXCR5 reverse ACGGCAAAGGGCAA
GATGAAGAC, CCR8 forward TGGCCCTGTCTGACCT
GCTTT, CCR8 reverse GGCATAAGTCAGCTGTTGGCT,
CCL4L1 forward CTCAGTATCAGCACAGGACACAGC, CCL
4L1 reverse AGAGACAGGACAGTCACGCAGAG, TAS2R10
forward AGTGTTTGGGGTTTTGGGGAATGG, TAS2R10
reverse AGCCGGTGAGAATAAAGCCAATCG, TAS2R41
forward ACTCAGCCACCTTCTGGTTTTGC, and TAS2R41
reverse ATCAGGACAGAGCCCAACAGGAG.

Statistical Analysis
The statistical analysis was performed by SPSS25.0 (IBM).
All values were expressed as mean ± SD. Statistically
significant differences were assessed by ANOVA and
Chi-squared test for comparisons between two groups.
Two-tailed p value <0.05 was considered statistically
significant.

2http://string-db.org

TABLE 1 | Patient characteristics.

CTRL (n = 11) CAD (n = 11) p values

Age (years) 56.0 ± 8.0 58.8 ± 7.0 0.392

Sex, male (%) 6 (54.5) 5 (45.5) 0.748

BMI (Kg/m2) 22.5 ± 2.4 23.8 ± 2.1 0.197

AC (cm) 86.1 ± 10.3 87.2 ± 6.6 0.779

Complications

Diabetes mellitus (%) 0 (0.0) 0 (0.0) 1.000

Hypertension (%) 3 (27.2) 5 (45.5) 0.478

CAD

1-Vessel disease 0 (0.0) 1 (9.1)

2-Vessel disease 0 (0.0) 4 (36.4)

3-Vessel disease 0 (0.0) 6 (54.5)

Gensini score 3.6 ± 1.4 88.4 ± 43.7 <0.001

Laboratory measurements

WBC (×109/L) 5.9 ± 2.7 6.5 ± 1.4 0.513

TG (mmol/L) 1.6 (0.6–2.6) 1.6 (1.2–2.0) 0.997

TC (mmol/L) 4.2 ± 0.8 4.6 ± 1.7 0.411

LDL-c (mmol/L) 2.6 ± 0.5 2.9 ± 1.3 0.472

Left heart function

EF (%) 55.6 ± 9.9 58.0 ± 12.6 0.636

Data are presented as mean ± SD or the number (%) of patients.
BMI, body mass index; AC, abdominal circumference; WBC, white blood cell; TGs,
triglycerides; TC, total cholesterol; LDL-c, low-density lipoprotein cholesterol; EF,
ejection fraction.

RESULTS

Study Population
The clinical characteristics of the study subjects are listed
in Table 1. There was no significant difference in age,
gender, body mass index (BMI), abdominal circumference (AC),
comorbidities, and plasma lipid levels between the two groups.
The average age of the control subjects was 56.0 ± 8.0 years
and the CAD subjects was 58.8 ± 7.0 years (p = 0.392).
Therefore, our research groups were well matched except for the
presence of CAD.

Comparison of EAT in Histology
The EAT samples of both groups were mainly unilocular white
adipocytes (Figure 1A). The sizes of EAT adipocytes in the
CAD group were significantly larger than those in the control
group (126.59 ± 23.27 µm2 and 66.45 ± 14.90 µm2, p < 0.001)
(Figure 1B). Then, we compared the “browning” of fat in each
group by detecting the expression of UCP1 (Figure 1C) and
found that the level UCP1 was not different in the two groups
(p > 0.05).

EAT Gene Expression Profiles in CAD
In order to compare the difference of gene expression in EAT
between the CAD and non-CAD groups, we used the high-
throughput RNA sequencing. The thresholds of differentially
expressed genes (DEGs) were fold change > 2 and adjusted
p value < 0.05. In total, there were 747 DEGs, of which, 301
were significantly up-regulated in the CAD group and 446 genes
were significantly down-regulated (Figure 2A). Enrichment
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FIGURE 1 | Comparison of EAT in histology. (A) H&E staining of epicardial adipose tissue (EAT) in the control and coronary artery disease (CAD) groups
(100× magnification). Numbers 1–3 were EAT samples of three control subjects, while numbers 4–6 were EAT samples of three CAD patients. (B) The mean
adipocyte size was larger in CAD group (***p < 0.001). (C) Expression levels of uncoupling protein 1 (UCP1) in the CTRL and CAD group (ns, p > 0.05).

analysis of 301 up-regulated differential genes showed that the
KEGG pathways were significantly enriched in cytokine-cytokine
receptor interaction, jak-STAT signaling pathway, nicotine
addiction, chemokine signaling pathway, hematopoietic cell
lineage, steroid hormone biosynthesis, butanoate metabolism,
and neuroactive ligand-receptor interaction (Figure 2B). The top
eight GO analysis results were listed in Table 2. The biological
processes (BP) of GO analysis showed that genes were mainly
enriched in epidermis development, cytoskeleton organization,
cellular calcium ion homeostasis, chemokine-mediated signaling
pathway, chemotaxis, neutrophil chemotaxis, steroid metabolic
process, and lymphocyte chemotaxis.

PPI Network Construction and Hub
Genes Verification
To further identify the key genes with research value, 301 up-
regulated DEGs were submitted to the STRING database to
predict the interaction between proteins. DEGs’ PPI network
was constructed with a comprehensive score greater than 0.4
(Figure 3A), and the most important module was obtained
using MCODE in Cytoscape. The first module included 14
nodes and 67 edges; the second module included eight nodes
and 28 edges; and the third module included six nodes and 15
edges. The hub genes were selected from the PPI network using
the maximal clique centrality (MCC) algorithm of CytoHubba

(Figure 3B). The top 10 hub genes identified by MCC were
GNG3, MCHR1, BDKRB1, MCHR2, CXCL8, CXCR5, CCR8,
CCL4L1, TAS2R10, and TAS2R41. RT-qPCR was performed using
the total RNA extracted from 11 pairs of EAT to verify the
expression levels of the hub genes. The results of the RT-
qPCR showed significant changes in the expression levels of hub
genes such as GNG3, MCHR1, BDKRB1, CCR8, and TAS2R41 in
Figure 4 (p value < 0.05).

DISCUSSION

Epicardial adipose tissue directly contacts with the coronary
arteries without fascia isolation, which provides an important
anatomical basis for the interaction between them. EAT
can be used as a target for drugs targeting adipose tissue.
New hypoglycemic drugs, such as glucagon-like peptide-1
receptor (GLP-1R) agonists and glucose-sodium co-transporter
2 inhibitors (SGLT2i) (Bouchi et al., 2017; Iacobellis et al.,
2017), and lipid-lowering drugs such as atorvastatin (Raggi
et al., 2019), have been shown to directly target the EAT and
reduce its volume. GLP-1R’s regulation of EAT promotes fatty
acid β-oxidation and white-to-brown adipocyte differentiation,
promoting favorable metabolic changes. Clinical studies have
shown that EAT is remarkably correlated with the presence

Frontiers in Physiology | www.frontiersin.org 4 March 2021 | Volume 12 | Article 60581170

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-605811 March 26, 2021 Time: 11:51 # 5

Wang et al. Epicardial Adipose Tissue and CAD

FIGURE 2 | Differentially expressed genes and KEGG pathway enrichment analysis. (A) Volcano map of differentially expressed genes, red spots represent
up-regulated genes and blue spots represent down-regulated genes. (B) KEGG pathways significantly associated with the upregulated genes.

of CAD (Le Jemtel et al., 2019; Liu et al., 2019; Nappi et al.,
2019). Previous studies have focused on comparing the difference
between EAT and SAT. Different from previous studies, we
directly compared the differences in EAT gene expression
profiles between CAD and non-CAD subjects, providing novel
information to describe the genomic characteristics of EAT in
healthy and diseased subjects. Then, we provided evidence that,
compared with the control group, EAT in CAD was characterized
by enhanced inflammatory genes, metabolic remodeling, and fat
remodeling. These results might help us discover the key genes
and therapeutic targets in CAD, which might provide a more
theoretical basis for exploring the pathogenesis of CAD.

Our research confirmed the findings of some previous studies
and suggested some potentially novel discoveries. Our results
showed that the size of epicardial adipocytes in the CAD
group was larger than the control group, which was consistent
with the results of previous studies (Vianello et al., 2016).
However, we found that the “browning” marker UCP1 was not
significantly different in the two groups. Our findings of the EAT
gene expression profiles of CAD showed a total of 747 DEGs,
of which, 301 DEGs were up-regulated and 446 DEGs were

down-regulated. It was notable that the enrichment analysis of
DEGs showed that more pro-inflammatory and immunological
genes and pathways were involved in CAD, including chemokine-
mediated signaling pathway, chemotaxis, neutrophil chemotaxis,
lymphocyte chemotaxis, chemokine activity, cytokine activity,
cytokine-cytokine receptor interaction, and chemokine signaling
pathway. This suggested that inflammatory factors and immune
cell activation might play an important role in the regulation of
CAD. We constructed the DEG’s PPI network in which three key
modules and 10 central genes were explored, including GNG3,
MCHR1, BDKRB1, MCHR2, CXCL8, CXCR5, CCR8, CCL4L1,
TAS2R10, and TAS2R41. In addition, we used RT-qPCR to further
verify the results.

A meta-analysis focusing on the transcriptome assessment of
EAT in CAD patients confirmed the activation of inflammatory,
immune, and metabolic pathways in CAD–EAT, and highlighted
interleukin-6 (IL-6) and tumor protein p53 (TP53) as core
genes (Maghbooli and Hossein-Nezhad, 2015). McKenney
et al. (2014) demonstrated in a porcine model that the
resection of local EAT can prevent CAD progression. These
results suggest that EAT dysfunction may lead to changes in
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TABLE 2 | The significant GO enriched analysis of differentially expressed genes in CAD.

Category Term Count p-value Genes

GO_BP GO:0008544 11 0.000000129 PTHLH, EVPLL, ELF3, CST6, KRT5, KRT16, POU2F3, KRT15, SPRR2F,
LAMC2,and EDAR

Epidermis development

GO:0007010 13 0.00000145 BUB1B-PAK6, ARC, CCL2, BLK, CTNNA2, CCL24, CCL11, KISS1, DES, and
KRT5

Cytoskeleton organization

GO:0006874 8 0.0000854 CCL11, CCL2, SLC8A2, TRPM8, GRIN1, CHRFAM7A, ATP13A5, and
ATP13A4

Cellular calcium ion homeostasis

GO:0070098 7 0.001093 CCL24, CCL11, CCR8, CCL2, CXCR5, CXCL8, and CCL4L2

Chemokine-mediated signaling pathway

GO:0006935 8 0.004041 CCL24, CCL11, CCR8, CCL2, CXCR5, CXCL8, SERPIND1, and FOSL1

Chemotaxis

GO:0030593 6 0.004568 CCL24, CCL11, CCL2, EDN2, CXCL8, and CCL4L2

Neutrophil chemotaxis

GO:0008202 5 0.005327 AKR1C4, CYP3A7, CYP1A1, AKR1B10, and SULT1A3

Steroid metabolic process

GO:0048247 4 0.010621 CCL24, CCL11, CCL2, and CCL4L2

Lymphocyte chemotaxis

GO_CC GO:0005615 52 1.95E-08 HMSD, NOG, LYPD3, KERA, MASP1, EDN2, FAM3B, IL13, DLK1, IL11,. . .

Extracellular space

GO:0005576 50 0.00000209 LYPD2, NOG, KERA, CNDP1, MASP1, EDN2, FAM3B, BCAN, IL13, IL11,. . .

Extracellular region

GO:0005882 9 0.0000576 KRT72, KRT6A, DES, KRT5, KRT16, KRT15, KRT7, BFSP2, and KRT86

Intermediate filament

GO:0005886 88 0.00618 LYPD2, CYP24A1, MCHR1, MCHR2, SYT4, OR4F21, LYPD5, PRSS41,
SLC6A4, and SYT3,

Plasma membrane

GO:0045095 6 0.025111 KRT72, KRT6A, KRT5, KRT7, KRT86, and KRT71

Keratin filament

GO:0005887 34 0.028064 MCHR1, MCHR2, SLC6A4, AQP4, MFSD2A, BDKRB1, AQP6, GCGR,
GPRC5A, CXCR5,. . .

Integral component of plasma membrane

GO:0005578 10 0.034652 WNT10A, COL9A2, CPA6, ZP2, KERA, IMPG1, DGCR6, ENAM, BCAN, and
MUC4

Proteinaceous extracellular matrix

GO:0016021 100 0.045498 LYPD3, SYT4, SERTM1, OR4F21, B3GALT5, SLC9A2, SYT3, SLC6A4, AQP4,
OR1E1,. . .

Integral component of membrane

GO_MF GO:0005200 9 0.000397 KRT6A, DES, KRT5, KRT16, KRT15, TUBAL3, BFSP2, NEFH, and CTNNA2

Structural constituent of cytoskeleton

GO:0005198 13 0.000673 KRT72, EVPLL, KRT6A, DES, KRT5, KRT16, KRT15, KRT7, NEFH, SPRR2F,. . .

Structural molecule activity

GO:0008009 5 0.007812 CCL24, CCL11, CCL2, CXCL8, and CCL4L2

Chemokine activity

GO:0005544 5 0.01399 SYT4, SYT3, SYTL5, SYT13, and PLA2G4B

Calcium-dependent phospholipid binding

GO:0005509 20 0.022734 S100A5, MASP1, SYT4, GRIN1, SYT3, CAPN9, RCVRN, CDH2, DLK1,
CLGN,. . .

Calcium ion binding

GO:0005125 8 0.023818 LIF, CSF3, FAM3B, LEFTY2, IL13, IL24, IL11, and IL20

Cytokine activity

GO:0005328 3 0.033172 SLC6A4, SLC6A15, and SLC6A17

Neurotransmitter: sodium symporter activity
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FIGURE 3 | Analysis of protein-protein interaction (PPI) network of CAD-related differentially expressed genes (DEGs) in EAT. (A) Edges represented protein-protein
associations which were meant to be specific and meaningful. The colored nodes (red, green, pink, and yellow) represented the top four modules in the PPI network.
(B) Top 10 hub genes identified by CytoHubba in Cytoscape.

FIGURE 4 | Real-time quantitative PCR (RT-qPCR) verification of 10 hub genes in EAT of CAD. (A) GNG3 expression was significantly increased in the CAD group.
(B) MCHR1 expression was significantly higher in the CAD group. (C) BDKRB1 expression was greater in the CAD group. (D) MCHR2 was increased in the CAD
group, although the difference was not statistically significant. (E) CXCL8 expression was not statistically different between the two groups. (F) CXCR5 expression
was higher in the CAD group, although the difference was not statistically significant. (G) CCR8 expression was significantly higher in the CAD group. (H) CCL4L1
expression was not different in the two groups. (I) TAS2R10 expression was increased in the CAD group, although the difference was not statistically significant.
(J) TAS2R41 expression was significantly increased in EAT of CAD. *p < 0.05, **p < 0.01. In each column, error bars show the mean and standard deviation per
group.

Frontiers in Physiology | www.frontiersin.org 7 March 2021 | Volume 12 | Article 60581173

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-605811 March 26, 2021 Time: 11:51 # 8

Wang et al. Epicardial Adipose Tissue and CAD

inflammation and metabolic microenvironment, thereby
affecting vascular homeostasis, and may trigger coronary
atherosclerosis. We found that the salient features of EAT
in CAD include an enhanced communication between the
inflammatory cells and chemokine signaling (CXCL8, CXCR5,
CCR8, and CCL4L1). Studies have confirmed that many CC
and CXC chemokines are involved in cardiovascular diseases
(Frangogiannis and Entman, 2005; Frangogiannis, 2014).
Cytokines in the EAT of CAD are also gradually attracting
attention. Immunocyte like monocytes and neutrophils infiltrate
the intima and activate endothelial cells, which induce the
differentiation of monocytes into macrophages and formation of
foam cells. CXC chemokines like CXCL8 was reported to control
neutrophil infiltration (Dyer et al., 2014) and CXCR5 + T cells
was found to contribute to inflammatory reactions in CAD (Ding
et al., 2017). CCR8 can recruit IL-5 + T(H)2 cells (Islam et al.,
2011) and act as a driver of atherosclerosis (Gast et al., 2019).
CCL4L1 may play a role in aortic aneurysm (Gäbel et al., 2017)
though its involvement in CAD has yet to be clarified. Overall,
our findings indicate that the immunological function of CXCL8,
CXCR5, CCR8, and CCL4L1 in the pathogenesis of EAT in CAD
may be the focus of future investigations.

The other six hub genes had been rarely studied in the field
of cardiovascular research. GNG3 has not been reported in CAD.
However, Schwindinger et al. (2004) reported that the mice which
were lacking GNG3 had a significantly reduced weight. Balber
et al. (2019) reported that MCHR1 expression was increased in
BAT, and the use of MCHR1 antagonists in rodents was able
to reduce adipogenesis. It is well known that obesity is a risk
factor of CAD and the findings of these genes may suggest
that they may be indirectly involved in CAD pathogenesis. The
discovery of the melanin-concentrating hormone (MCH) and its
receptors (MCHR1 and MCHR2) secreted by the hypothalamus
may provide a new target for the research on the mechanism
of obesity and therefore may contribute to the prevention of
CAD. Schulze-Topphoff et al. (2009) provided evidence that
Bdkrb1 may be a therapeutic target for chronic inflammation.
TAS2R10 and TAS2R41 can stimulate the secretion of ghrelin in
gastric fundic cells (Wang et al., 2019), yet they have not been
studied in the cardiovascular system. These newly discovered
genes in EAT that we have discovered may provide new targets
for CAD research.

However, there are some limitations in our study. The
main limitation of the study could be the ethical (quantity of
total adipose tissue) limitation. Many CAD patients undergoing
coronary artery bypass grafting have diabetes, which our study
needs to exclude, making it even more difficult to obtain the
samples. In addition, the present study stopped short of validating
and further exploring the related mechanisms because of the
limitation of culturing human epicardial adipocytes. Further
studies are required to gain insight into the pathogenesis.

In summary, in this study, we explored the gene expression
profiles of EAT in CAD. We found that EAT may participate
in CAD through key genes including GNG3, MCHR1, BDKRB1,
MCHR2, CXCL8, CXCR5, CCR8, CCL4L1, TAS2R10, and
TAS2R41, and some novel pathways, including cytokine-cytokine
receptor interaction, jak-STAT signaling pathway, nicotine
addiction, chemokine signaling pathway, hematopoietic cell
lineage, steroid hormone biosynthesis, butanoate metabolism,
and neuroactive ligand-receptor interaction. These results may
help us explore the role of EAT in CAD from a new and
deeper perspective.
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Cardiometabolic syndrome (CMS) is a cluster of maladaptive cardiovascular, renal,
thrombotic, inflammatory, and metabolic disorders. It confers a high risk of
cardiovascular mortality and morbidity. CMS is triggered by major shifts in lifestyle and
dietary habits with increased consumption of refined, calorie-dense diets. Evidence
indicates that diet-induced CMS is linked to Adipose tissue (AT) inflammation. This led
to the proposal that adipose inflammation may be involved in metabolic derangements,
such as insulin resistance and poor glycemic control, as well as the contribution to the
inflammatory process predisposing patients to increased cardiovascular risk. Therefore, in
the absence of direct pharmacological interventions for the subclinical phase of CMS, time
restricted feeding regimens were anticipated to alleviate early metabolic damage and
subsequent comorbidities. These regimens, referred to as intermittent fasting (IF), showed
a strong positive impact on the metabolic state of obese and non-obese human subjects
and animal models, positive AT remodeling in face of overnutrition and high fat diet (HFD)
consumption, and improved CV outcomes. Here, we summarize the available evidence on
the role of adipose inflammation in triggering cardiovascular impairment in the context of
diet induced CMS with an emphasis on the involvement of perivascular adipose tissue. As
well, we propose some possible molecular pathways linking intermittent fasting to the
ameliorative effect on adipose inflammation and cardiovascular dysfunction under such
circumstances. We highlight a number of targets, whose function changes in perivascular
adipose tissue inflammation and could be modified by intermittent fasting acting as a novel
approach to ameliorate the inflammatory status.

Keywords: cardiometabolic syndrome, early metabolic dysfunction, prediabetes, perivascular adipose
inflammation, therapeutic fasting
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INTRODUCTION

Cardiometabolic syndrome (CMS) has long been recognized as a
cluster of maladaptive cardiovascular, renal, thrombotic,
inflammatory, and metabolic disorders by several global health
authorities (Castro et al., 2003). At the core of the framework of
processes resulting in this syndrome lies multi-organ insulin
resistance (IR), especially adipose tissue (AT) IR, that is
considered key in CMS pathogenesis and prognosis (Kirk and
Klein, 2009). While CMS is typically considered a pre-morbid
condition, it is associated with a high risk of cardiovascular
mortality and morbidity due to ischemic heart disease,
ischemic stroke, cardiac metabolic dysfunction, and heart
failure (Ash-Bernal and Peterson, 2006; von Bibra et al., 2016).
Although recent estimates indicate a 35% surge in prevalence of
CMS over the past 20 years (Moore et al., 2017), the definition
and the diagnostic criteria of CMS are still debatable (Kirk and
Klein, 2009). While most authorities agree on the inclusion of
abnormalities of blood pressure, HDL-cholesterol, triacylglycerol
and glucose tolerance, in addition to central obesity, they use
different cut-off values for diagnosis and non-identical rank order
of importance (Simmons et al., 2010).

Metabolic disorders that could be considered a culmination of
CMS, including diet-induced obesity (DIO) (WHO, 2019) and
type 2 diabetes (International Diabetes Federation, 2019), have
increased in prevalence over the past few decades together with
their associated cardiovascular morbidities. This steep rise could
be attributed to major shifts in lifestyle and dietary habits
comprising overnutrition and increased consumption of
refined, calorie-dense diets rich in saturated fats and simple
sugars (Lutsey et al., 2008; Misra et al., 2010). The rising
health and economic burden makes an early intervention with
CMS prudent. Significantly, several challenges face pre-emptive
mitigation of CMS complications, particularly that cardiovascular
risk increases at early disease stages that do not meet established
diagnostic criteria of overt metabolic disease (Grundy, 2012).
Moreover, subtle forms of vascular dysfunction, including
impaired microvascular vasodilation and blood flow auto-
regulation leading to cardiac consequences can occur in absence
of overt signs of atherosclerosis and other vascular disease in the
context of early CMS (Tune et al., 2017). Thus, a detailed study of
the underlying cardiometabolic pathophysiology is warranted.

In this regard, research in the past two decades highlighted the
association of chronic excessive caloric intake triggering negative
adipose tissue remodeling (ATR) with the development of obesity
and type 2 diabetes (Choe et al., 2016). Given the long recognized
relationship between insulin resistance and the pathophysiology
of CMS (Reaven, 1988), ATR and inflammation is very likely to
play a central role in this pathogenesis (Richardson et al., 2013;
Shimizu et al., 2013; Kohlgruber and Lynch, 2015). Indeed,
increased cardiovascular risk in patients with metabolic
disorders is linked to inflammation (Festa et al., 2003),
possibly initiating in the AT in response to insulin resistance
and hyperinsulinemia (Pedersen et al., 2015), making such a
pathology an attractive target for early alleviation of CMS. On the
other hand, as overnutrition and positive energy balance being
the key triggers of CMS, calorie restriction becomes an attractive

intervention to study as a possible way to prevent, improve and
even treat CMS cardiovascular manifestations. Intermittent
fasting (IF) regimens hypothesized to impact metabolic health
can adopt several patterns (Patterson et al., 2015; Antoni et al.,
2017). Complete alternate-day fasting involves the alternation
between fasting and eating days, while time-restricted feeding
involves ad libitum energy intake within defined timeframes,
allowing for the establishment of regular fasting intervals. Other
IF regimens include modified fasting regimens which involve the
consumption of 20–25% of energetic needs on scheduled fasting
days and ad libitum feeding on other days. Religious fasting can
take a variety of forms, the most practiced of which is Ramadan
fasting which involves a sunrise-to-sunset fast for a month period
yearly. Other religious fasts involve abstinence from food
consumption for prolonged periods of time that can extend
for days. Importantly, the different regimens of IF have been
shown to improve the metabolic state of obese and non-obese
animal models and human subjects (Patterson et al., 2015; St-
Onge et al., 2017). In this context, it becomes necessary to
understand the potential impact of such an intervention on
the pathogenetic pathways linking early metabolic dysfunction
to cardiovascular impairment. As such, in the present review, we
summarize the available evidence on the role of negative adipose
remodeling in triggering cardiovascular impairment in the
context of CMS with an emphasis on the involvement of
perivascular adipose tissue (PVAT). As well, the possible
molecular pathways linking IF to the ameliorative effect on
adipose inflammation and cardiovascular dysfunction under
such circumstances are examined.

ADIPOSE TISSUE REMODELING IN
RESPONSE TO INCREASED CALORIC
INTAKE
AT is one of the major players in the pathophysiology of CMS. Over
the past two decades, our traditional view of the AT as a mere storage
pool of excess calories evolved to encompass its endocrine functions as
an integral factor in the regulation of glucose and lipid homeostasis
(Guilherme et al., 2008). Such an endocrine function arises from
complex interactions between adipocytes and the cells of the stromal
vascular fraction (SVF), which modulates AT functioning in
homeostatic and pathological conditions. This endocrine function
is ascribed towhite adipose tissue (WAT), which comprises unilocular
adipocytes that specialize in energy storage and production of several
crucial protein factors collectively called adipokines. Brown adipose
tissue (BAT), on the other hand, comprises mitochondria-rich
multilocular adipocytes that specialize in energy dissipation
through non-shivering thermogenesis (Chouchani et al., 2019).
This evolving view led to a surge of interest in its role in
mediating the pathogenesis of CMS (Bjørndal et al., 2011).

Adipose Tissue Hypertrophy vs.
Hyperplasia
Upon an increased caloric intake, exemplified by the
consumption of a high-fat diet (HFD) in experimental
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settings, hypertrophic and hyperplastic AT expansion ensue. As
the terms imply, the hypertrophic pathway involves an increase in
the size of adipocytes (ACs), while hyperplastic expansion is the
increase in the number of ACs. In both settings, these pathways
ensures the adaptation of the AT to the positive energy balance,
and hence an increased storage capacity of the AT (Choe et al.,
2016).

Diet-induced hypertrophy is considered a failure of ACs
normal proliferation (Bays, 2011), resulting in malfunctioning
ACs that are typically accompanied with cardio-metabolic
derangements (Berg and Scherer, 2005; Bays et al., 2008), like
hyperinsulinemia, hyperlipidemia, hypertension and
atherosclerosis (Gustafson and Smith, 2015). For example,
subjects diagnosed with type 2 DM or dyslipidemia were
found to have larger subcutaneous ACs than their control
counterparts (Berg and Scherer, 2005). The failure of
recruitment and differentiation of fat progenitor cells in
obesity and prediabetes occurs due to a combination of factors
including AT insulin resistance, which provokes the expansion of
existing ACs (Gustafson and Smith, 2015). As insulin inhibits
lipolysis, insulin resistance leads to increased circulating free fatty
acids, which in turn fuels and exaggerates the insulin resistance
tightly correlated with hypertension and CVDs at the core of
CMS (Bays et al., 2008). In this context, nutrient excess triggers an
increased demand for protein and lipid synthesis leading to
endoplasmic reticulum stress, which in turn activates Jun
kinase and nuclear factor-kB (NF-κB). These latter pathways
impair the action of insulin by promoting the inhibitory
phosphorylation of insulin receptor substrate 1 (IRS-1).
Moreover, it could be plausible that compensatory
hyperinsulinemia in obesity or HFD intake may augment AC
glucose uptake eventually leading to abnormally hypertrophied
ACs in a self-reinforcing vicious cycle (Bays et al., 2008). The vital
role of insulin in white AC hypertrophy was confirmed in several
animal models. A mouse model of AT-specific insulin receptor
knockout showed a significant reduction in total fat mass, age
related obesity, and other metabolic abnormalities (Bays, 2011).
Moreover, an AT-specific insulin receptor knockout rat model
was found to be resistant to diet-induced hypertrophy compared
to their wild type littermates (Friesen et al., 2016).

Furthermore, animal studies showed that diet-induced
hypertrophy in PVAT was associated with atherosclerosis
(Horimatsu et al., 2018), and was correlated to increased
vascular tone in aorta and cerebral arterioles (Elkhatib et al.,
2019; Fakih et al., 2020). As will be discussed inmore detail below,
AC enlargement is often associated with reduced oxygen supply
subsequently leading to elevated level of hypoxia inducible factor
1-α (HIF1-α), a transcriptional factor that is activated under
hypoxic conditions, which promotes the production pro-
inflammatory mediators, such as tumor necrosis factor α
(TNFα) (van Dam et al., 2017; Agabiti-Rosei et al., 2018).
Significantly, incubation of blood vessels obtained from
healthy individuals with TNFα abolished the anticontractile
effect of PVAT, while PVAT with hypertrophied ACs isolated
from obese patients showed no dilator effect (Greenstein et al.,
2009). Moreover, as observed in animal studies, hypertrophy is
linked to increased production of other pro-inflammatory

cytokines, such as Interleukins (IL)-6, IL-8, IL-1β and
monocyte-chemoattractant protein 1 (MCP1) (Jernas̊ et al.,
2006).

On the other hand, hyperplastic AT expansion, also referred to
as adipogenesis (Choe et al., 2016), requires the differentiation of
adipose progenitor cells, which are pooled in the AT within the
SVF, especially in the white AT (WAT) (Raajendiran et al., 2019).
While some adipocyte progenitor cells were identified in murine
models (CD31−, CD45−, CD29+, CD34+, CD24+ and Sca-1+)
(Rodeheffer et al., 2008) and in humans (CD44, CD73, CD29
among others) (Raajendiran et al., 2019), the mechanism of de
novo adipogenesis remains uncertain (Raajendiran et al., 2019).
One of the well-established transcriptional factors involved in
adipogenesis is peroxisome proliferator-activated receptor-γ
(PPARγ), which plays a crucial role in cellular metabolism
and the regulation of fatty acids homeostasis (Rosen et al.,
1999; Kershaw et al., 2007; Choe et al., 2016). Indeed, the
activation of PPARγ2, which is mainly expressed in the AT,
promotes adipogenesis by stimulating the differentiation of AC
progenitor cells into mature ACs (Tontonoz et al., 1994; Zhang
et al., 2004). Importantly, PPARγ expression was found to be
higher in the visceral and mesenteric AT of obese diabetic
individuals (Yang et al., 2008). Remarkably, obese rats exhibit
a lower adipogenic activity in subcutaneous than visceral AT
depots including perirenal and gonadal AT (Jamdar, 1978).
Intriguingly, an AT-specific PPARγ knockout mouse model
was found to be resistant to DIO and subsequent metabolic
derangements. Unlike their genetic controls, these mice
showed a total lack of brown AT (BAT) in addition to WAT
abnormalities including increased fibrosis and vascularization.
Yet, they demonstrated normal blood glucose levels, serum
triglyceride levels, insulin sensitivity and reduced serum
adipokines levels while freely feeding on a high-fat diet (Jones
et al., 2005). On another note, deletion of PPARγ in vascular
smooth muscle cells in HFD-fed mice, showed its various roles in
different AT depots, as it lead to immature mesenteric and
perirenal AT, while gonadal, sub-cutaneous, interscapular
WAT, and BAT were fully mature (Chang et al., 2012).

Adipose Tissue Browning or Beiging
Browning or beiging of AT is a process that involves the increase
of uncoupling Protein 1 (UCP1) expression. UCP1 is a
thermogenic inner mitochondrial membrane protein that
uncouples the activity of the electron transport chain from
oxidative phosphorylation through the production of a proton
leak, and thus dissipates energy in the form of heat in the AT
(Ricquier and Bouillaud, 2000; Cannon and Nedergaard, 2017).
UCP1 is abundantly expressed in BAT, which specializes in
thermogenesis rather than energy storage (Foster and
Frydman, 1978; Nedergaard et al., 2001; Kajimura et al., 2015).
The regulation of UCP1 expression mainly occurs downstream of
ß-adrenergic receptors (AR) signaling, more specifically β3-AR
(Cannon and Nedergaard, 2017). Moreover the activation of β3-
AR induces lipolysis, which increases the levels of free fatty acids
further enhancing the activity of UCP1 (Coman et al., 2009).

Browning usually occurs in WAT, in order to increase energy
expenditure (Nedergaard and Cannon, 2014). Specifically, a
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recent study showed that AC browning and increased expression
of UCP1, among other BAT markers, were observed in several
WAT depots in rats receiving a HFD (García-Ruiz et al., 2015).
However, murine studies reported an increase in UCP1
expression in BAT as well, in response to HFD feeding (Bonet
et al., 2017). Interestingly and from a different perspective, studies
showed that inflammation, expected to occur in AT in association
with increased caloric intake, downregulates UCP1 expression in
WAT and hence, precludes browning (Bartelt and Heeren, 2014).
When Adipocytes were challenged with macrophages activated
by lipopolysaccharide (LPS) and TNF-α, UCP1 mRNA
expression, UCP1 promoter and transcriptional factor binding
to cAMP response element were suppressed in WAT in a process
mediated by Erk kinase (Sakamoto et al., 2013). Similarly, other
studies suggested that UCP1 is downregulated in BAT by low-
grade inflammation as seen in mice chronically treated with LPS
(Nøhr et al., 2017). In this study, it was proposed that BAT is
immunologically naïve since in vitro LPS treatment was not able
to induce inflammation and cause UCP1 downregulation, which
was achieved by direct stimulation with IL-1β instead. A possible
pathway for this IL-1β-evoked UCP1 downregulation was
proposed to occur through the inhibition of Sirtuin-1 (SIRT1),
which stimulates UCP1 expression (Nøhr et al., 2017). This is
suggested to occur through upregulating the expression of the
endogenous protein deleted in breast cancer-1, an inhibitor of
SIRT1. In this regard, SIRT1 plays a crucial role in the AT as it
suppresses PPARγ activity in ACs thus decreasing fat
accumulation (Rahman and Islam, 2011). This is associated
with an increase in lipolysis by inducing mitochondrial fatty
acid oxidation, through the activation of the transcriptional factor
PPARγ coactivator-1α (PGC-1α) (Gerhart-Hines et al., 1913). In
a SIRT1 AC-specific knockout model, normal chow-fed mice
exhibited low-grade AT inflammation, along with IR and glucose
intolerance in comparison to their wild type littermates (Mayoral
et al., 2015). Moreover, this phenotype was exacerbated by short-
term HFD consumption. Intriguingly, wild type mice on chronic
HFD developed a more pronounced metabolic dysfunction in
comparison to their SIRT1 knockout counterparts (Mayoral et al.,
2015). Indeed, this was associated with a hyperacetylated PPARγ
in the ACs of SIRT1 knockout mice, which correlated with
increased dephosphorylation of PPARγ, promoting its
constitutive activity that enhances insulin sensitivity (Mayoral
et al., 2015). Significantly, a lack of increase in UCP1-mediated
energy dissipation in response to HFD consumption triggers BAT
changes reminiscent of AT hypertrophy typically seen in WAT
depots. Indeed, UCP1 knockout mice receiving HFD exhibited
BAT whitening, which was accompanied by an increased AC size
and macrophage infiltration (Winn et al., 2017). Additionally,
reduced mitochondrial biogenesis, increased endoplasmic
reticulum stress, and disrupted glucose tolerance were more
pronounced in these mice upon HFD consumption. However,
these mice did not show any alterations in visceral adiposity, body
weight, energy intake or energy expenditure (Winn et al., 2017).
Another important factor is the sympathetic overactivation that is
usually triggered by cold exposure. Sympathetic stimulation
augments PPARγ-mediated BAT recruitment and proliferation,
which in turn was associated with increased expression of UCP1

and mitochondrial biogenesis. This was shown in an in vivo study
comparing innervated and denervated BAT and demonstrating
that PPARγ-mediated UCP1 activation was dependent on the
sympathetic nervous system (Festuccia et al., 2010). This is in
contrast to in vitro research findings, where treating BAT cells with
Rosiglitazone, a selective PPARγ agonist, was enough to increase
UCP1 and mitochondrial biogenesis in manner that does not
involve sympathetic activation (Petrovic et al., 2008).
Significantly, it has long been recognized that hyperinsulinemia
in early metabolic dysfunction in humans and animals triggers
increased sympathetic activity (Anderson et al., 1991; Thorp and
Schlaich, 2015).

On the other hand, the increased oxygen consumption
associated with browning of white ACs differentiated from
human adipose-derived stem cells was correlated with
increased mitochondria fission indicated by an increased
Dynamin-Related Protein-1 (DRP-1) phosphorylation on
serine 616 (Pisani et al., 2018). Moreover, other triggers
leading to sub-cutaneous white AC browning were also
associated with increased Erk-mediated ser616-DRP1
phosphorylation and mitochondrial fission (Velazquez-Villegas
et al., 2018). In response to sympathetic stimulation, BAT
adipocytes exhibit a protein kinase A-evoked DRP1
phosphorylation at the same site, enhancing DRP1-mediated
mitochondrial fission in order to increase energy dissipation
(Wikstrom et al., 2014). The exact molecular relationship
between increased UCP1 expression and mitochondrial fission
remains unclear. However, increased mitochondrial fission
observed under these circumstances has recently been
proposed to act as a feedback mechanism increasing the
metabolic resilience and protecting against the deleterious
effects of increased caloric intake (Rui, 2017). Yet, in the
above situations, mitochondrial changes were seen under
circumstances not perceived to contribute to AT pathologies.
Interestingly, WAT inflammation in diabetic mice was associated
with increased ser616-DRP1 phosphorylation. Both observations
were reversed when animals received treatments increasing
5′AMP-Activated Protein kinase (AMPK) activity. However,
this study did not examine the status of UCP1 expression (Li
et al., 2016).

In addition to UCP1, creatine futile cycling is considered as an
alternative thermogenic pathway in UCP1-expressing and UCP1-
nonexpressing beige ACs (Bertholet et al., 2017). This cycle
enhances energy expenditure in beige adipocytes when ADP is
limiting, and thus results in a significantly higher oxygen
consumption rate through the stimulation of ADP-limited
cellular respiration (Kazak et al., 2015). The enzyme creatine
kinase (CK) catalyzes the phosphorylation of creatine. Four
different CK isoforms have been identified; two cytosolic
isoforms, muscle-type creatine kinase (CKM) and brain-type
creatine kinase (CKB), and two mitochondrial isoforms,
CKMT1 and CKMT2 (Desjardins and Steinberg, 2018).
Phosphatases then hydrolyze phosphocreatine into creatine
and ATP. Indeed, creatine kinases and creatine phosphatases
are compartmentalized within cells to sites of energy production
and energy utilization. This uneven distribution of enzymes
allows for intercompartmental energy buffering (Wallimann
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et al., 1992). AC cellular creatine content is either endogenously
biosynthesized or imported from the extracellular medium via the
creatine transporter Slc6a8 (Kazak and Cohen, 2020). The influx
of creatine through Slc6a8 is reduced in states of low energy
charge in an AMPK-dependent manner (Li et al., 2010). Also,
Slc6a8 expression in human subcutaneous adipocytes is
negatively correlated with insulin resistance and BMI (Kazak
et al., 2019). In a mouse knockout model of glycine
amidinotransferase, the rate limiting enzyme in creatine
biogenesis, mice were prone to DIO, had a significantly lower
energy expenditure level and exhibited hyperinsulinemia. These
metabolic dysfunctions were reversed following creatine
administration (Kazak et al., 2017). On another note,
intracellular creatine content was depleted following
Slc6a8 AC-specific knockout (AdCrTKO). AdCrTKO mice
displayed a metabolic response to HFD similar to that shown
by glycine amidinotransferase knockouts including reduced
energy expenditure and an enhanced weight gain further
elucidating the important role of creatine in driving energy
expenditure to combat the metabolic challenge (Kazak et al.,
2019). Moreover, this type of thermogenesis co-exists with UCP1-
dependent thermogenesis in UCP1-positive beige ACs, while it
seems to be the only known thermogenic mechanism employed
by UCP1-negative beige ones. In comparison to classical UCP1-
mediated thermogenesis, creatine cycling seems not to be
activated by an acute β3-AR stimulation but it rather
contributes to the modulation of the basal metabolic activity
of adipocytes (Bertholet et al., 2017). Importantly, a recent study
provided no evidence for creatine supplementation-mediated
activation of BAT thermogenesis in acute cold-exposed young,
healthy, lean, vegetarian adults, who are characterized by low
creatine levels (Connell et al., 2021). This supports previous
murine observations where the mere supplementation of
creatine is not enough to show the physiological relevance of
creatine futile cycling in thermogenesis, if it was not coupled with
HFD consumption and β3-AR stimulation. Moreover, the
supplementation of creatine in these individuals does not
guarantee an alteration of creatine levels in BAT, and thus,
does not necessarily activates the futile cycle.

Another important player in AT remodeling and browning is
AMPK (Rui*, 2017). As the deletion of either the a or ß subunits
of AMPK resulted in an impaired WAT beiging with a resistance
to β3-AR stimulation (Mottillo et al., 2016; Wu et al., 2018). In
another study, AMPK gain of function mutation induced
subcutaneous AT browning. Strikingly, this browning was
neither attributed to a detectable increase in UCP1 expression
nor to an activated creatine cycling, despite the increase of oxygen
consumption in this depot (Pollard et al., 2019). Nevertheless, this
does not exclude a role of creatine cycling in enhancing energy
expenditure and oxygen consumption in other adipose depots
that have not yet been investigated.

Adipose Tissue Inflammation
As discussed above, increased caloric intake-induced
hyperinsulinemia drives AC hypertrophy, promoting its
diametric expansion beyond the diffusion potential of oxygen
(Pedersen et al., 2015). Importantly, this occurs in the absence of

compensatory AT vascularization creating a local hypoxic state
that is associated with an increased expression of HIF-1α (Ye
et al., 2007; He et al., 2011; Trayhurn, 2013). An extensive
crosstalk between signaling pathways involving HIF-1α and
other transcription factors implicated in the AT hypoxic
response such as NF-κB occurs, where NF-κB was shown to
regulate HIF-1α transcription (Rius et al., 2008; van Uden et al.,
2008; Trayhurn, 2013). Additionally, it was shown that hypoxia-
triggered expression of HIF-1α induces NF-κB-mediated
cytokine production including IL-1β, which results in
subsequent recruitment and accumulation of distinct
populations of immune cells giving rise to a state of chronic
AT inflammation (Jeong et al., 2005; Fitzgibbons and Czech,
2014; Dzhalilova et al., 2019; Saxton et al., 2019). Importantly, the
dysfunction of adipose depots implicated in the pathogenesis of
CMS, such as epicardial, perivascular, and perirenal adipose
depots, is associated with a perturbed immune cell landscape
and adipokine profiles in states of metabolic dysfunction (Alzaim
et al., 2020).

Adipose tissue macrophages (ATMs) exhibit remarkable
polarization-dependent transcriptomic heterogeneity that is
highly dependent on microenvironmental factors (Thapa and
Lee, 2019; Caslin et al., 2020). AT-resident or infiltrating
macrophages can either adopt a classical, pro-inflammatory
M1 polarization, or an anti-inflammatory M2 polarization.
ATMs in lean AT are predominantly M2 polarized (Morris
et al., 2011; Chylikova et al., 2018), while M1 macrophage
infiltration into inflamed ATs as well as the phenotypic switch
of resident M2 macrophages to M1 macrophages occur in
response to HFD consumption (Lumeng et al., 2008; Kralova
Lesna et al., 2016). As such, these macrophages associate with
crown-like structures (CLS), which represent macrophages
actively phagocytosing apoptotic adipocytes with the
concurrent increased production of proinflammatory cytokines
and chemokines as well as reactive oxygen species (ROS) (Sartipy
and Loskutoff, 2003; Weisberg et al., 2003; Cinti et al., 2005;
Lumeng et al., 2007;Wensveen et al., 2015; Chylikova et al., 2018).

Moreover, it was suggested that ATMs represent the primary
source of the proinflammatory cytokines TNFα, IL-1, IL-6 and
iNOS (Weisberg et al., 2003; Xu et al., 2003). Noteworthy, it was
suggested that WAT preadipocytes can undergo a phenotypic
switch, by which they transdifferentiate into macrophages in vivo
in response to HFD under a contact-dependent macrophage-
mediated stimulation (Charrière et al., 2003; Xu et al., 2003).
Nevertheless, in vitro studies suggest that AC-macrophage
crosstalk is mainly mediated by free fatty acids (FFA) and
TNFα. Indeed, TNFα was shown to drive AT inflammation
and to reduce adiponectin expression, while FFAs were found
to increase macrophage cytokines production (Suganami et al.,
2005). This crosstalk was found to be exaggerated upon the use of
hypertrophied or obese ACs (Suganami et al., 2005).
Accumulating evidence suggests a role for TNFα in inhibiting
PPARγ activity through several pathways (Ye, 2008), among
which is the activation of the classical NF-κB pathway, which
prevents PPARγ binding to its response element, and hence
blocks its downstream effect (Suzawa et al., 2014). As PPARγ
represents a major promoter of adipogenesis, it is thought that
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TNFα-mediated suppression of PPARγ signaling would increase
levels of circulating FFAs and subsequently enhancing the
proinflammatory polarization of ATMs (Ren et al., 2006). This
is supported by evidence from PPARγ receptor agonist treated
HFD-fed mice, which exhibited an enhanced overall insulin
sensitivity and an increased M2 count in VAT (Fujisaka et al.,
2011). Indeed, TNFα KO mice were protected from HFD-
induced IR and exhibited reduced serum FFA levels (Uysal
et al., 1997). Moreover, ATM-derived TNFα is suggested to be
the leading promoter of adipose-specific insulin resistance
through various mechanisms (Ruan et al., 2002; Xu et al.,
2003; Cawthorn and Sethi, 2008). It was shown that TNFα
downregulates the expression of insulin receptor substrate 1
(IRS-1) and glucose transporter type 4 (GLUT4) (Stephens
et al., 1997; Engelman et al., 2000), and inhibits the activity of
AMPK activity (Steinberg et al., 2006). In addition to AMPK
energy sensing activity, and the crucial role of AMPK signaling
dysfunction in the pathogenesis of IR, AMPK activation was
shown to prime M2 macrophage polarization (Chan et al., 2015).

Although ATMs are considered the main contributors to
HFD-induced AT inflammation (Weisberg et al., 2003), other
distinct immune cell populations were also found to be involved
(Alzaim et al., 2020). For example, dendritic cells were shown to
regulate AT inflammation, where the accumulation of dendritic
cells in the AT of HFD-fed mice promotes the recruitment of
macrophages and the mounting of a Th17-driven inflammatory
response (Bertola et al., 2012; Stefanovic-Racic et al., 2012; Chen
et al., 2014). Moreover, the uptake of FFAs by dendritic cells and
the formation of lipid droplets is suggested to promote dendritic
cell immunogenicity, which likely occurs in states of metabolic
dysfunction (den Brok et al., 2018). Moreover, neutrophils, which
are relatively rare in the AT of leanmice, exhibit a maintained flux
into the inflamed AT of HFD-fed mice, whereby they promote IR
and the production of proinflammatory cytokines (Talukdar
et al., 2012). Neutrophils accumulation in inflamed AT is
thought to precede and subsequently enhance macrophage
infiltration through the increased activity of NF-κB and
production of IL-1β (Watanabe et al., 2019). Similarly, mast
cells are enriched and further increase in VAT of mice and
humans in states of obesity and T2D, where they drive
macrophage infiltration and AT inflammation (Nishimura
et al., 2009b; Liu et al., 2009; Żelechowska et al., 2018; Kumar
et al., 2019). It was also suggested that mast cell accumulation in
inflamed AT occurs prior to overt obesity and the genetic ablation
or functional impairment of mast cells in HFD-fed mice
decreased weight gain and reduced IR (Nishimura et al.,
2009b; Liu et al., 2009). Alternatively, AT-resident eosinophils
promote AT homeostasis through the secretion of IL-4 and IL-13
which promotes M2 macrophage polarization, triggers Th2
differentiation, and enhances B cell activation (Wu et al., 2011;
Yoon et al., 2019). The homeostatic role of eosinophils is
supported by the observation that eosinophil-deficient HFD-
fed mice show pronounced IR while increasing eosinophil
abundance in the AT reduced HFD-induced increased
adiposity (Wu et al., 2011; Molofsky et al., 2013; Lee et al.,
2018). Moreover, the forced increase of AT eosinophil
abundance in different models enhanced metabolic

homeostasis (Wu et al., 2011; Qiu et al., 2014; Berbudi et al.,
2016).

T and B lymphocytes also play major immunoregulatory roles
in AT homeostasis and dysfunction. Different subsets of
proinflammatory T cells increase in visceral adipose depots of
mice and humans including helper T cells, γδ T cells, and
cytotoxic T cells and drive IR (Weinstock et al., 2020).
Conversely, the abundance of anti-inflammatory T cells such
as regulatory T cells and invariant killer T cells, decreases in
obesity (Feuerer et al., 2009; Deiuliis et al., 2011). It was proposed
that T cell infiltration into inflamed AT precedes that of
macrophages with particular enrichment of CD4+ T cells
(Kintscher et al., 2008; Shen et al., 2015). Also, expanding
regulatory T cells in HFD-fed mice was shown to alleviate
HFD-induced metabolic dysfunction (Ilan et al., 2010). B cells
accumulation in AT also modulates AT inflammation. For
example, regulatory B cells suppress Th1 and Th2 polarization,
as well as inhibit macrophage and dendritic cell activation
(Alzaim et al., 2020). Moreover, different subpopulations of
B cells such as B-2 cells are thought to promote AT
inflammation (Winer et al., 2011; Defuria et al., 2013; Ying
et al., 2017), while B-1 cells improve glucose tolerance and
reduces AT inflammation through the induction of M2
macrophage polarization and IL-10 secretion with
simultaneous reduction in the production of IL-6 and TNF-α
(Wong et al., 2010; Wu et al., 2014; Shen et al., 2015; Harmon
et al., 2016; Srikakulapu et al., 2017).

Of particular relevance to the pathogenesis of the CMS, PVAT
was recently shown to harbor a plethora of basally activated
immune cells under homeostatic conditions including CD4+ and
CD8+ T cells, natural killer cells, B cells, macrophages, mast cells,
and neutrophils (Kumar et al., 2020). Metabolically dysfunctional
PVAT is infiltrated by macrophages, T cells, NK cells, and DCs
that produce either pro-inflammatory or anti-inflammatory
cytokines depending on PVAT adipokine profile shifts (Saxton
et al., 2019). As such, accumulating evidence implicates local
alterations of resident and infiltrating immune cell populations
within the SVF in AT inflammation and the pathogenesis of
insulin resistance, metabolic syndrome, and diabetes (Alzaim
et al., 2020). Moreover, AT dysfunction is associated with an
imbalanced adipokine profile that further promotes detrimental
AT immune cell landscape shifts (Alzaim et al., 2020).

ADIPOSE TISSUE AND
CARDIOMETABOLIC SYNDROME

AT affect cardiac health through paracrine and endocrine
interactions with cardiovascular tissues making it prudent to
study AT inflammation in the context of CMS (Berg and
Scherer, 2005; Shah et al., 2008). Significantly, excessive calorie
intake, DIO and T2DM are correlated with a wide range of CVDs
while sharing a background of low-grade AT inflammation
(Nishimura et al., 2009a; Klöting and Blüher, 2014). One
example is the increase of proinflammatory macrophages,
cytokines, and reactive oxygen species in epicardial AT in
patients with coronary artery diseases (Eiras et al., 2008;
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Salgado-Somoza et al., 2010; Hirata et al., 2011). Another
important one is cardiac autonomic neuropathy (CAN)
showing as reduced parasympathetic activity and endothelial
dysfunction, both major risk factors predisposing to CVD
associated with metabolic impairment (Bakkar et al., 2020a).
CAN is known to occur early in the course of metabolic
derangement exemplified by the prediabetic stage (Gonzalez
and Selwyn, 2003; Vinik et al., 2013; Williams et al., 2019). In
fact, obese patients with insulin resistance had systemic arterial
dysfunction concurrent with high M1 ATMs and TNFα mRNA
in SAT and elevated serum C reactive protein (CRP), indicating a
proinflammatory state (Apovian et al., 2008). Interestingly, recent
studies on a prediabetic rat model showed that mildly increased
caloric intake led to clear cardiovascular manifestations even in
absence of overt hyperglycemia, increased body weight, or high
blood pressure (Al-Assi et al., 2018; Alaaeddine et al., 2019;
Elkhatib et al., 2019). Significantly, the observed endothelial
dysfunction and CAN were linked to localized PVAT
inflammation with neither inflammatory changes in other
adipose pool nor systemic involvement (Al-Assi et al., 2018;
Alaaeddine et al., 2019; Elkhatib et al., 2019). This early PVAT
involvement in the course of metabolic disease is of particular
relevance given the close anatomical proximity between PVAT
and the cardiovascular tissue. While the role of PVAT has been
initially limited to vascular supportive and structural functions,
its ability to modulate vascular contractility has long been
recognized (Verlohren et al., 2004; Galvez et al., 2006; Gao
et al., 2006; Gao et al., 2007; Greenstein et al., 2009).
Mechanistic pathways by which PVAT secretes a complex
array of factors to modulate vascular tone have been proposed.
Indeed, as early as 1991, periaortic fat was shown to exert an anti-
contractile effect (Soltis and Cassis, 1991) that persisted when
vessels without AT were treated with PVAT-conditioned media
(Lohn et al., 2002). In this regard, PVAT adipokines are highly
likely to exert direct effects on the nearby vascular tissue. Of these,
adiponectin was shown to mediate the anticontractile effect via
eNOS stimulation (Sung et al., 2004; Ouchi et al., 2011).
Additionally, animal models of deleted PPARγ that lacked the
PVAT depot, showed endothelial dysfunction and increased
cardiovascular diseases (Chang et al., 2012) supporting the
fundamental role of PVAT in modulating cardiovascular
health (Agabiti-Rosei et al., 2018; Qi et al., 2018). Of note,
studies have shown that the anticontractile effect is lost in
metabolic diseases like diabetes, as PVAT phenotype shifts
into a proinflammatory state (Azul et al., 2019). This is
accompanied by significant perturbation in the adipokine
profile involving several of these products including
adiponectin, leptin, chemerin, resistin, and visfatin as
described previously in detail (Rafeh et al., 2020).

Noteworthy, PVAT in postmenopausal women was found to
have a higher number of proinflammatory macrophages,
compared to other depots, and it was suggested that this is
associated with increased CV risk (Kralova Lesna et al., 2016).
Another study indicated that upon the transplant of thoracic
aortic PVAT fromHFD fed mice to the carotid artery of HFD-fed
ApoE−/- mice vascular injury was augmented, and it was
mediated by MCP1 expression (Manka et al., 2014). It also

was suggested that proinflammatory ATMs migration induces
inflammation in the vascular bed and poses atherogenic effect
(Britton and Fox, 2011). Furthermore, it appears that PVAT is
especially sensitive to hypoxia-driven inflammation (Greenstein
et al., 2009). Indeed, isolated PVAT inflammation, with
significant implications on vascular structure and function,
was observed in more than one animal model of metabolic
challenge. Transplantation of inflamed PVAT from HFD-fed
ApoE−/− mice increased the incidence of atherosclerosis and
endothelial dysfunction in recipient animals on a control diet
(Horimatsu et al., 2018). Moreover, prediabetic rats fed mild
hypercaloric diet exhibited an increased expression of PVAT
UCP1, DRP1 as well as HIF1-α, in addition to a hypertrophied
inflamed morphology that were associated with vascular
dysfunction in absence of similar changes in other adipose
depots (Elkhatib et al., 2019). As such, one would assume that
this peculiar nature, whereby several PVAT pools expressed
brown adipose-specific genes (Chatterjee et al., 2009; Sacks
et al., 2013; Gaborit et al., 2015), might be the cause of the
observed early involvement and increased sensitivity to
inflammation. In this context, an assumed exaggerated oxygen
consumption triggered by increased UCP1 expression would be
exacerbated by the observed adipocyte hypertrophy in a
combination of events less likely to occur in other adipose
depots. This model is illustrated in Figure 1. Importantly,
another rat model on HFD showed increased UCP1 expression
in PVAT, however this increase was not explained nor were its
implications investigated (Winn et al., 2017). On the other hand,
HFD reduced UCP1 in WAT and VAT, supporting the hypothesis
indicating that AT depots act varyingly in response to the same
energy stimuli (Winn et al., 2017). As for creatine cycling, it remains
widely unknown if the creatine-mediated enhanced basal metabolic
activity may predispose PVAT to hypoxia following HFD
consumption, or if this enhancement will limit cellular
thermogenic needs, and thus limit UCP1 induction. Indeed, it
has been suggested that creatine cycling and UCP1-dependent
thermogenesis represent parallel thermogenic pathways that are
independently operational and potentially reciprocal (Kazak and
Cohen, 2020). Of relevance to inflammatory changes, Slc6a8-
mediated creatine uptake and accumulation stimulate
macrophages reprograming by inhibiting the pro-inflammatory
M1 and promoting the tissue repair-responsible M2 polarization
in peritoneal macrophages via regulating cytokine responses (Ji et al.,
2019). Moreover, accumulating evidence suggests the implication of
creatine metabolism in mediating anti-inflammatory phenotypes in
immune cells (Kazak and Cohen, 2020).

In the above rat model of early metabolic dysfunction,
localized PVAT inflammation led to increased IL-1β and TGF-
β1 production, which was associated with reduced AMPK
activation, increased vascular Erk1/2 phosphorylation, medial
hypertrophy, oxidative stress, increased rho-associated kinase
(ROCK)-mediated calcium sensitization and a hypercontractile
response (Elkhatib et al., 2019; Lefranc et al., 2019). This isolated
PVAT inflammation model was also associated with impaired
endothelial relaxing function due to reduced expression/function
of inward rectifier K+ channels (Alaaeddine et al., 2019).
Treatment of the local PVAT inflammation ameliorated the
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contractile and endothelial manifestations. A different animal
study using AMPKα1 knockout mice assessed the impact of HFD
on PVAT function. HFD in wild-type mice reduced P-AMPK and
adiponectin levels, in addition to diminished anti-contractile
involvement of PVAT accompanied by an infiltration of
macrophage with M1 polarization, indicated by increase in
iNOS and IL-1 ß. Yet in AMPKα1 KO mice, PVAT of both
HFD and control fed animals showed a massive reduction in
P-AMPK, adiponectin and abolished vasorelaxation (Almabrouk
et al., 2018). More recent investigation showed that not only is the
occurrence of PVAT inflammation linked to the early incidence
of cardiovascular manifestations associated with metabolic
dysfunction, but is also necessary for the progression of

cardiac autonomic insult as the metabolism deteriorates
further ending up in overt hyperglycemia and diabetes (Bakkar
et al., 2020b). Taken together, one can conclude that HFD-
induced negative remodeling of PVAT lead to a state of
cardiometabolic dysfunction.

ADIPOSE TISSUE REMODELING IN
RESPONSE TO THERAPEUTIC OR
INTERMITTENT FASTING
Intermittent Fasting was found to produce a positive impact on
AT remodeling occurring in diet-induced metabolic dysfunction.

FIGURE 1 | The emerging ameliorative role of intermittent fasting on perivascular adipose tissue inflammation and thermogenesis. Calorie excess resulting in
metabolic dysfunction triggers perivascular adipose tissue chronic low-grade inflammation, leading to the loss of its anticontractile effects and the subsequent negative
paracrine modulation of vascular structure and function. Intermittent fasting ameliorates inflammatory, thermogenic and bioenergetic pathways favoring adipose tissue
homeostasis. Pathways involved in adipose tissue homeostasis are shown in black, those activated by metabolic dysfunction in red, while those modulated by
intermittent fasting in green arrows. AT, Adipose tissue; AMPK, AMP-activated protein kinase; β3AR, Beta 3 adrenergic receptor; CK, Creatine kinase; Cr, Creatine;
DBC-1, Deleted in bladder cancer protein 1; DRP-1, Dynamin related protein 1; eNOS, Endothelial nitric oxide synthase; ER, Endoplasmic reticulum; ERK, Extracellular
signal-regulated kinase; FFA, Free fatty acids; HFD, High fat diet; HIF-1α, Hypoxia-inducible factor 1-alpha; HSL, Hormone sensitive lipase; IF, Intermittent fasting; IKK,
IKβ kinase; IL, Interleukin; IRS-1, insulin receptor substrate 1; JNK/AP-1, c-jun N-terminal kinase/activator protein 1; MCP-1, Monocyte Chemoattractant protein 1; NE,
Norepinephrine; NF-κB, Nuclear factor kappa B; O2, Oxygen; PVAT, Perivascular adipose tissue; PCr, Phosphocreatine; PKA, Protein kinase A; Sirt1, Sirtuin 1; TGF-β1,
Transforming growth factor beta 1; TNF-α, Tumor necrosis factor alpha; UCP1, Uncoupling protein 1.
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After eight weeks of treatment, not only did IF (24-h fast on three
nonconsecutive days per week) improve glucose tolerance, and
insulin resistance in HFD-fed mice, it also reduced adipocyte
hypertrophy andmarkers of inflammation including macrophage
infiltration and the NLRP3 inflammasome signaling components
(Liu et al., 2018). Moreover, the same IF protocol as well as a
complete alternate-day fasting protocol evoked an increased
energy expenditure and UCP1 expression in WAT tissue in
DIO mice in a manner that also involved reduction of
inflammatory markers (Liu et al., 2019b; de Souza Marinho
et al., 2020). Yet, while IF reduced WAT fat mass in both
obese mice models and obese human subjects, no UCP1
upregulation was observed in humans (Liu et al., 2019b).
Nevertheless, the exact mechanism of how these fasting
regimens improve the metabolic state are still not fully
understood. Specifically, despite the many desired outcomes
reported for calorie restriction, isocaloric IF seems to have a
prominent effect on the metabolic health, despite the fact in a lot
of studies did not involve calorie restriction (Aksungar et al.,
2017; Kim et al., 2017; St-Onge et al., 2017).

In murine models, HFD-induced hypertrophy was reported to
be reversed by 24-h and 72-h IF in VAT; especially gonadal and
subcutaneous inguinal AT depots (Tang et al., 2017).
Interestingly, the change in fat pad size was found to be
triggered by IF alone, regardless of the daily caloric intake,
and independent of the change in body weight as animal
studies showed a decrease in size and weight of adipose
depots, with mild or no change in total body weight (Varady
et al., 2007; Varady et al., 2009; Varady et al., 2010; Liu et al.,
2019b). Certainly in our work, a calorie restricted regimen of a
HFD failed to exert any corrective effect on CAN and PVAT
inflammation involvement in rats (Al-Assi et al., 2018) as
opposed to isocaloric IF (12-h feeding/12-h fasting) (Dwaib
et al., 2020). In studies involving obese human subjects, IF
appeared to reduce total fat mass with varying fasting
protocols such as intermittent continuous energy restriction
for 2 days a week and alternate day fasting (Harvie et al.,
2011; Bhutani et al., 2013; Tinsley and La Bounty, 2015), and
circulating markers of inflammation (Harvie et al., 2011; Wang
et al., 2020), the latter effect being more marked in obese than in
normal weight subjects (Wang et al., 2020).

In further confirmation of the observations in animal studies,
IF regimens were better capable of reducing circulating markers
of inflammation than calorie restricted regimens per se (Wang
et al., 2020). Nonetheless, mixed results were found in human
studies. In a study examining IF during the month of Ramadan,
which is the religious fasting in Islam involving fasting from
sunrise till sunset for 30 days, body weight and fat percentage
decreased in both men and women in absence of calorie
restriction (Faris et al., 2012). Meanwhile, others reported that
the IF-induced weight loss was dependent on calorie restriction
that mediated the metabolic benefit rather than the fasting
regimen itself (Klempel et al., 2012; Patterson and Sears,
2017). Moreover, a recent clinical trial comparing the effects
of calorie restriction to IF (24-h fast on three nonconsecutive days
per week) showed a transient increase in inflammatory markers
in AT after IF only, which was attributed to an ATM response to

increased lipolysis (Liu et al., 2019a). Still in either case, a marked
overall improvement in AT functioning was observed.

As such, IF might constitute an adequate intervention in the
low-grade inflammatory state evoked in AT by DIO. Indeed, IF
produced the previously mentioned anti-inflammatory effects in
metabolically challengedmice alongside reduction of body weight
and insulin resistance (Liu et al., 2018). Interestingly, isocaloric IF
was shown to produce the same effects and trigger alternative
activation of macrophages to the M2 polarization in mice (Kim
et al., 2017). Another murine study involving IF in a calorie
restriction protocol showed a shift in AT macrophages to the M2
polarization that was mediated by SIRT1 activity (Fabbiano et al.,
2016). SIRT1 is a nutrient sensitive histone deacetylase that is
thought to mediate the beneficial metabolic effects of fasting and
calorie restriction including improved serum glucose and lipid
levels, increased insulin sensitivity and reduced body weight
(Bordone et al., 2007; Schenk et al., 2011). Specifically, mice
mildly overexpressing SIRT1 were protected against HFD-
induced inflammation through a reduction of NF-κB
activation and pro-inflammatory cytokine production (Pfluger
et al., 2008). Pertinent to the inflammatory context in AT, SIRT1
activation was shown to mitigate hypoxic cardiomyocyte damage
through the augmentation of autophagic flux that was mediated
by AMPK activation (Luo et al., 2019). Indeed, IF (15 or 39 h fast)
was found to augment AMPK phosphorylation in rats (Kajita
et al., 2008). Significantly, not only has our work shown a reduced
AMPK activity in cardiovascular impairment associated with
early metabolic dysfunction involving PVAT inflammation in
HFD-fed rats (Al-Assi et al., 2018), our results also demonstrated
autophagy suppression as a possible contributor to the observed
phenotype (Bakkar et al., 2020b; Fakih et al., 2020). Moreover, a
lack of AMPK activity was implicated in AC hypertrophy (Villena
et al., 2004). As such, IF-mediated SIRT1 activation could offer a
mechanistic link for the observed positive changes in AT
remodeling. However, it is important to note that studies on
human subjects reported inconsistent results where some studies
showed increased SIRT1 expression in AT following 6 days of
total fasting (Pedersen et al., 2008), and others have reported no
change (Madkour et al., 2019). These observations could be
related to a lack of consistency in the fasting regimens
employed and warrant further investigation.

On the other hand, murine studies employing different IF
regimens have been shown to strongly induce WAT browning
and increase the expression of mitochondrial UCP1, which was
linked to an improved metabolic state (Fabbiano et al., 2016; Kim
et al., 2017; Kivelä and Alitalo, 2017; Liu et al., 2019b). Indeed,
this could be related to SIRT1 activation that was shown to
increase UCP1 expression as mentioned previously (Nøhr et al.,
2017). Yet, data from mouse models, showed that caloric
restriction induces browning in SAT and VAT, via eosinophils
infiltration, M2 macrophage polarization and anti-inflammatory
cytokines production. Genetic ablation of the effect of these
cytokines (IL-4,-5 and -13) abolished AT browning along with
the observed improvement of AT inflammation and metabolic
parameters (Fabbiano et al., 2016). Significantly, another aspect of
mitochondrial function involves AMPK activity. Evidence
suggests that fasting-mediated AMPK activity has a role in
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mitochondrial metabolism and homeostasis, where chronic
activation of AMPK maintains the dynamic nature of
mitochondrial networks together with their ability to interact
with other organelles and increase fatty acid oxidation (Weir
et al., 2017). Furthermore, AMPK phosphorylates and inhibits
creatine kinase and thus impedes creatine cycling in skeletal
muscle (Ponticos et al., 1998; Weir et al., 2017). Such an effect
would reduce basal mitochondrial oxygen consumption and help
mitigate AT hypoxia. However, though emerging evidence
implicates AMPK in the modulation of AC phenotype
plasticity, AMPK-mediated inhibition of creatine kinases in
ACs has not yet been investigated (Desjardins and Steinberg,
2018). This further extends the mechanism by which the
beneficial metabolic effect of IF may arise via AMPK-
activation. Indeed, the increased AMPK activity is consistent
with the effect of IF on adiponectin production. A localized
increase in adiponectin in AT, especially WAT, was achieved
by different IF protocols even in the presence of HFD. These
observations were consistent in both human and animal studies
(Barnosky et al., 2014a; Patterson et al., 2015; Lettieri-Barbato
et al., 2016; Antoni et al., 2017; Kim et al., 2017). However, the
effect of IF on adipokine profile alteration as well as its role in
immune cell metabolic rewiring subsequent to such metabolic
challenges warrant further investigation, especially that specific
alterations in adipokine profile were shown to adversely affect
immune cell recruitment and polarization.

On another note, fasting was suggested to activate autophagy
as cells tend to recycle intracellular particles to produce energy in
several tissues including AT (Bagherniya et al., 2018; Ferhat et al.,
2019; Clemente-Postigo et al., 2020). IF has been linked to the
upregulation of several autophagy-related genes, microtubule-
associated protein 1 light chain 3 (LC3), Beclin1, lysosomal
associated membrane protein, Unc-51-like kinases (ULK1), in
addition to SIRT1 (Bagherniya et al., 2018), which are involved in
different parts of the autophagy machinery; initiation, nucleation,
autophagosome formation, maturation and cargo degradation
(Ferhat et al., 2019; Clemente-Postigo et al., 2020). Significantly,
a crossover randomized trial of 18 h daily fasting for 4 days found to
improved glucose balance and lipid metabolism alongside with
increased serum SIRT1 and LC3A in overweight adults (Jamshed
et al., 2019). Indeed, the autophagy machinery is managed by the
major nutrient sensing kinases mTORC1 and AMPK, which inhibit
and activate autophagy, respectively (Ferhat et al., 2019; Lahiri et al.,
2019; Clemente-Postigo et al., 2020). Persistent inhibition of
autophagy in response to overnutrition has determinantal effects
on the metabolic state (Singh et al., 2009a; Ro et al., 2019). As such,
IF-mediated AMPK activationmight be a possible pathway through
which therapeutic fasting can alleviate metabolic dysfunction in
adipose tissue by achieving autophagic homeostasis.

Data on the level of autophagy in adipose tissue have been
conflicting. Some studies reported that autophagy is overactivated
in obese WAT where autophagy suppression was suggested to
inhibit WAT adiposity in DIO (Ro et al., 2019). On the other
hand, acute starvation at different time points (12–72 h) after
HFD feeding was found to induce lipophagy and lipolysis by
increased ß-oxidation (Singh et al., 2009a). Another study
reported that VAT of obese and insulin resistant indivduals

had hypertrophied ACs and increased mRNA expression of
autophagy genes compared to subcutaneous WAT (Kovsan
et al., 2011). Moreover, autophagy inhibition or more
specifically blocking of mitophagy in WAT leads to a state of
browning, due to the accumulation of mitochondria (Altshuler-
Keylin and Kajimura, 2017). A study on HFD-fed rats found that
pharmacological inhibition of autophagy induced WAT
browning and protected against DIO (Parray and Yun, 2017).
On the contrary, it was suggested that obesity is correlated with
increased dysfunctional mitochondria in WAT (Chattopadhyay
et al., 2015), which might be a sign of impaired mitophagy in AT
in response to DIO (Ro et al., 2019). Atg7 knockout mice
demonstrated a lean phenotype with increased BAT, ß-
oxidation and browner WAT (Singh et al., 2009b). While
seemingly conflicting, these findings emphasize the vital role
of autophagy in maintaining AT plasticity in terms of
thermogenic activity (Cairó and Villarroya, 2020).

Importantly, one study examined the impact of short-term
fasting for 24 h on genomic profile of WAT and BAT in male
Wister rats. Autophagy gene expression increased in BAT of
fasted rats (Nakai et al., 2008). Another mouse model fed an
isocaloric fasting regimen, which provides food in 12-h inter-
meal cycles, showed increased autophagy, improved body
compositions, reduced AC size reduced adiposity and
enhanced muscle mass compared to ad libitum fed controls.
Interestingly, M2 polarization was observed in ATM (Martinez-
Lopez et al., 2017). These changes were found to be autophagy
dependent, as they were abolished in AT Atg7 knockout mice
regardless of the dietary regimen. Moreover, the knockout mice
had impaired glucose tolerance and insulin sensitivity in response
to inter-meal fasting compared to the wild-type controls,
suggesting the role of AT autophagy in modulating glucose
homeostasis.

Nevertheless, all of the above observations were reported in
large WAT pools including sub-cutaneous, gonadal, and other
visceral AT depots. To the best of our knowledge, there is no
direct investigation of the effect of IF on PVAT in situations of
metabolic dysfunction. As such, a systematic examination of the
impact of IF on PVAT remodeling and inflammation in early
metabolic dysfunction and its impact on cardiovascular
impairment is warranted. While several parallels among that
responses of different WAT pools to IF can be drawn, one
must be cautious in extrapolating these findings to PVAT
given the peculiar nature of this adipose pool. In this context,
prolonged periods of reduced caloric intake, as in case of IF,
might, in addition to the previously observed effects in other AT
depots, exert further benefit by relieving the UCP1-mediated
exacerbation of oxygen deficiency, and hence ameliorate the early
inflammatory response. This framework is depicted in Figure 1.

CARDIOMETABOLIC SYNDROME AND
THERAPEUTIC OR INTERMITTENT
FASTING
The positive impact of IF on AT is expected to ameliorate the
cardiovascular manifestations of cardiometabolic syndrome.
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Indeed, the American heart association (AHA) included IF as one
of the dietary measures to prevent CVDs. Based on human
studies, AHA concluded that IF, regardless of its effect on
weight, improves lipid profile, lowers LDL and cholesterol and
increases HDL, in addition to improving insulin sensitivity,
indicated by reduced HOMA-IR, with no change in blood
glucose level (St-Onge et al., 2017). As well, human and
animal studies indicated that alternate day fasting and
religious Ramadan fasting IF protocols reduced blood pressure
(Wan et al., 2003; Lotfi et al., 2010; Erdem et al., 2018) and heart
rate (Lotfi et al., 2010). Another study on a rat model found that
both 40% calorie restriction and alternate day fasting reduced the
low frequency component in the diastolic blood pressure
variability, a marker of reduced sympathetic activity, and
increased high frequency component in heart rate variability,
which is reflective of the parasympathetic tone, both being
indicative of positive modulation of cardiovascular state
(Mager et al., 2006). Specifically, in the context of early
metabolic dysfunction, preliminary data indicate that not only
did IF (12-h feeding/12-h fasting) improve parasympathetic
cardiac autonomic neuropathy, this was also associated with
amelioration of PVAT inflammation in an HFD-fed rat model
of metabolic dysfunction (Dwaib et al., 2020).

Furthermore, IF (19-h fast daily for 26 days) improved
endothelial and non-endothelial dependent vasorelaxation in
healthy men (Esmaeilzadeh and Van De Borne, 2016).
Significantly, alternate day IF exerted a similar pattern in
Wistar male rats, as it showed an improved aortic endothelial
depend relaxation (Razzak et al., 2011). Moreover, IF is found to
prevent atherosclerotic state by promoting an anti-inflammatory
response (Malinowski et al., 2019). However, mechanistic data
describing the impact of IF on cardiovascular remodeling is
scarce. A recent study examined the effect of alternate day
fasting on cardiac remodeling post-myocardial infarction (MI)
in rats. While IF improved cardiac function and reduced left
ventricular dilation, none of the fibrosis gene markers examined
appeared to have been affected (Okoshi et al., 2019). Another
study showed that alternate day fasting promoted cardiomyocyte
survival post-MI in rats by increasing the expression of anti-
apoptotic and angiogenic factors (Katare et al., 2009).
Interestingly, the post-MI protective effect of alternate day
fasting was suggested to be mediated by an increase in
adiponectin (Wan et al., 2010) further implicating the
normalization of AT homeostasis as a possible mediator of the
observed beneficial effect. Noteworthy, prophylactic IF was found
to be protective against tissue and neurological damage caused by
ischemic stroke. It works mainly on reducing inflammatory
cytokines (IL-1β, IL-6, TNFα among others), inflammasome
activation in the stroke side of the brain and oxidative stress,
while increasing autophagy, mitophagy and neuroprotective
proteins like; neurotrophic factors (BDNF and bFGF),
antioxidants enzymes (HO-1), UCP-2 and UCP-4 (Fann et al.,
2017). In this context, it was also found the fasting mediates its
beneficial effects by increasing neuronal and glial SIRT-1 and
P-AMPK (Fann et al., 2017).

Literature summarizing the impact of various dietary
interventions on cardiovascular disease makes little discrimination

between the effect of intermittent fasting and calorie-restrictive diets
on cardiovascular outcomes (Maugeri and Vinciguerra, 2020).
However, a recent trial directly compared an eight-week protocol
of intermittent calorie restriction (3 days/week of low-calorie intake)
to chronic reduced calorie intake in humans with mild metabolic
impairment (overweight with mild hypertriglyceridemia). The
results showed that while both protocols had an equal impact on
body weight, body composition, and blood lipid levels, intermittent
lowered insulin resistance further possibly having a more profound
impact on AT inflammation and cardiovascular risk (Maroofi and
Nasrollahzadeh, 2020). Moreover, another clinical trial specifically
comparing the post-prandial indices of cardiometabolic risk between
intermittent calorie restriction for two days per week and chronic
calorie restriction in protocols extending to 3 months found that
intermittent restriction was more effective in reducing post-prandial
lipemia and insulinemia (Antoni et al., 2018). Nevertheless, a recent
systematic review of clinical studies comparing IF to chronic calorie
restriction found intermittent fasting to be more effective in weight
reduction without a clear effect on blood glucose levels (Allaf et al.,
2021). Indeed, this confirms the view of earlier investigation that
different fasting protocols were not clearly effective in reducing
blood glucose levels, and hence effectiveness in diabetes (Barnosky
et al., 2014b). Certainly, more investigation is required to ascertain
the efficacy of the intermittent fasting on cardiovascular risk as well
as determine if a certain protocol is associated with more benefit.

Significantly, there has been no structured effort to investigate
whether any of these positive cardiovascular outcomes of IF were
mediated by its impact on AT remodeling independent of other
metabolic factors. Indeed, the cardiometabolic markers
consistently reported to be improved by IF like serum lipid
and insulin levels as well as insulin resistance are those closely
linked to AT inflammation. AT depots in immediate contact with
the cardiac and vascular tissue microenvironment, namely PVAT
and epicardial AT, would be ideal targets to mediate such effects.
Limited changes in the status of immune cell and adipokine
secretome of these depots could be sufficient to exert profound
effects on cardiovascular structure and function. Interestingly,
this highlights the importance and potential utility of IF protocols
in the cardiovascular outcome of early metabolic impairment
where adipose inflammation plays a more important role vs.
hyperglycemia being a more predominant factor in more
advanced conditions of metabolic decompensation in diabetes
(Elkhatib et al., 2019; Bakkar et al., 2020b).

CONCLUSION

Adipose tissue deleterious remodeling and CMS are tightly linked
to positive energy balance and HFD intake (Bays et al., 2007).
PVAT has been recently implicated as one of the integral
components of CMS that is highly sensitive to energy
imbalance (Almabrouk et al., 2018; Qi et al., 2018). Positive
energy balance appears to induce PVAT inflammation
preceding other AT depots, which in turn triggers
cardiovascular dysfunction early in the course of metabolic
impairment. IF alleviates the metabolic and AT derangements
known to accompany CMS. As IF promotes beneficial AT
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remodeling, the inflammatory state is ameliorated with the
potential consequence of improved cardiovascular structural
and functional status. Whereas the peculiar nature of PVAT and
its localization in close proximity to vascular tissue has brought
it to the forefront of investigation of CMS, the impact of IF on
PVAT under these circumstances is not well-studied. We
propose a framework whereby IF relieves PVAT
inflammation and thus induces positive cardiovascular
outcomes in such a way that makes IF a feasible intervention
with the early manifestations of CMS. Indeed, this is supported
by the fact that prolonged intermittent fasting elicits pro-
longevity metabolic alterations. However, for such an
intervention to be of relevance in the treatment or
prevention of CMS, the safety of prolonged fasting must be
assured (Longo and Panda, 2016). A recent study highlighted
that healthy individuals who have undergone alternate day
fasting for six months had reduced cholesterol levels,
inflammatory markers, and CVD risk (Stekovic et al., 2019).
In another study that employed the Buchinger fasting protocol
(fasting period between 4 and 21 days), adverse effects were
reported in less than 1% of the 1,422 study subjects (Wilhelmi
De Toledo et al., 2019). A review of studies following patients for
up to twelve months only reported mild headaches as adverse
outcomes of intermittent fasting (Allaf et al., 2021). Indeed, this
indicates that prolonged alternate day fasting and complete

fasting protocols are safe and well tolerated, and provides
clinical evidence for their feasible utilization.
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Malinowski, B., Zalewska, K., Węsierska, A., Sokołowska, M. M., Socha, M.,
Liczner, G., et al. (2019). Intermittent fasting in cardiovascular disorders-an
overview. Nutrients 11, 673. doi:10.3390/nu11030673

Manka, D., Chatterjee, T. K., Stoll, L. L., Basford, J. E., Konaniah, E. S., Srinivasan,
R., et al. (2014). Transplanted perivascular adipose tissue accelerates injury-
induced neointimal hyperplasia: role of monocyte chemoattractant protein-1.
Arterioscler Thromb. Vasc. Biol. 34, 1723–1730. doi:10.1161/ATVBAHA.114.
303983

Maroofi, M., and Nasrollahzadeh, J. (2020). Effect of intermittent versus
continuous calorie restriction on body weight and cardiometabolic risk
markers in subjects with overweight or obesity and mild-to-moderate
hypertriglyceridemia: a randomized trial. Lipids Health Dis. 19, 216. doi:10.
1186/s12944-020-01399-0

Martinez-Lopez, N., Tarabra, E., Toledo, M., Garcia-Macia, M., Sahu, S., Coletto,
L., et al. (2017). System-wide benefits of intermeal fasting by autophagy. Cell
Metab. 26, 856–871. doi:10.1016/j.cmet.2017.09.020

Maugeri, A., and Vinciguerra, M. (2020). The effects of meal timing and frequency,
caloric restriction, and fasting on cardiovascular health: an overview. J. Lipid
Atheroscler. 9, 140–152. doi:10.12997/jla.2020.9.1.140

Mayoral, R., Osborn, O., Mcnelis, J., Johnson, A. M., Oh, D. Y., Izquierdo, C. L.,
et al. (2015). Adipocyte SIRT1 knockout promotes PPARγ activity,
adipogenesis and insulin sensitivity in chronic-HFD and obesity. Mol.
Metab. 4, 378–391. doi:10.1016/j.molmet.2015.02.007

Misra, A., Singhal, N., and Khurana, L. (2010). Obesity, the metabolic syndrome,
and type 2 diabetes in developing countries: role of dietary fats and oils. J. Am.
Coll. Nutr. 29, 289s–301s. doi:10.1080/07315724.2010.10719844

Molofsky, A. B., Nussbaum, J. C., Liang, H. E., Van Dyken, S. J., Cheng, L. E.,
Mohapatra, A., et al. (2013). Innate lymphoid type 2 cells sustain visceral
adipose tissue eosinophils and alternatively activated macrophages. J. Exp. Med.
210, 535–549. doi:10.1084/jem.20121964

Moore, J. X., Chaudhary, N., and Akinyemiju, T. (2017). Metabolic syndrome
prevalence by race/ethnicity and sex in the United States, national health and
nutrition examination survey, 1988-2012. Prev. Chronic Dis. 14, E24. doi:10.
5888/pcd14.160287

Morris, D. L., Singer, K., and Lumeng, C. N. (2011). Adipose tissue macrophages:
phenotypic plasticity and diversity in lean and obese states. Curr. Opin. Clin.
Nutr. Metab. Care 14, 341. doi:10.1097/MCO.0b013e328347970b

Mottillo, E. P., Desjardins, E. M., Crane, J. D., Smith, B. K., Green, A. E.,
Ducommun, S., et al. (2016). Lack of adipocyte AMPK exacerbates
insulin resistance and hepatic steatosis through Brown and beige
adipose tissue function. Cell Metab. 24, 118–129. doi:10.1016/j.cmet.
2016.06.006

Nakai, Y., Hashida, H., Kadota, K., Minami, M., Shimizu, K., Matsumoto, I., et al.
(2008). Up-regulation of genes related to the ubiquitin-proteasome system in
the brown adipose tissue of 24-h-fasted rats. Biosci. Biotechnol. Biochem. 72,
139–148. doi:10.1271/bbb.70508

Nedergaard, J., and Cannon, B. (2014). The browning of white adipose tissue: some
burning issues. Cell Metab. 20, 396–407. doi:10.1016/j.cmet.2014.07.005

Nedergaard, J., Golozoubova, V., Matthias, A., Asadi, A., Jacobsson, A., and
Cannon, B. (2001). UCP1: the only protein able to mediate adaptive non-
shivering thermogenesis and metabolic inefficiency. Biochim. Biophys. Acta.
1504, 82–106. doi:10.1016/s0005-2728(00)00247-4

Nishimura, S., Manabe, I., and Nagai, R. (2009a). Adipose tissue inflammation in
obesity and metabolic syndrome. Discov. Med. 8, 55.

Nishimura, S., Manabe, I., Nagasaki, M., Eto, K., Yamashita, H., Ohsugi, M., et al.
(2009b). CD8+ effector T cells contribute to macrophage recruitment and
adipose tissue inflammation in obesity.Nat. Med. 15, 914–920. doi:10.1038/nm.
1964

Nøhr, M. K., Bobba, N., Richelsen, B., Lund, S., and Pedersen, S. B. (2017).
Inflammation downregulates UCP1 expression in brown adipocytes potentially
via SIRT1 and DBC1 interaction. Int. J. Mol. Sci. 18, 1006. doi:10.3390/
ijms18051006

Okoshi, K., Cezar, M. D. M., Polin, M. a. M., Paladino, J. R., Martinez, P. F.,
Oliveira, S. A., et al. (2019). Influence of intermittent fasting on myocardial
infarction-induced cardiac remodeling. BMC Cardiovasc. Disord. 19, 126.
doi:10.1186/s12872-019-1113-4

Ouchi, N., Parker, J. L., Lugus, J. J., and Walsh, K. (2011). Adipokines in
inflammation and metabolic disease. Nat. Rev. Immunol. 11, 85. doi:10.
1038/nri2921

Parray, H. A., and Yun, J. W. (2017). Combined inhibition of autophagy protein 5
and galectin-1 by thiodigalactoside reduces diet-induced obesity through
induction of white fat browning. IUBMB life 69, 510–521. doi:10.1002/iub.1634

Patterson, R. E., Laughlin, G. A., Lacroix, A. Z., Hartman, S. J., Natarajan, L.,
Senger, C. M., et al. (2015). Intermittent fasting and human metabolic health.
J. Acad. Nutr. Diet. 115, 1203–1212. doi:10.1016/j.jand.2015.02.018

Patterson, R. E., and Sears, D. D. (2017). Metabolic effects of intermittent fasting.
Annu. Rev. Nutr. 37, 371. doi:10.1146/annurev-nutr-071816-064634

Pedersen, D. J., Guilherme, A., Danai, L. V., Heyda, L., Matevossian, A., Cohen, J.,
et al. (2015). A major role of insulin in promoting obesity-associated adipose
tissue inflammation. Mol. Metab. 4, 507–518. doi:10.1016/j.molmet.2015.
04.003

Pedersen, S. B., Ølholm, J., Paulsen, S. K., Bennetzen, M. F., and Richelsen, B.
(2008). Low Sirt1 expression, which is upregulated by fasting, in human adipose
tissue from obese women. Int. J. Obes. (Lond) 32, 1250–1255. doi:10.1038/ijo.
2008.78

Petrovic, N., Shabalina, I. G., Timmons, J. A., Cannon, B., and Nedergaard, J.
(2008). Thermogenically competent nonadrenergic recruitment in brown
preadipocytes by a PPARgamma agonist. Am. J. Physiol. Endocrinol. Metab.
295, E287–E296. doi:10.1152/ajpendo.00035.2008

Pfluger, P. T., Herranz, D., Velasco-Miguel, S., Serrano, M., and Tschöp,
M. H. (2008). Sirt1 protects against high-fat diet-induced metabolic
damage. Proc. Natl. Acad. Sci. USA 105, 9793–9798. doi:10.1073/pnas.
0802917105

Pisani, D. F., Barquissau, V., Chambard, J. C., Beuzelin, D., Ghandour, R. A.,
Giroud, M., et al. (2018). Mitochondrial fission is associated with UCP1 activity
in human brite/beige adipocytes. Mol. Metab. 7, 35–44. doi:10.1016/j.molmet.
2017.11.007

Pollard, A. E., Martins, L., Muckett, P. J., Khadayate, S., Bornot, A., Clausen, M.,
et al. (2019). AMPK activation protects against diet induced obesity through
Ucp1-independent thermogenesis in subcutaneous white adipose tissue. Nat.
Metab. 1, 340–349. doi:10.1038/s42255-019-0036-9

Ponticos, M., Lu, Q. L., Morgan, J. E., Hardie, D. G., Partridge, T. A., and Carling,
D. (1998). Dual regulation of the AMP-activated protein kinase provides a
novel mechanism for the control of creatine kinase in skeletal muscle. EMBO J.
17, 1688–1699. doi:10.1093/emboj/17.6.1688

Qi, X. Y., Qu, S. L., Xiong, W. H., Rom, O., Chang, L., and Jiang, Z. S. (2018).
Perivascular adipose tissue (PVAT) in atherosclerosis: a double-edged sword.
Cardiovasc. Diabetol. 17, 134–153. doi:10.1186/s12933-018-0777-x

Qiu, Y., Nguyen, K. D., Odegaard, J. I., Cui, X., Tian, X., Locksley, R. M., et al.
(2014). Eosinophils and type 2 cytokine signaling in macrophages orchestrate
development of functional beige fat. Cell 157, 1292–1308. doi:10.1016/j.cell.
2014.03.066

Raajendiran, A., Ooi, G., Bayliss, J., O’Brien, P. E., Schittenhelm, R. B., Clark, A. K.,
et al. (2019). Identification of metabolically distinct adipocyte progenitor cells in
human adipose tissues. Cell Rep. 27, 1528–1540. doi:10.1016/j.celrep.2019.
04.010

Frontiers in Pharmacology | www.frontiersin.org April 2021 | Volume 12 | Article 62631316

Dwaib et al. Therapeutic Fasting Ameliorates Adipose Inflammation

92

https://doi.org/10.2337/db08-0872
https://doi.org/10.3892/ijmm.2019.4125
https://doi.org/10.1161/CIRCULATIONAHA.107.716159
https://doi.org/10.1161/CIRCULATIONAHA.107.716159
https://doi.org/10.1016/j.diabres.2019.107801
https://doi.org/10.1016/j.diabres.2019.107801
https://doi.org/10.1096/fj.05-5263com
https://doi.org/10.1096/fj.05-5263com
https://doi.org/10.3390/nu11030673
https://doi.org/10.1161/ATVBAHA.114.303983
https://doi.org/10.1161/ATVBAHA.114.303983
https://doi.org/10.1186/s12944-020-01399-0
https://doi.org/10.1186/s12944-020-01399-0
https://doi.org/10.1016/j.cmet.2017.09.020
https://doi.org/10.12997/jla.2020.9.1.140
https://doi.org/10.1016/j.molmet.2015.02.007
https://doi.org/10.1080/07315724.2010.10719844
https://doi.org/10.1084/jem.20121964
https://doi.org/10.5888/pcd14.160287
https://doi.org/10.5888/pcd14.160287
https://doi.org/10.1097/MCO.0b013e328347970b
https://doi.org/10.1016/j.cmet.2016.06.006
https://doi.org/10.1016/j.cmet.2016.06.006
https://doi.org/10.1271/bbb.70508
https://doi.org/10.1016/j.cmet.2014.07.005
https://doi.org/10.1016/s0005-2728(00)00247-4
https://doi.org/10.1038/nm.1964
https://doi.org/10.1038/nm.1964
https://doi.org/10.3390/ijms18051006
https://doi.org/10.3390/ijms18051006
https://doi.org/10.1186/s12872-019-1113-4
https://doi.org/10.1038/nri2921
https://doi.org/10.1038/nri2921
https://doi.org/10.1002/iub.1634
https://doi.org/10.1016/j.jand.2015.02.018
https://doi.org/10.1146/annurev-nutr-071816-064634
https://doi.org/10.1016/j.molmet.2015.04.003
https://doi.org/10.1016/j.molmet.2015.04.003
https://doi.org/10.1038/ijo.2008.78
https://doi.org/10.1038/ijo.2008.78
https://doi.org/10.1152/ajpendo.00035.2008
https://doi.org/10.1073/pnas.0802917105
https://doi.org/10.1073/pnas.0802917105
https://doi.org/10.1016/j.molmet.2017.11.007
https://doi.org/10.1016/j.molmet.2017.11.007
https://doi.org/10.1038/s42255-019-0036-9
https://doi.org/10.1093/emboj/17.6.1688
https://doi.org/10.1186/s12933-018-0777-x
https://doi.org/10.1016/j.cell.2014.03.066
https://doi.org/10.1016/j.cell.2014.03.066
https://doi.org/10.1016/j.celrep.2019.04.010
https://doi.org/10.1016/j.celrep.2019.04.010
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Rafeh, R., Viveiros, A., Oudit, G. Y., and El-Yazbi, A. F. (2020). Targeting
perivascular and epicardial adipose tissue inflammation: therapeutic
opportunities for cardiovascular disease. Clin. Sci. (Lond) 134, 827–851.
doi:10.1042/CS20190227

Rahman, S., and Islam, R. (2011). Mammalian Sirt1: insights on its biological
functions. Cell Commun Signal 9, 11. doi:10.1186/1478-811X-9-11

Razzak, R., Abu-Hozaifa, B. M., Bamosa, A. O., and Ali, N. M. (2011). Assessment
of enhanced endothelium-dependent vasodilation by intermittent fasting in
Wistar albino rats. Indian J. Physiol. Pharmacol. 55, 336–342.

Reaven, G. M. (1988). Banting lecture 1988. Role of insulin resistance in human
disease. Diabetes 37, 1595–1607. doi:10.2337/diab.37.12.1595

Ren, T., He, J., Jiang, H., Zu, L., Pu, S., Guo, X., et al. (2006). Metformin reduces
lipolysis in primary rat adipocytes stimulated by tumor necrosis factor-alpha or
isoproterenol. J. Mol. Endocrinol. 37, 175–183. doi:10.1677/jme.1.02061

Richardson, V. R., Smith, K. A., and Carter, A. M. (2013). Adipose tissue
inflammation: feeding the development of type 2 diabetes mellitus.
Immunobiol. 218, 1497–1504. doi:10.1016/j.imbio.2013.05.002

Ricquier, D., and Bouillaud, F. (2000). The uncoupling protein homologues: UCP1,
UCP2, UCP3, StUCP and AtUCP. Biochem. J. 345 Pt 2, 161–179. doi:10.1042/
bj3450161

Rius, J., Guma, M., Schachtrup, C., Akassoglou, K., Zinkernagel, A. S., Nizet, V.,
et al. (2008). NF-kappaB links innate immunity to the hypoxic response
through transcriptional regulation of HIF-1alpha. Nature 453, 807–811.
doi:10.1038/nature06905

Ro, S. H., Jang, Y., Bae, J., Kim, I. M., Schaecher, C., and Shomo, Z. D. (2019).
Autophagy in adipocyte browning: emerging drug target for intervention in
obesity. Front. Physiol. 10, 22. doi:10.3389/fphys.2019.00022

Rodeheffer, M. S., Birsoy, K., and Friedman, J. M. (2008). Identification of white
adipocyte progenitor cells in vivo. Cell 135, 240–249. doi:10.1016/j.cell.2008.
09.036

Rosen, E. D., Sarraf, P., Troy, A. E., Bradwin, G., Moore, K., Milstone, D. S., et al.
(1999). PPAR gamma is required for the differentiation of adipose tissue in vivo
and in vitro. Mol. Cel. 4, 611–617. doi:10.1016/s1097-2765(00)80211-7

Ruan, H., Miles, P. D., Ladd, C. M., Ross, K., Golub, T. R., Olefsky, J. M., et al.
(2002). Profiling gene transcription in vivo reveals adipose tissue as an
immediate target of tumor necrosis factor-alpha: implications for insulin
resistance. Diabetes 51, 3176–3188. doi:10.2337/diabetes.51.11.3176

Rui, L. (2017). Brown and beige adipose tissues in health and disease. Compr.
Physiol. 7, 1281–1306. doi:10.1002/cphy.c170001

Sacks, H. S., Fain, J. N., Bahouth, S. W., Ojha, S., Frontini, A., Budge, H., et al.
(2013). Adult epicardial fat exhibits beige features. J. Clin. Endocrinol. Metab.
98, E1448–E1455. doi:10.1210/jc.2013-1265

Sakamoto, T., Takahashi, N., Sawaragi, Y., Naknukool, S., Yu, R., Goto, T., et al.
(2013). Inflammation induced by RAWmacrophages suppresses UCP1 mRNA
induction via ERK activation in 10T1/2 adipocytes. Am. J. Physiol. Cel Physiol
304, C729–C738. doi:10.1152/ajpcell.00312.2012

Salgado-Somoza, A., Teijeira-Fernández, E., Fernández, A. L., González-Juanatey,
J. R., and Eiras, S. (2010). Proteomic analysis of epicardial and subcutaneous
adipose tissue reveals differences in proteins involved in oxidative stress. Am.
J. Physiol. Heart Circ. Physiol. 299, H202–H209. doi:10.1152/ajpheart.00120.
2010

Sartipy, P., and Loskutoff, D. J. (2003). Monocyte chemoattractant protein 1 in
obesity and insulin resistance. Proc. Natl. Acad. Sci. USA 100, 7265–7270.
doi:10.1073/pnas.1133870100

Saxton, S. N., Clark, B. J., Withers, S. B., Eringa, E. C., and Heagerty, A. M. (2019).
Mechanistic links between obesity, diabetes, and blood pressure: role of
perivascular adipose tissue. Physiol. Rev. 99, 1701–1763. doi:10.1152/
physrev.00034.2018

Schenk, S., Mccurdy, C. E., Philp, A., Chen, M. Z., Holliday, M. J.,
Bandyopadhyay, G. K., et al. (2011). Sirt1 enhances skeletal muscle
insulin sensitivity in mice during caloric restriction. J. Clin. Invest. 121,
4281–4288. doi:10.1172/JCI58554

Shah, A., Mehta, N., and Reilly, M. P. (2008). Adipose inflammation, insulin
resistance, and cardiovascular disease. JPEN J. Parenter. Enteral Nutr. 32,
638–644. doi:10.1177/0148607108325251

Shen, L., Chng, M. H., Alonso, M. N., Yuan, R., Winer, D. A., and Engleman, E. G.
(2015). B-1a lymphocytes attenuate insulin resistance. Diabetes 64, 593–603.
doi:10.2337/db14-0554

Shimizu, I., Yoshida, Y., Katsuno, T., and Minamino, T. (2013). Adipose tissue
inflammation in diabetes and heart failure. Microbes Infect. 15, 11–17. doi:10.
1016/j.micinf.2012.10.012

Simmons, R. K., Alberti, K. G., Gale, E. A., Colagiuri, S., Tuomilehto, J., Qiao, Q.,
et al. (2010). The metabolic syndrome: useful concept or clinical tool? Report of
a WHO Expert Consultation. Diabetologia 53, 600–605. doi:10.1007/s00125-
009-1620-4

Singh, R., Kaushik, S., Wang, Y., Xiang, Y., Novak, I., Komatsu, M., et al. (2009a).
Autophagy regulates lipid metabolism. Nature 458, 1131–1135. doi:10.1038/
nature07976

Singh, R., Xiang, Y., Wang, Y., Baikati, K., Cuervo, A. M., Luu, Y. K., et al. (2009b).
Autophagy regulates adipose mass and differentiation in mice. J. Clin. Invest.
119, 3329–3339. doi:10.1172/JCI39228

Soltis, E. E., and Cassis, L. A. (1991). Influence of perivascular adipose tissue on rat
aortic smooth muscle responsiveness. Clin. Exp. Hypertens. A. 13, 277–296.
doi:10.3109/10641969109042063

Srikakulapu, P., Upadhye, A., Rosenfeld, S. M., Marshall, M. A., Mcskimming, C.,
Hickman, A. W., et al. (2017). Perivascular adipose tissue harbors
atheroprotective IgM-producing B cells. Front. Physiol. 8, 719. doi:10.3389/
fphys.2017.00719

St-Onge, M. P., Ard, J., Baskin, M. L., Chiuve, S. E., Johnson, H. M., Kris-
Etherton, P., et al. (2017). Meal timing and frequency: implications for
cardiovascular disease prevention: a scientific statement from the
American Heart Association. Circulation 135, e96–e121. doi:10.1161/CIR.
0000000000000476

Stefanovic-Racic, M., Yang, X., Turner, M. S., Mantell, B. S., Stolz, D. B.,
Sumpter, T. L., et al. (2012). Dendritic cells promote macrophage
infiltration and comprise a substantial proportion of obesity-associated
increases in CD11c+ cells in adipose tissue and liver. Diabetes 61,
2330–2339. doi:10.2337/db11-1523

Steinberg, G. R., Michell, B. J., Van Denderen, B. J., Watt, M. J., Carey, A. L., Fam, B.
C., et al. (2006). Tumor necrosis factor alpha-induced skeletal muscle insulin
resistance involves suppression of AMP-kinase signaling. Cel. Metab. 4,
465–474. doi:10.1016/j.cmet.2006.11.005

Stekovic, S., Hofer, S. J., Tripolt, N., Aon, M. A., Royer, P., Pein, L., et al. (2019).
Alternate day fasting improves physiological and molecular markers of aging in
healthy, non-obese humans. Cel. Metab. 30, 462–e6. doi:10.1016/j.cmet.2019.
07.016

Stephens, J. M., Lee, J., and Pilch, P. F. (1997). Tumor necrosis factor-alpha-
induced insulin resistance in 3T3-L1 adipocytes is accompanied by a loss of
insulin receptor substrate-1 and GLUT4 expression without a loss of insulin
receptor-mediated signal transduction. J. Biol. Chem. 272, 971–976. doi:10.
1074/jbc.272.2.971

Suganami, T., Nishida, J., and Ogawa, Y. (2005). A paracrine loop between
adipocytes and macrophages aggravates inflammatory changes: role of free
fatty acids and tumor necrosis factor alpha. Arterioscler Thromb. Vasc. Biol. 25,
2062–2068. doi:10.1161/01.ATV.0000183883.72263.13

Sung, B., Park, S., Yu, B. P., and Chung, H. Y. (2004). Modulation of PPAR in aging,
inflammation, and calorie restriction. J. Gerontol. A. Biol. Sci. Med. Sci. 59,
997–1006. doi:10.1093/gerona/59.10.b997

Suzawa, M., Takada, I., Yanagisawa, J., Ohtake, F., Ogawa, S., Yamauchi, T., et al.
(2014). Retraction: cytokines suppress adipogenesis and PPAR-γ function
through the TAK1/TAB1/NIK cascade. Nat. Cel Biol. 16, 1126. doi:10.1038/
ncb3068

Talukdar, S., Oh, D. Y., Bandyopadhyay, G., Li, D., Xu, J., Mcnelis, J., et al. (2012).
Neutrophils mediate insulin resistance in mice fed a high-fat diet through
secreted elastase. Nat. Med. 18, 1407–1412. doi:10.1038/nm.2885

Tang, H. N., Tang, C. Y., Man, X. F., Tan, S. W., Guo, Y., Tang, J., et al. (2017).
Plasticity of adipose tissue in response to fasting and refeeding in male mice.
Nutr. Metab. (Lond) 14, 3. doi:10.1186/s12986-016-0159-x

Thapa, B., and Lee, K. (2019). Metabolic influence on macrophage polarization and
pathogenesis. BMB Rep. 52, 360. doi:10.5483/bmbrep.2019.52.6.140

Thorp, A. A., and Schlaich, M. P. (2015). Relevance of sympathetic nervous system
Activation in obesity and metabolic syndrome. J. Diabetes Res. 2015, 341583.
doi:10.1155/2015/341583

Tinsley, G. M., and La Bounty, P. M. (2015). Effects of intermittent fasting on body
composition and clinical health markers in humans. Nutr. Rev. 73, 661–674.
doi:10.1093/nutrit/nuv041

Frontiers in Pharmacology | www.frontiersin.org April 2021 | Volume 12 | Article 62631317

Dwaib et al. Therapeutic Fasting Ameliorates Adipose Inflammation

93

https://doi.org/10.1042/CS20190227
https://doi.org/10.1186/1478-811X-9-11
https://doi.org/10.2337/diab.37.12.1595
https://doi.org/10.1677/jme.1.02061
https://doi.org/10.1016/j.imbio.2013.05.002
https://doi.org/10.1042/bj3450161
https://doi.org/10.1042/bj3450161
https://doi.org/10.1038/nature06905
https://doi.org/10.3389/fphys.2019.00022
https://doi.org/10.1016/j.cell.2008.09.036
https://doi.org/10.1016/j.cell.2008.09.036
https://doi.org/10.1016/s1097-2765(00)80211-7
https://doi.org/10.2337/diabetes.51.11.3176
https://doi.org/10.1002/cphy.c170001
https://doi.org/10.1210/jc.2013-1265
https://doi.org/10.1152/ajpcell.00312.2012
https://doi.org/10.1152/ajpheart.00120.2010
https://doi.org/10.1152/ajpheart.00120.2010
https://doi.org/10.1073/pnas.1133870100
https://doi.org/10.1152/physrev.00034.2018
https://doi.org/10.1152/physrev.00034.2018
https://doi.org/10.1172/JCI58554
https://doi.org/10.1177/0148607108325251
https://doi.org/10.2337/db14-0554
https://doi.org/10.1016/j.micinf.2012.10.012
https://doi.org/10.1016/j.micinf.2012.10.012
https://doi.org/10.1007/s00125-009-1620-4
https://doi.org/10.1007/s00125-009-1620-4
https://doi.org/10.1038/nature07976
https://doi.org/10.1038/nature07976
https://doi.org/10.1172/JCI39228
https://doi.org/10.3109/10641969109042063
https://doi.org/10.3389/fphys.2017.00719
https://doi.org/10.3389/fphys.2017.00719
https://doi.org/10.1161/CIR.0000000000000476
https://doi.org/10.1161/CIR.0000000000000476
https://doi.org/10.2337/db11-1523
https://doi.org/10.1016/j.cmet.2006.11.005
https://doi.org/10.1016/j.cmet.2019.07.016
https://doi.org/10.1016/j.cmet.2019.07.016
https://doi.org/10.1074/jbc.272.2.971
https://doi.org/10.1074/jbc.272.2.971
https://doi.org/10.1161/01.ATV.0000183883.72263.13
https://doi.org/10.1093/gerona/59.10.b997
https://doi.org/10.1038/ncb3068
https://doi.org/10.1038/ncb3068
https://doi.org/10.1038/nm.2885
https://doi.org/10.1186/s12986-016-0159-x
https://doi.org/10.5483/bmbrep.2019.52.6.140
https://doi.org/10.1155/2015/341583
https://doi.org/10.1093/nutrit/nuv041
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Tontonoz, P., Hu, E., and Spiegelman, B. M. (1994). Stimulation of
adipogenesis in fibroblasts by PPAR gamma 2, a lipid-activated
transcription factor. Cell 79, 1147–1156. doi:10.1016/0092-8674(94)
90006-x

Trayhurn, P. (2013). Hypoxia and adipose tissue function and dysfunction in
obesity. Physiol. Rev. 93, 1–21. doi:10.1152/physrev.00017.2012

Tune, J. D., Goodwill, A. G., Sassoon, D. J., andMather, K. J. (2017). Cardiovascular
consequences of metabolic syndrome. Transl Res. 183, 57–70. doi:10.1016/j.trsl.
2017.01.001

Uysal, K. T., Wiesbrock, S. M., Marino, M. W., and Hotamisligil, G. S. (1997).
Protection from obesity-induced insulin resistance in mice lacking TNF-alpha
function. Nature 389, 610–614. doi:10.1038/39335

van Dam, A. D., Boon, M. R., Berbée, J. F. P., Rensen, P. C. N., and Van Harmelen,
V. (2017). Targeting white, brown and perivascular adipose tissue in
atherosclerosis development. Eur. J. Pharmacol. 816, 82–92. doi:10.1016/j.
ejphar.2017.03.051

van Uden, P., Kenneth, N. S., and Rocha, S. (2008). Regulation of hypoxia-
inducible factor-1alpha by NF-kappaB. Biochem. J. 412, 477–484. doi:10.
1042/BJ20080476

Varady, K. A., Allister, C. A., Roohk, D. J., and Hellerstein, M. K. (2010).
Improvements in body fat distribution and circulating adiponectin by
alternate-day fasting versus calorie restriction. J. Nutr. Biochem. 21,
188–195. doi:10.1016/j.jnutbio.2008.11.001

Varady, K. A., Hudak, C. S., and Hellerstein, M. K. (2009). Modified alternate-
day fasting and cardioprotection: relation to adipose tissue dynamics and
dietary fat intake.Metab. Clin. Exp. 58, 803–811. doi:10.1016/j.metabol.2009.
01.018

Varady, K., Roohk, D., Loe, Y., Mcevoy-Hein, B., andHellerstein, M. (2007). Effects
of modified alternate-day fasting regimens on adipocyte size, triglyceride
metabolism, and plasma adiponectin levels in mice. J. Lipid Res. 48,
2212–2219. doi:10.1194/jlr.M700223-JLR200

Velazquez-Villegas, L. A., Perino, A., Lemos, V., Zietak, M., Nomura, M., Pols, T.
W. H., et al. (2018). TGR5 signalling promotes mitochondrial fission and beige
remodelling of white adipose tissue. Nat. Commun. 9, 245. doi:10.1038/s41467-
017-02068-0

Verlohren, S., Dubrovska, G., Tsang, S. Y., Essin, K., Luft, F. C., Huang, Y., et al.
(2004). Visceral periadventitial adipose tissue regulates arterial tone of
mesenteric arteries. Hypertension 44, 271–276. doi:10.1161/01.HYP.
0000140058.28994.ec

Villena, J. A., Viollet, B., Andreelli, F., Kahn, A., Vaulont, S., and Sul, H. S. (2004).
Induced adiposity and adipocyte hypertrophy in mice lacking the AMP-
activated protein kinase-alpha2 subunit. Diabetes 53, 2242–2249. doi:10.
2337/diabetes.53.9.2242

Vinik, A. I., Erbas, T., and Casellini, C. M. (2013). Diabetic cardiac autonomic
neuropathy, inflammation and cardiovascular disease. J. Diabetes Investig. 4,
4–18. doi:10.1111/jdi.12042

von Bibra, H., Paulus, W., and St John Sutton, M. (2016). Cardiometabolic
syndrome and increased risk of heart failure. Curr. Heart Fail. Rep. 13,
219–229. doi:10.1007/s11897-016-0298-4

Wallimann, T., Wyss, M., Brdiczka, D., Nicolay, K., and Eppenberger, H. (1992).
Intracellular compartmentation, structure and function of creatine kinase
isoenzymes in tissues with high and fluctuating energy demands: the
’phosphocreatine circuit’ for cellular energy homeostasis. Biochem. J. 281 (
Pt 1), 21–40. doi:10.1042/bj2810021

Wan, R., Ahmet, I., Brown, M., Cheng, A., Kamimura, N., Talan, M., et al. (2010).
Cardioprotective effect of intermittent fasting is associated with an elevation of
adiponectin levels in rats. J. Nutr. Biochem. 21, 413–417. doi:10.1016/j.jnutbio.
2009.01.020

Wan, R., Camandola, S., and Mattson, M. P. (2003). Intermittent fasting and
dietary supplementation with 2-deoxy-D-glucose improve functional and
metabolic cardiovascular risk factors in rats. FASEB J. 17, 1133–1134.
doi:10.1096/fj.02-0996fje

Wang, X., Yang, Q., Liao, Q., Li, M., Zhang, P., Santos, H. O., et al. (2020). Effects of
intermittent fasting diets on plasma concentrations of inflammatory
biomarkers: a systematic review and meta-analysis of randomized controlled
trials. Nutrition 79-80, 110974. doi:10.1016/j.nut.2020.110974

Watanabe, Y., Nagai, Y., Honda, H., Okamoto, N., Yanagibashi, T., Ogasawara, M.,
et al. (2019). Bidirectional crosstalk between neutrophils and adipocytes

promotes adipose tissue inflammation. FASEB J. 33, 11821–11835. doi:10.
1096/fj.201900477RR

Weinstock, A., Moura Silva, H., Moore, K. J., Schmidt, A. M., and Fisher, E. A.
(2020). Leukocyte heterogeneity in adipose tissue, including in obesity. Circ.
Res. 126, 1590–1612. doi:10.1161/CIRCRESAHA.120.316203

Weir, H. J., Yao, P., Huynh, F. K., Escoubas, C. C., Goncalves, R. L., Burkewitz, K.,
et al. (2017). Dietary restriction and AMPK increase lifespan via mitochondrial
network and peroxisome remodeling. Cell Metab. 26, 884–896. doi:10.1016/j.
cmet.2017.09.024

Weisberg, S. P., Mccann, D., Desai, M., Rosenbaum, M., Leibel, R. L., and Ferrante,
A. W. (2003). Obesity is associated with macrophage accumulation in adipose
tissue. J. Clin. Invest. 112, 1796–1808. doi:10.1172/JCI19246
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Żelechowska, P., Agier, J., Kozłowska, E., and Brzezińska-Błaszczyk, E. (2018).
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Adiponectin Attenuates
Lipopolysaccharide-induced
Apoptosis by Regulating the Cx43/
PI3K/AKT Pathway
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Cardiomyocyte apoptosis is a crucial factor leading to myocardial dysfunction. Adiponectin (APN)
has a cardiomyocyte-protective impact. Studies have shown that the connexin43 (Cx43) and
phosphatidylinositol-3-kinase (PI3K)/protein kinase B (AKT) signaling pathways play an important
role in the heart, but whether APN plays a protective role by regulating these pathways is unclear.
Our study aimed to confirm whether APN protects against lipopolysaccharide (LPS)-induced
cardiomyocyte apoptosis and to explore whether it plays an important role through regulating the
Cx43andPI3K/AKTsignalingpathways. In addition, our research aimed to explore the relationship
between theCx43andPI3K/AKTsignalingpathways. In vitroexperiments:BeforeH9c2cellswere
treated with LPS for 24 h, they were pre-treated with APN for 2 h. The cytotoxic effect of APN on
H9c2 cells was evaluated by a CCK-8 assay. The protein levels of Bax, Bcl2, cleaved caspase-3,
cleavedcaspase-9,Cx43,PI3K,p-PI3K,AKTandp-AKTwereevaluatedbyWesternblot analysis,
and the apoptosis rate was evaluated by flow cytometry. APN attenuated the cytotoxicity induced
by LPS. LPS upregulated Bax, cleaved caspase-3 and cleaved caspase-9 and downregulated
Bcl2 in H9c2 cells; however, these effects were attenuated by APN. In addition, LPS upregulated
Cx43 expression, and APN downregulated Cx43 expression and activated the PI3K/AKT
signaling pathway. LPS induced apoptosis and inhibited PI3K/AKT signaling pathway in H9c2
cells, and these effectswere attenuated byGap26 (aCx43 inhibitor). Moreover, the preservation of
APN expression was reversed by LY294002 (a PI3K/AKT signaling pathway inhibitor). In vivo
experiments: In C57BL/6J mice, a sepsis model was established by intraperitoneal injection of
LPS, and APNwas injected into enterocoelia. The protein levels of Bax, Bcl2, cleaved caspase-
3, and Cx43 were evaluated byWestern blot analysis, and immunohistochemistry was used to
detect Cx43 expression and localization inmyocardial tissue. LPSupregulatedBax and cleaved
caspase-3 and downregulated Bcl2 in sepsis; however, these effects were attenuated by APN.
In addition, the expression of Cx43 was upregulated in septic myocardial tissue, and APN
downregulated Cx43 expression in septic myocardial tissue. In conclusion, both in vitro and in
vivo, the data demonstrated that APN can protect against LPS-induced apoptosis during
sepsis by modifying the Cx43 and PI3K/AKT signaling pathways.
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INTRODUCTION

Numerous studies have shown that sepsis is a multiple organ
dysfunction caused by the body’s immune response to microbial
infections. Sepsis is an extremely rapid and deadly disease with
high morbidity and mortality (Merx and Weber, 2007; Sammon
et al., 2015). Sepsis is often accompanied by organ damage and
organ failure. Sepsis-induced myocardial dysfunction (SIMD) is a
common complication in patients with sepsis. Many studies have
shown that approximately 50% of patients with sepsis show signs
of myocardial insufficiency, and the repair of myocardial function
affects the prognosis of patients with sepsis (Poveda-Jaramillo,
2021). Compared with patients without cardiovascular
dysfunction, sepsis patients with myocardial dysfunction have
an increased mortality rate (by 3-fold), and these patients usually
show myocarditis, abnormal contractility, increased interstitial
collagen and mitochondrial damage (Blanco et al., 2008; Alvarez
et al., 2016). Moreover, due to the complexity of myocardial
injury in sepsis, its pathophysiological mechanism is not yet fully
understood. Lipopolysaccharide (LPS), a major endotoxin
derived from Gram-negative bacteria, has been widely used to
induce sepsis myocardial injury models in vivo and in vitro (Luo
et al., 2020). LPS induces cardiac dysfunction and the production
of inflammatory factors (Fallach et al., 2010).

Adiponectin (APN) is widely expressed in myocardial tissues
and has cardioprotective effects in vivo and in vitro (Dong et al.,
2012; Essick Eric et al., 2013; Ghantous et al., 2015) through its
anti-inflammatory and anti-atherosclerotic effects. It can protect
the heart by reducing inflammation and preventing damage
caused by various mediators (Han & Judd Robert, 2018). A
study showed that APN can reduce the secretion of TNF-α
and apoptosis induced by LPS in rat cardiomyocytes (Shibata
et al., 2005). In addition, APN inhibits ROS-induced cardiac
remodeling of rat ventricular myocytes by activating AMPK and
inhibiting ERK signalling and NF-kB activation (Essick et al.,
2011). Connexin43 (Cx43)-mediated gap junctions play a role
increasingly recognized as important in the cardiovascular
system. Cx43 protein abnormalities are associated with a
variety of cardiovascular diseases. In addition, several studies
have reported that Cx43 regulates various cellular activities. Cx43
is related to arrhythmia, ischemia-reperfusion and heart failure-
related apoptosis (Zhang et al., 2017; Ostrakhovitch &
Tabibzadeh, 2019; Yang et al., 2019). Previous research by our
team showed that APN can protect smooth muscle cell apoptosis
induced by CoCl2 by regulating Cx43 (Xiao et al., 2019).
However, whether Cx43 modulates the cardioprotective effect
of APN is currently unclear.

The phosphatidylinositol-3-kinase (PI3K)/protein kinase B
(AKT) pathway is a classical signaling pathway that plays an
important role in regulating cell growth, proliferation, autophagy,
and apoptosis (Hamzehzadeh et al., 2018). Various growth factors
and cytokines activate the PI3K/AKT signaling pathway, which
ultimately phosphorylates AKT. Numerous studies have
demonstrated that activated AKT1 has cardioprotective effects
(Matsui et al., 2001; Matsui et al., 2002; DeBosch et al., 2006).
Several studies have found that AKT2 gene knockout mice have
more severe cardiomyocyte apoptosis than normal mice during

myocardial ischemia, indicating that AKT2 also has a role in
reducing cardiomyocyte apoptosis and protecting the heart
(Roberts et al., 2013). A great deal of research has confirmed
that the PI3K/AKT signalling pathway can decrease
cardiomyocyte apoptosis and protect the heart through a
variety of pathways after activation, but many mechanisms
remain to be elucidated (Yu et al., 2019). Whether APN
protects the myocardium by regulating the PI3K/AKT
signaling pathway and whether Cx43 modulates the PI3K/
AKT signaling pathway are questions worth exploring.

Our study aimed to establish a septic myocardial injury model
to study whether APN preconditioning reduces myocardial injury
in sepsis, to explore whether APN can protect myocardial injury
through the Cx43 and PI3K/AKT signalling pathways and to
investigate the relationship between Cx43 and PI3K/AKT
signalling.

MATERIALS AND METHODS

Experimental Animals
C57BL/6J (age 6–8 W; weight 25 ± 5 g) mice were purchased
from Beijing Weitong Lihua Experimental Animal Technology
(Beijing, China; laboratory animal certificate number: SCXK
(jing), 2016-0006). The mice were fostered in the Animal
Experiment and Breeding Center of Shihezi University. The
entire experiment was carried out in compliance with the
requirements of the Animal Experiment Ethics Committee
of Shihezi University (Animal Use Certificate SCXK (New)
2018-0001). All mice were housed in an environment with
good light and a suitable temperature and humidity. After all
mice were adaptively fed for 1 week, 40 mice were randomly
divided into four groups, with ten in each group: sham
operation (sham group), septic myocardial injury (LPS
group), APN combined with LPS (LPS + APN group) and
APN (APN group). Each mouse was injected intraperitoneally
with 10 mg/kg LPS to establish the septic myocardial injury
model. In the sham group, the same amount of normal saline
was injected intraperitoneally. Mice in the LPS + APN group
were injected intraperitoneally with 6 mg/kg APN 12 h before
LPS injection, and mice in the APN group were injected with
6 mg/kg APN. After 12 h, the mice were sacrificed and used for
experiments.

Cell Culture
H9c2 cells were purchased from The Shanghai Institute of
Biological Sciences, Chinese Academy of Sciences. This cell
line is currently used for screening molecular mechanisms
in vitro. H9c2 cells were cultured in 10% FBS (Gibco,
Carlsbad, CA, USA) and DMEM (Gibco, Thermo Fisher
Scientific, Inc.). The control group did not undergo any
processing. APN (PeproTech, Rocky Hill, NJ, United States)
was added at three concentrations (0.5, 1 and 2 μg/ml) for 2 h,
and 1 μg/ml LPS (Sigma, USA) was then added for 24 h. In
addition, the Cx43 inhibitor Gap26 (APExBIO Technology LLC,
0.5 μmol/L, 30 min) was added to the preconditioned cells before
LPS treatment. The cells were also pre-treated with LY294002 at a
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concentration of 10 μM for 1 h and then treated with 2 μg/ml
APN for 2 h before treatment with LPS for 24 h.

Cell Viability Assay
Cell viability was estimated by a CCK-8 assay (MultiSciences Lianke
Biotech Co., Ltd. Hangzhou). H9c2 cells were cultured in 96-well plates
with 1 × 104 cells/well, pre-treated with APN (0.5, 1 and 2 μg/ml) for
2 h, and then incubated with LPS at 37°C for 24 h. After 24 h, 10 μl of
the CCK-8 solution was added to each well, and the cells were cultured
in an incubator at 37°C for 2 h. The absorbance was measured at
450 nm using enzyme labelling (BioTek Instruments, Inc.).

Flow Cytometry
The Annexin V-fluorescein isothiocyanate/propidium iodide
apoptosis kit (MultiSciences Lianke Biotech Co., Ltd. Hangzhou,
China) was used to detect apoptosis. First, H9c2 cells were seeded at
a quantity of 1 × 106 cells/ml in a six-well plate. After each groupwas
treated according to the experimental protocol, the cells were
detached with 0.25% trypsin, gently triturated, and then washed
with PBS after centrifugation. Additionally, the H9c2 cells were
combined with Annexin V-FITC, PI and 1× buffer, and the solution
was fully mixed and incubated in a dark room at 4°C for 30 min.
Quantitative analysis of apoptotic cells was performed by flow
cytometry (Becton, Dickinson and Company).

Western Blot
Treated cells and myocardial tissue were lyzed on ice for at least
15 min. Total protein lysates were collected in 1.5 ml EP tubes,
and the protein concentration was determined by the BCA
method. Samples with equivalent amounts of protein were
separated by SDS-PAGE in 5 × loading buffer. The separated
proteins were transferred to PVDF membranes (EMDMillipore),
which were subsequently blocked at room temperature with 5%
skim milk or 5% BSA for 2 h. The proteins were incubated with
antibodies specific for the following proteins overnight in a 4°C
shaker: Cx43 (1:1000, Abcam), Bax (1:1000, Abcam), β-actin (1:
1000, Beijing Fir Jinqiao Biotechnology), GAPDH (1:1000,
Abcam), Bcl2 (1:1000, Abcam), caspase-3 (1:1000, Abcam),
caspase-9 (1:1000, Abcam), p-PI3K (1:1000, CST), PI3K (1:
1000, Proteintech), p-AKT (1:1000, Proteintech), and AKT (1:
1000, Bioworld). Then, the samples were incubated at room
temperature for 2 h with the corresponding secondary
antibody. The membranes were washed with TBST for 5 min
three times, incubated with ECL reagent (GE Healthcare Life
Sciences, United Kingdom) and developed. Quantity One
software (Bio-Rad, Hercules, CA, United States) was used to
analyse the collected images.

Immunofluorescence
H9c2 cells were evenly distributed in a six-well plate with aseptic
slides at a density of 3 × 105 cells/ml. After 24 h, the treated cells
were removed and discarded from the culture medium, washed
with preheated PBS at 37°C 3 times, and then fixed with
rewarmed 40 g/L paraformaldehyde for 10 min. The H9c2 cells
were washed with PBS and permeabilized with Triton X-100 for
3 min. Then, the cells were washed with PBS 3 times and
incubated with 5% BSA (Sigma-Aldrich, United States) at

37 °C for 30 min. The cells were again washed with PBS 3
times, 100 μL of the primary antibody [(Cx43 (1:100, Abcam)]
was added, and the cells were placed in a 4°C wet box overnight.
The following day, the cells were washed with PBS 3 times, and
the corresponding secondary antibody was added to the wells for
incubation at 37°C for 2 h. Subsequently, the cells were washed
with PBS three times, the nuclei were stained with DAPI (Solarbio
Science and Technology Co., Beijing, China) for 15 min, and the
cells were again washed with PBS 3 times. A confocal microscope
(Zeiss LSM 510 META, Carl Zeiss AG, Germany) was used to
acquire images. Image-Pro Plus 6.0 software (Media Cybernetics,
Rockville, MD, United States) was used for semiquantitative
analysis of protein expression.

Hematoxylin-Eosin Staining
The myocardial tissue of each group was placed in 10% formalin
overnight and was then dehydrated and embedded in paraffin.
According to the instruction manual, the sections were immersed
in a concentration gradient of xylene, ethanol and hematoxylin
and sealed with neutral gum. An optical microscope (BX51;
Olympus, 400×) was used to observe the morphology of
cardiomyocytes, cardiac matrix and myofilaments.

Immunohistochemical Staining
Myocardial tissues were baked at 60°C for 2 h. The tissues were
dewaxed and dehydrated with xylene and ethanol, washed with
water, repaired with sodium citrate, and incubated with 3%
hydrogen peroxide to inhibit the activity of endogenous
peroxidase. Then, the tissues were incubated with 5% BSA at
37°C for 1 h. Then, 100 μL of the primary antibody [(Cx43 (1:100,
Abcam)] was added, and the tissues were placed in a 4°C wet box
overnight. The next day, the corresponding secondary antibody
was added to the tissues for incubation at 37°C for 1 h. Signals
were developed by using diaminobenzidine as a substrate for
2 min. Six samples were randomly selected from each group, and
5 fields of view were randomly selected from each sample. Images
were then acquired under an optical microscope (400×).

Statistical Analysis
The statistical software SPSS20.0 (IBM Corp.) and GraphPad
prism 8.0 (GraphPad Software, La Jolla, CA, United States) were
used to analyse the results. The values were expressed as the
means ± standard errors, and one-way analysis of variance
(ANOVA) and the t-test were used to analyse the differences
among groups. p < 0.05 indicates a significant difference.

RESULTS

APN Attenuated the Cytotoxicity Induced by
LPS and Reversed LPS-Induced Apoptosis
in H9c2 Rat Cardiomyocytes
The H9c2 cells were pre-treated with three concentrations of
APN (0.5, 1 and 2 μg/ml) for 2 h and were then treated with LPS
to observe the effect of APN on cardiomyocyte toxicity induced
by LPS. The Figure 1A shows that 1 and 2 μg/ml APN had clear
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protective effects. However, 2 μg/ml APN alone did not affect cell
viability (Supplementary the Supplementary Figure S1). In
subsequent experiments, 1 μg/ml LPS for 24 h and 2 μg/ml
APN for 2 h were used to study the signaling pathways
involved in the protection of cardiomyocytes from LPS-
induced injury. Cellular morphology was observed by
microscopy. As shown in the Figure 1B, cells exposed to LPS
for 24 h exhibited disordered cell alignment and extensive cell
shrinkage; however, the state of the cells in the co-treatment
group was significantly improved. These results suggest that APN
attenuates the cytotoxicity of H9c2 cells induced by LPS.
Compared with the control group, The LPS downregulated
Bcl2 expression and upregulated cleaved caspase-3, Bax, and
cleaved caspase-9 expression. The APN reversed these effects

in a concentration-dependent manner (the Figures 1C–G). We
then performed apoptosis analysis with Annexin V/PI to
determine the apoptosis rate. The Q2 region shows late
apoptosis, while the Q3 region shows early apoptosis. As
presented in the Figures 1H,I, exposure to 1 μg/ml LPS
significantly increased the apoptosis rate of H9c2 cells, which
was reduced by APN pre-treatment.

APN Downregulated Cx43 Expression and
Activated the PI3K/AKT Signaling Pathway
in H9c2 Rat Cardiomyocytes
The Figures 2A,B shows that LPS upregulated the expression of
Cx43, while APN reversed these effects. However, the group

FIGURE 1 | The effects of APN on LPS-induced H9c2 cytotoxicity; cardiomyocyte apoptosis; and Bcl2, Bax, cleaved caspase-3 and cleaved caspase-9
expression in H9c2 cells. (A) APN can reduce LPS-induced cytotoxicity. The cells were pre-treated with three concentrations of APN (0.5, 1 and 2 μg/ml) for two hours to
assess the preservation function of APN on H9c2 cytotoxicity induced by LPS. (B) Cell morphology was observed under an inverted microscope (magnification, ×40).
The CCK-8 assay was used to determine cell viability. (C) LPS downregulated Bcl2 and upregulated Bax, cleaved caspase-3 and cleaved caspase-9 in H9c2 cells,
but these effects were attenuated by APN. (D–G) Quantification of Bax, Bcl2, cleaved caspase-3 and cleaved caspase-9 expression. (H) The apoptosis rate after
treatment with APN and LPS. (I) Statistical analysis of the apoptosis rate (*p < 0.05, **p < 0.01, ***p < 0.001 vs. control; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. the LPS
group. The data are shown as the means ± SEs (n � 6)).
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treated with APN alone showed no difference in Cx43 expression
(Supplementary the Supplementary Figure S2). The
immunofluorescence results in the Figures 2C,D show that Cx43
was distributed in the cytoplasm and nucleus. The fluorescence
intensity of Cx43 in the LPS group was higher than that in the APN
pre-treatment group. This result was consistent with the Western
blot analysis results. The Figures 2E–G shows that the p-PI3K and
p-AKT protein levels were increased after treatment with 2 μg/ml
APN.We previously showed that the PI3K/AKT pathway and Cx43
participate in the protective effect of APN against LPS-induced
apoptosis in H9c2 cells.

Gap26 Reversed LPS-Induced Apoptosis
and Activated the PI3K/AKT Signaling
Pathway in H9c2 Rat Cardiomyocytes
The H9c2 cells were pre-treated with the Cx43 inhibitor Gap26 at
37°C for 30 min prior to 1 μg/ml LPS treatment for 24 h. The LPS

downregulated Bcl2 and upregulated Bax, cleaved caspase-3 and
cleaved caspase-9; however, the Gap26 reversed these effects (the
Figures 3A–E). The flow cytometry results demonstrated that
pre-treatment with Gap26 (0.5 μmol/L for 30 min) significantly
changed the percentage of apoptotic H9c2 cells treated with LPS
(the Figures 3F,G). The Gap26 alone did not reduce the number
of apoptotic cells. Moreover, the Western blot analysis results
showed that the p-PI3K and p-AKT protein levels were inhibited
by LPS, these effects were attenuated by Gap26 (the
Figures 3H–J).

PI3K/AKT Pathway Inhibition Altered the
Effect of APN on LPS-Induced Apoptosis in
H9c2 Rat Cardiomyocytes
We sought to determine whether LY294002 reverses the
protective effect of APN against LPS-induced apoptosis. Pre-
treatment with 10 μM LY294002 for 1 h significantly reversed the

FIGURE 2 | APN downregulates Cx43 expression and activates the PI3K/AKT signaling pathway. (A) The effects of LPS and APN on Cx43. (B) Statistical analysis
of Cx43. (C) Fluorescence intensity of Cx43 after treatment with LPS and APN. Scale bar: 50 μm (D) Quantitative analysis of the relative fluorescence intensity of Cx43.
(E) The effects of LPS and APN on PI3K, p-PI3K, AKT, and p-AKT proteins. (F–G) Quantification of p-PI3K/PI3K and p-AKT/AKT levels (*P< 0.05, **P< 0.01 vs. control;
#p < 0.05, ##p < 0.01 vs. the LPS group. The data are shown as the means ± SEs (n � 6)).
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protective effect of APN, as demonstrated by the
downregulation of Bax, cleaved caspase-3 and cleaved
caspase-9 and the upregulation of Bcl2 protein expression
(the Figures 4A–E). In conclusion, the PI3K/AKT pathway
can participate in the protective function of APN against H9c2
cell apoptosis.

APN Attenuated Sepsis Myocardial Injury
and Downregulated Cx43 Expression in
Septic Mice
We explored whether APN can protect against myocardial
damage in septic mice. The haematoxylin and eosin staining
was performed on myocardial tissue to observe differences in the
four groups of myocardial tissues. The myocardial fibres were
arranged neatly, the cytoplasm was rich and uniform, the
intercellular space was normal, the boundary was clear, and
there were no pathological changes in the sham group. In the
LPS group, inflammatory cell infiltration was observed,

accompanied by myocardial cell necrosis. In the LPS + APN
group, myocardial cell necrosis was ameliorated, the number of
myocardial fibres was increased, and myocardial damage and
inflammatory cell infiltration were reduced. In addition, there
were no significant changes in the APN group (the Figure 5A). In
addition, Bax and cleaved caspase-3 were upregulated in the LPS
group, and Bcl2 was downregulated in the LPS group; however,
APN reversed these effects (the Figures 5B–E). Next, we further
explored whether Cx43 is involved in the protective role of APN
against myocardial damage in septic mice. Cx43 was upregulated
in septic mice, while APN downregulated the expression of Cx43
(the Figures 5F–H).

DISCUSSION

Overall, our study indicates that APN protects against LPS-
induced cardiomyocyte apoptosis. In addition, the data
showed that APN activates the PI3K/AKT signaling pathway
and downregulates the expression of Cx43. PI3K/AKT pathway
inhibition altered the inhibitory effect of APN on LPS-induced
apoptosis in H9c2 cells. The Cx43 selective inhibitor Gap26
reversed LPS-induced apoptosis and activated PI3K/AKT
signaling pathway inhibited by LPS. In addition, in septic
mice, APN protected the myocardium against sepsis-related
damage by upregulating Cx43. Therefore, this study provides
proof of concept that APN attenuates LPS-induced apoptosis by
regulating the Cx43/PI3K/AKT pathway.

Sepsis has a rapid onset, abrupt development, and a high
mortality rate. Accumulating evidence has shown that most
patients with septic shock suffer from myocardial depression
(Xu et al., 2020). LPS treatment mimics the pathological
characteristics of myocardial infarction patients, such as
myocardial morphology and function (Sánchez-Villamil
et al., 2016; Shrestha et al., 2017). LPS is often used to
induce myocardial injury. Some research has suggested that
LPS can activate the apoptotic signaling pathway in
cardiomyocytes (Wu et al., 2017; Xu et al., 2018; Zhang
et al., 2020). Our study used an LPS-induced endotoxaemic
heart injury model in H9c2 rat cardiomyocytes and C57BL/6J
mice. Tan et al. found that LPS induced AC16 cell apoptosis
(Tan et al., 2019). Herein, we showed that in H9c2 cells LPS
(1 μg/ml) reduced cell viability; upregulated the levels of Bax,
cleaved caspase-3 and cleaved caspase-9; and downregulated
Bcl2 expression. In addition, the data showed that Bax and
cleaved caspase-3 were upregulated and Bcl2 downregulated in
septic mice.

APN, an endogenous bioactive polypeptide or protein
secreted by adipocytes, is a high molecular weight (HMW)
APN. Previous studies have shown that APN may have
cardioprotective effects (Wang H. et al., 2020). In this
study, pre-treatment with three concentrations of APN (0.5,
1, and 2 μg/ml) reversed the decrease in cell viability caused by
LPS. Our results therefore show that APN protects against
cardiotoxicity caused by LPS. Xiao et al. reported that APN
reversed CoCl2-induced apoptosis in SMCs (Xiao et al., 2019).
Thus, our results are consistent with those previously reported.

FIGURE 3 | Gap26 reverses LPS-induced apoptosis and activates the
PI3K/AKT signalling pathway. (A) The effects of LPS and Gap26 on Bax, Bcl2,
cleaved caspase-3 and cleaved caspase-9 protein levels. (B–E) Statistical
analysis. (F) The rate of apoptosis after treatment with Gap26 and LPS.
(G) Statistical analysis. (H) The effects of LPS and Gap26 on PI3K, p-PI3K,
AKT, and p-AKT proteins. (I–J) Statistical analysis (*p < 0.05, **p < 0.01 vs.
control, #p < 0.05, ##p < 0.01 vs. the LPS group. The data are shown as the
means ± SEs (n � 6)).
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We also found that APN can protect against myocardial injury
in septic mice.

Next, we explored the potential mechanism by which APN
protects against myocardial injury induced by LPS. Apoptotic
proteins are downstream effectors of Akt. Recently, data have
shown that PI3K/AKT pathway activation inhibits
cardiomyocyte apoptosis. Furthermore, PI3K/AKT signaling
pathway activation may delay the progression of heart failure
(Takatani et al., 2004). Shang X et al. found that resveratrol
activated the PI3K/AKT signalling pathway and inhibited the NF-
κB signaling pathway and related inflammatory factors in
myocardial injury in septic rats (Shang et al., 2019). Chang JH
et al. reported that PI3K/AKT signaling pathway activation
protected against cardiomyocyte injury during ischemia-
reperfusion in diabetic rats (Chang et al., 2020). We found
that APN increased the levels of phosphorylated PI3K and
AKT. Moreover, APN reversed the decrease in PI3K and AKT
phosphorylation induced by LPS, which indicates that APN can
activate the PI3K/AKT pathway in H9c2 cells. These findings are
in accordance with the previous observation that APN
upregulated the PI3K/AKT pathway in a myocardial post-
ischaemic injury model (Wang et al., 2013). In addition, we
used LY294002 to evaluate the effect of the PI3K/AKT
pathway on the function of APN against LPS-induced
apoptosis in H9c2 rat cardiomyocytes. The results showed that
LY294002 reversed the protective effects of APN on LPS-induced
apoptosis in H9c2 cells, as demonstrated by upregulation of Bax,
cleaved caspase-3, and cleaved caspase-9 and downregulation of

Bcl2. Wei et al. found that APN protects H9c2 cells against
palmitic acid-induced apoptosis through the Akt signalling
pathway (Dong et al., 2012). These data are consistent with
our findings. Here, we examined whether the PI3K/AKT
signaling pathway plays an important role in the APN-
mediated protection of H9c2 cells.

Gap junctions are membrane channel structures that exist
between adjacent cells, mediate the transmission of information
between cells and have important biological functions (Pieperhoff
and Franke, 2007). Cx43 is a major gap junction protein in
mammalian ventricular myocytes. Allen et al. (Allen, 1992) found
that in various heart diseases such as hypertrophic
cardiomyopathy, heart failure and ischemic cardiomyopathy,
the distribution and expression of Cx43 are altered. Cx43
plays a significant role in cell growth, proliferation and
apoptosis. Recently, a study showed that Cx43 gene knockout
or accelerated degradation protected astrocytes from apoptosis
under ischemic stress (Wang X. et al., 2020). Ma JW et al. found
that Cx43 inhibition attenuated oxidative stress and apoptosis in
HUVECs (Ma et al., 2020). In our study, inhibiting Cx43
attenuated LPS-induced apoptosis. After treatment with LPS,
the expression of Cx43 was reduced, and apoptosis gradually
increased in H9c2 cells and septic mice. Different concentrations
of APN downregulated Cx43 expression. Therefore, Cx43 also
plays a key role in APN-mediated protection against myocardial
injury in sepsis. Moreover, we found that Gap26 activated the
PI3K/AKT signaling pathway. A recent study showed that
disruption of Cx43 also enhanced the phosphorylation of Akt

FIGURE 4 |PI3K/AKT pathway inhibition alters the effect of APN on LPS-induced apoptosis in H9c2 cells. (A) The effects of APN, LY294002 and LPS on Bax, Bcl2,
cleaved caspase-3 and cleaved caspase-9 protein levels. (B–E) Statistical analysis. (*p < 0.05, **p < 0.01 vs. control; #p < 0.05, ##p < 0.01 vs. the LPS group; &p < 0.05,
&&p < 0.01 vs. the LPS + APN group. The data are shown as the means ± SEs (n � 6)).
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(Wang Y. et al., 2020). This finding is consistent with our results.
Our study showed that APN can protect against myocardial
injury through the Cx43 and PI3K/AKT signaling pathways.
Interestingly, a study found that treatment with a PI3K
inhibitor (LY294002) reduced the expression of Cx43 in
diabetes models (Bi et al., 2017). Therefore, our follow-up
experiments will continue to explore whether changes in the
PI3K/AKT signaling pathway related to APN-mediated
protection against myocardial injury cause changes in Cx43
expression. In addition, we will continue to explore Cx43
phosphorylation in future research.

CONCLUSION

Our study demonstrates that APN protects against LPS-induced
injury by regulating Cx43 expression and activating the PI3K/
AKT signaling pathway. These results suggest that APN may be
an effective treatment for cardiovascular disease.
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Apelin Does Not Impair Coronary
Artery Relaxation Mediated by Nitric
Oxide-Induced Activation of BKCa
Channels
Amreen Mughal†, Chengwen Sun and Stephen T. O’Rourke*

Department of Pharmaceutical Sciences, North Dakota State University, Fargo, ND, United States

Apelin-APJ receptor signaling regulates vascular tone in cerebral and peripheral arteries.
We recently reported that apelin inhibits BKCa channel function in cerebral arteries,
resulting in impaired endothelium-dependent relaxations. In contrast, apelin causes
endothelium-dependent relaxation of coronary arteries. However, the effects of apelin
on BKCa channel function in coronary arterial myocytes have not yet been explored. We
hypothesized that apelin-APJ receptor signaling does not have an inhibitory effect on
coronary arterial BKCa channels and hence does not alter nitric oxide (NO)-dependent
relaxation of coronary arteries. Patch clamp recording was used to measure whole cell K+

currents in freshly isolated coronary smooth muscle cells. Apelin had no effect on the
increases in current density in response to membrane depolarization or to NS1619 (a BKCa

channel opener). Moreover, apelin did not inhibit NO/cGMP-dependent relaxations that
required activation of BKCa channels in isolated coronary arteries. Apelin-APJ receptor
signaling caused a marked increase in intracellular Ca2+ levels in coronary arterial smooth
muscle cells, but failed to activate PI3-kinase to increase phosphorylation of Akt protein.
Collectively, these data provide mechanistic evidence that apelin has no inhibitory effects
on BKCa channel function in coronary arteries. The lack of inhibitory effect on BKCa

channels makes it unlikely that activation of APJ receptors in coronary arteries would
adversely affect coronary flow by creating a vasoconstrictive environment. It can be
expected that apelin or other APJ receptor agonists in development will not interfere
with the vasodilator effects of endogenous BKCa channel openers.

Keywords: apelin, coronary artery, nitric oxide, vasorelaxation, BKCa channels

INTRODUCTION

Apelin is a vasoactive peptide found in many organs and tissues including, for example, adipose
tissue (Boucher et al., 2005), atria (Földes et al., 2003), blood vessels (Kleinz and Davenport, 2004),
lungs, kidneys, brain (Folino et al., 2015; Yan et al., 2020). Apelin acts via binding to G-protein-
coupled-receptors known as APJ receptors, which are widely expressed throughout the
cardiovascular system (Katugampola et al., 2001; Kleinz et al., 2005; Pitkin et al., 2010; Luo
et al., 2018). An increasing body of evidence indicates that the apelin-APJ receptor signaling
system regulates vascular function in mammalian arteries and veins (Gurzu et al., 2006; Jia et al.,
2007; Salcedo et al., 2007; Wang et al., 2016; Nagano et al., 2019), including those from humans
(Katugampola et al., 2001; Kleinz and Davenport, 2004; Maguire et al., 2009; Schinzari et al., 2017).
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Based on their generally favorable hemodynamic properties,
apelin and apelin-based mimetics are currently in development
for the treatment of several cardiovascular disorders, including
heart failure, pulmonary hypertension, and ischemia/reperfusion
injury (Wang et al., 2013; Brame et al., 2015; Gerbier et al., 2017;
Mughal and O’Rourke, 2018).

BKCa channels play a central role in maintaining membrane
potential and excitability in vascular smooth muscle cells
(Tykocki et al., 2017; Dopico et al., 2018). Opening of BKCa

channels leads to efflux of potassium ions, cell membrane
hyperpolarization, and smooth muscle relaxation (Brayden and
Nelson, 1992; Nelson and Quayle, 1995). Several endogenous
vasodilator molecules, including NO and certain hyperpolarizing
factors released from endothelial cells, exert their smooth muscle
relaxant effects by targeting BKCa channels (Bolotina et al., 1994;
Campbell et al., 1996; Mistry and Garland, 1998; Earley et al.,
2005; Zhang et al., 2012). Similarly, pharmacologic agents that
increase BKCa channel opening cause vascular smooth muscle
relaxation and vasodilation (Ghatta et al., 2006; Jackson, 2017).
By contrast, substances that interfere with BKCa channel opening
create an environment that favors vasoconstriction (Tang et al.,
2017; Dogan et al., 2019). Thus, modulation of BKCa channel
activity is a critical mechanism for regulating blood vessel
diameter and flow.

It is widely recognized that the effects of vasoactive agents may
vary depending on the anatomic location of the blood vessel
under investigation and/or the experimental conditions. Previous
work from our laboratory demonstrates that APJ receptors are
expressed in coronary and cerebral arteries (Mughal et al., 2018a;
Mughal et al., 2018b). In coronary arteries, apelin acts on
endothelial APJ receptors to cause nitric oxide (NO) release
and endothelium-dependent relaxation (Mughal et al., 2018a).
By contrast, apelin causes neither vasoconstriction nor
vasorelaxation in cerebral arteries, despite the presence of APJ
receptors on both endothelial cells and myocytes (Mughal et al.,
2018b). However, activation of cerebral arterial smooth muscle
APJ receptors by apelin inhibits BKCa channel function, thereby
impairing arterial relaxation induced by NO and an endothelium-
dependent hyperpolarization (EDH) pathway (Mughal et al.,
2018b; Mughal et al., 2020).

Direct effects of apelin on BKCa channels in coronary arterial
smooth muscle cells, and on the functional response to
endogenous mediators that act via BKCa channel activation,
are presently unknown. Thus, the present study was designed
to increase our understanding of the apelin-APJ receptor
signaling pathway in coronary arteries. Here, we tested the
hypothesis that apelin-APJ receptor signaling does not have an
inhibitory effect on coronary arterial BKCa channels and hence
does not alter nitric oxide (NO)-dependent relaxation of coronary
arteries.

MATERIALS AND METHODS

Animals and Tissue Preparation
Twelve-week-old male Sprague-Dawley rats were used for all
experiments (Envigo RMS, Indianapolis, IN, United States). Rats

were housed at 22 ± 2°C (32% humidity) on a 12–12 h light-dark
cycle and provided with food and water ad libitum. All animal
protocols were approved by the North Dakota State University
Institutional Animal Care and Use Committee. Rat hearts were
isolated from animals anesthetized with isoflurane and placed
into ice-cold physiological salt solution (PSS). Both left and right
epicardial coronary arteries and associated branches were
dissected and cleaned of surrounding tissues.

Smooth Muscle Cell Isolation
Smooth muscle cells were isolated by enzymatic digestion as
described previously (Mughal et al., 2018b). Briefly, cell isolation
was performed in isolation solution of the following composition
(in mM): 60 NaCl, 80 Na-glutamate, 5 KCl, 2 MgCl2, 10 glucose,
and 10 HEPES (pH 7.2). Arterial segments were first incubated in
1.2 mg/ml papain (Worthington, Lakewood, NJ, United States)
and 2.0 mg/ml dithioerythritol (Sigma Aldrich, St. Louis, MO,
United States) for 17 min at 37°C, and then in 0.8 mg/ml type II
collagenase (Worthington) for 12 min at 37°C. After digestion,
the segments were washed with ice-cold isolation solution and
triturated with a glass pipette to liberate single smooth muscle
cells. Isolated cells were kept on ice and were used within 6–8 h
following isolation for electrophysiology.

Electrophysiological Recording
Freshly isolated arterial myocytes were placed into a recording
chamber (Warner Instruments, Hamden, CT, United States) and
whole cell current recordings were performed using our
previously described protocol (Mughal et al., 2018a). Briefly,
cells were perfused with a bath solution containing (in mM)
145 NaCl, 5.4 KCl, 1.8 CaCl2, 1 MgCl2, 5 HEPES, 10 glucose; pH
7.4 (NaOH). The internal pipette solution contained (in mM) 145
KCl, 5 NaCl, 0.37 CaCl2 (estimated free Ca2+ � 172 nM), 2MgCl2,
10 HEPES, 1 EGTA, 7.5 glucose; pH 7.2 (KOH). Whole cell K+

currents were recorded at the room temperature (25°C) by
stepping in 10 mV increments from a holding potential of −60
to +80 mV using an AxoPatch 200B amplifier equipped with an
Axon CV 203BU headstage (Molecular Devices). The patch
electrodes (3–4 MΩ) were pulled from 1.5 mm borosilicate
glass capillaries. Voltage-activated currents were filtered at
2 kHz and digitized at 10 kHz, and capacitative and leakage
currents were subtracted digitally. Series resistance and total
cell capacitance were calculated from uncompensated
capacitive transients in response to 10 ms hyperpolarizing step
pulses (5 mV) or obtained by adjusting series resistance and
whole-cell capacitance using the Axopatch 200B amplifier
control system. All drugs were diluted in fresh bath solution
and perfused into the experimental chamber. Data were collected
and analyzed with pCLAMP 10.0 software (Molecular Devices,
Sunnyvale, CA, United States). All currents were expressed as
current density (current at the end of each voltage step divided by
cell membrane capacitance).

Vascular Function Studies
Coronary arterial segments (120–150 μm; 1.2 mm in length) were
suspended in wire myograph chambers (DMT, Aarhus,
Denmark) for isometric tension recording, as described
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previously (Mughal et al., 2018a). Briefly, the tissues were bathed
in physiologic salt solution (PSS) of the following composition
[(in mM): 119 NaCl, 15 NaHCO3, 4.6 KCl, 1.2 MgCl2, 1.2
NaH2PO4, 1.5 CaCl2 and 5.5 glucose] at 37°C. Vessel reactivity
was confirmed using KCl (60 mM) and presence of endothelium
was tested using the endothelium-dependent vasodilator,
acetylcholine (ACh; 10−6 M). Vessels that showed >90%
relaxation to ACh were considered endothelium-intact vessels.
Responses to the vasodilators used in this study were obtained in
arterial rings contracted with 5-hydroxytryptamine (5-HT;
10−7 M) to a sub-maximal level [∼30% of maximum
contraction induced by KCl (60 mM)]. Paired experiments
with inhibitors were performed in control rings isolated from
the same animals.

Intracellular Ca2+ Imaging
Smooth muscle cells were plated in eight-well borosilicate cover
glass chambers (ThermoFisher Scientific, Waltham, MA,
United States) and allowed to adhere to the glass surface (at
37°C) in endothelial growth media with 5% FBS (Promocells,
Heidelberg, Germany) for 60 min. After incubation, cells were
thoroughly washed with Hanks’ balanced salt solution and
incubated for 60 min with fluo-4 AM (5 μM). At the end of
incubation, cells were washed again and perfused with Hanks’
balanced salt solution. Real-time Ca2+ imaging was performed
using a Zeiss confocal laser-scanning microscope (Carl Zeiss,
Germany) equipped with a 40× numerical aperture oil
immersion lens (with excitation at 488 nm and emission at
515 nm). All experiments were carried out at room temperature
in Hanks’ balanced salt solution within 6–8 h following
isolation. The effect of apelin (10−7 M) on intracellular Ca2+

levels, in the absence and presence of the APJ receptor
antagonist (Lee et al., 2005), F13A (10−7 M × 5 min), was
determined in paired experiments. Smooth muscle cells were
freshly isolated from three animals (each animal on different
day) and three to four cells were analyzed for each treatment
from each animal.

Western Immunoblotting
Protein expression was performed according to our previously
published method for coronary arteries with minor modification
(Mughal et al., 2018a). Briefly, isolated coronary arteries were
treated with apelin (10−7 M) for different durations (5, 10, 15 and
30 min) at 37°C. Then arterial segments were snap frozen and
protein was isolated. Protein estimation was performed using a
Pierce BCA protein estimation kit (ThermoFisher Scientific,
Waltham, MA, United States). Aliquots of supernatant
containing equal amounts of protein (40 μg) were separated on
7.5–10% polyacrylamide gel by SDS-PAGE, and electroblotted
onto a PVDF membrane (Bio-Rad Laboratories, Hercules, CA,
United States). Blots were blocked with 5% nonfat dry milk in
Tris-buffered saline (TBS, pH 7.4) and incubated with primary
antibodies, followed by secondary antibody linked to horseradish
peroxidase (1:100; Cell Signaling). The blots were first probed
with Akt antibody (1:500 dilution; Cell Signaling, Denver, MA,
United States), followed by chemical stripping and reprobing
with phospho-Akt (p-Akt) antibody (1:500 dilution; Cell

Signaling, Denver, MA, United States). To ensure equal
loading, the blots were probed for β-actin using an anti-actin
antibody (1:500; Santa Cruz Biotechnology Inc.). Immuno-
detection was performed using an enhanced chemiluminescence
light detection kit (ThermoFisher Scientific).

Drugs
The following drugs were used: acetylcholine (ACh),
diethylamine NONOate (DEA NONOate), 5-HT, and NS1619
(Sigma Chemical, St. Louis, MO, United States); iberiotoxin
(IBTx) and eight-Bromo-cGMP (8-Br-cGMP) (Tocris,
Ellisville, MO); apelin-13 and F13A (H-Gln-Arg-Pro-Arg-Leu-
Ser-His-Lys-Gly-Pro-Met-Pro-Ala-OH trifluoroacetate salt)
(Bachem, Torrance, CA, United States). Drug solutions were
prepared fresh daily, kept on ice, and protected from light until
used. All drugs were dissolved initially in double-distilled
water. Drugs were added to the myograph chambers in
volumes not greater than 0.02 ml. Drug concentrations are
reported as final molar concentrations in the myograph
chamber.

Data Analysis
Relaxation responses are expressed as a percent of the initial
tension induced by 5-HT (10−7 M). EC50 values (drug
concentration that produced 50% of its own maximal
response) were determined, converted to their negative
logarithm, and expressed as -log molar EC50 (pD2). For Ca2+

imaging studies, the amplitude of Fluo-4 AM fluorescence was
calculated by peak fluorescence intensity (F) divided by baseline
intensity (F0). Results are expressed as means ± SEM, and n refers
to the number of animals from which blood vessels and/or
smooth muscle cells were taken, unless otherwise stated. All
data sets were tested for normal distribution using the
Shapiro–Wilk test. Values were compared by Student’s t-test
or one-way ANOVA using Tukey’s test as post-hoc analysis
for paired or unpaired parametric distributed observations, as
appropriate, to determine significance between groups. Mann-
Whitney test was applied for non-parametric distributed
observations. Values were considered significantly different
when p < 0.05.

RESULTS

Electrophysiology Studies (Whole Cell K+

Currents)
Whole cell K+ currents were recorded in freshly isolated smooth
muscle cells from coronary arteries. Superfusion of apelin
(10−7 M, 5 min) had no inhibitory effect on whole cell K+

currents, but addition of the selective BKCa channel blocker,
iberiotoxin (10−7 M, 5 min), significantly reduced the current
density (Figure 1). Incubation of coronary myocytes with
NS1619 (10−5 M, 3 min), a selective BKCa channel opener,
caused a significant increase in the current density (Figures
2A,D). The NS1619-induced increase in current density was
markedly attenuated by iberiotoxin (Figures 2B,E), whereas
apelin had no inhibitory effect (Figures 2C,F).

Frontiers in Pharmacology | www.frontiersin.org May 2021 | Volume 12 | Article 6790053

Mughal et al. Apelin and Coronary Arteries

108

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Vascular Relaxation Studies (NO/
cGMP-Induced Relaxation)
In coronary arterial segments contracted with five-HT (10−7 M),
the NO donor, DEA NONOate (DEA, 10−9 − 3 × 10−5 M), caused
concentration-dependent relaxation (Figure 3). Iberiotoxin
(10−7 M) caused a significant rightward shift in the DEA
concentration-response curve (Figure 3A); however, DEA-
induced relaxations were unaffected in the presence of apelin
(10−7 M) [pD2 � 6.38 ± 0.20 vs. 6.15 ± 0.28 in the absence and
presence of apelin, respectively; p > 0.05 (n � 5)] (Figure 3B).
Similarly, relaxations induced by acetylcholine (10−9 − 3 ×
10−6 M), an endothelium-dependent vasodilator that acts via
NO release from endothelial cells, were significantly inhibited
by iberiotoxin (Figure 3C), but not by apelin [pD2 � 7.16 ± 0.17
vs. 7.38 ± 0.30 in the absence and presence of apelin, respectively;

p > 0.05 (n � 6)] (Figure 3D). The stable cGMP analog, 8-Bromo-
cGMP [8-Br-cGMP (10−9 – 10−4 M)], also caused concentration-
dependent relaxation of isolated coronary arteries. The response
to 8-Br-cGMP was significantly attenuated in the presence of
iberiotoxin (Figure 3E), but not apelin [pD2 � 5.25 ± 0.16 vs.
5.41 ± 0.44 in the absence and presence of apelin, respectively; p >
0.05 (n � 4)] (Figure 3F).

Intracellular Signaling Studies (Cai
2+ and PI3

Kinase Activity)
The functional status of coronary smooth muscle APJ receptors
was assessed using intracellular calcium imaging. Apelin (10-7 M)
caused a robust increase in intracellular Ca2+ levels in freshly
isolated smoothmuscle cells (Figures 4A–C). The apelin-induced
rise in intracellular Ca2+ was comparable to that observed by

FIGURE 1 | Effect of apelin on whole cell K+ currents in coronary arterial myocytes. Whole cell K+ currents were recorded in freshly isolated myocytes in response to
successive voltage pulses of 800 ms duration, increasing in 10 mV increments from −60 to +80 mV with or without apelin (10−7 M) or apelin plus IBTx (10-7 M). (A)
Representative traces showing the current recordings from smooth muscle cell in the absence and presence of apelin alone or apelin plus IBTx. (B) Summary I–V curves
of whole cell K+ currents at baseline (control) and after treatment with apelin (10−7 M) alone or in the presence of IBTx (10−7 M). Dotted line represents zero current
level (at 0 mV). Values are presented as the mean ± S. E. M. (n � 6). *p < 0.05 vs. control current density.

FIGURE 2 | Effect of apelin on NS1619-induced BKCa currents in coronary arterial myocytes. Whole cell BKCa currents induced in response to NS1619 (10-5 M)
were recorded in freshly isolated coronary arterial myocytes. Representative traces showing the current recordings from smooth muscle cells after treatment with (A)
NS1619 (10−5 M, 2 min) alone or (B) in the presence of IBTx (10−7 M, 5 min) or (C) apelin (10−7 M, 5 min). (D–F) Summary I–V curves of BKCa currents at baseline and
after treatment with (D) NS1619 (10−5 M) alone or in the presence of (E) IBTx (10−7 M) or (F) apelin (10−7 M). Dotted line represents zero current level (at 0 mV).
Values are presented as the mean ± S.E.M. (n � 6–7). *p < 0.05 vs. control current density.
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depolarization with 60 mMK+, which served as a positive control
(Figure 4C). The APJ receptor antagonist, F13A (10-7 M, 5 min),
abolished the apelin-induced response, thus confirming
functional activation of smooth muscle APJ receptors in
response to apelin in coronary arteries (Figure 4C).

Since apelin is known to increase PI3 kinase activity in cerebral
arteries (Modgil et al., 2013), experiments were performed to
evaluate the effect of apelin on PI3 kinase activity in coronary
arteries. PI3-kinase activity was detected bymeasuring the ratio of
phosphorylated Akt to total Akt, using immunoblot analysis.
Apelin (10-7 M) treatment caused no significant change in PI3-
kinase activity in coronary arteries, as indicated by unchanged
P-Akt/total Akt ratio (Figures 4D,E).

DISCUSSION

The present study was designed to evaluate the effects of apelin on
BKCa channels in coronary arterial smooth muscle cells. The key
findings are: 1) apelin has no inhibitory effect on BKCa currents in
coronary arterial smooth muscle cells; and 2) apelin does not
inhibit NO/cGMP-induced relaxations, which are dependent on
BKCa channels in coronary arteries (Darkow et al., 1997; Tunstall
et al., 2011). These results are in striking contrast to our previous
findings in cerebral arteries (Mughal et al., 2018b; Mughal et al.,
2020), and clearly demonstrate that distinct molecular
mechanisms underly the vasomotor effects of apelin in
coronary and cerebral arteries.

BKCa channels are expressed in vascular smooth muscle cells
from rat cerebral and coronary arteries (Modgil et al., 2013;

Mughal et al., 2018a; Mughal et al., 2018b). In cerebral arteries,
apelin inhibits smooth muscle BKCa channels and thereby
impairs endothelium-dependent relaxations mediated by NO
and an EDH pathway (Mughal et al., 2018b; Mughal et al.,
2020). The results of the present study demonstrate that in
coronary arterial myocytes apelin failed to inhibit increases in
BKCa current density induced by membrane depolarization or by
pharmacological activation with NS1619. Consistent with these
electrophysiological findings, apelin was without effect on
coronary arterial relaxation caused by endothelium-derived
NO (i.e. acetylcholine), exogenously administered NO
(i.e., DEA NONOate), and the stable, cell permeable cGMP
analogue, 8-Br-cGMP. The absence of an inhibitory effect of
apelin cannot be attributed to the lack of involvement of BKCa

channels in NO/cGMP pathway-induced relaxation of rat
coronary arteries since iberiotoxin, a potent and selective BKCa

channel blocker (Kaczorowski and Garcia., 2016; Su et al., 2016),
markedly impaired the responses to ACh, DEA, and 8-Br-cGMP.
That apelin had no effect on these responses also cannot be
explained by an absence of APJ receptors, which are indeed
expressed in rat coronary arterial smooth muscle cells (Mughal
et al., 2018a). Taken together, these data indicate that APJ
receptors are not effectively coupled to BKCa channels in
coronary arterial smooth muscle cells.

One possible explanation for the differential effect of apelin in
cerebral vs coronary arterial smooth muscle cells could be related
to the intracellular signaling pathways stimulated in response to
apelin-APJ receptor activation. Binding of apelin to APJ receptors
in cerebral arterial smooth muscle cells stimulates the PI3 kinase/
Akt signaling pathway, which is required for apelin-induced

FIGURE 3 | Effect of apelin and iberiotoxin on NO-cGMP dependent vasorelaxation of coronary arteries. Log concentration-response curves in producing
relaxation of coronary arteries for DEA NONOate (A,B), acetylcholine (C,D) or 8-Bromo-cGMP (E,F) in the absence and presence of IBTx (10−7 M) (A, C, E) or apelin
(10−7 M) (B, D, F). Values are presented as the mean ± S.E.M. (n � 4–6). *p < 0.05 vs. control (in the absence of inhibitor).
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inhibition of BKCa channel function (Modgil et al., 2013). That
apelin did not activate the PI3K/Akt-signaling pathway in
coronary arterial smooth muscle cells provides a plausible
mechanistic explanation as to why APJ receptors may not be
efficiently linked to BKCa channels in coronary myocytes;
however, the possibility that another intracellular signaling
pathway plays a role in the lack of inhibitory effect of apelin
on BKCa channel function cannot be ruled out. The absence of
effect of apelin on BKCa channels and PI3 kinase/Akt signaling is
not due to an inability to activate APJ receptor signaling in
coronary arterial smooth muscle cells, since apelin caused a rapid
and robust increase in intracellular Ca2+ levels. The apelin-
induced rise in intracellular Ca2+ levels was attenuated by the
APJ receptor antagonist, F13A, thus confirming that smooth
muscle APJ receptors are indeed responsive to apelin in
coronary arteries. It is also worth noting that although apelin
caused an increase in intracellular Ca2+ levels in coronary smooth
muscle cells, it does not cause contraction of isolated coronary
arteries (Mughal et al., 2018a). This opens the possibility that
apelin/APJ receptor signaling in coronary arterial smooth muscle
cells may be involved in other cellular functions beyond the
regulation of vascular tone.

The coronary circulation is controlled by multiple regulatory
systems, including, for example, metabolic autoregulation, the
sympathetic nervous system, circulating vasoactive molecules,
and mediators produced by endothelial cells located within the

blood vessel wall (Goodwill et al., 2017). The extent to which such
systems play a role in regulating vasomotor tone varies between
epicardial arteries (conductance vessels) and small arteries and
arterioles (resistance vessels and microcirculation). For example,
NO is a principal regulator of epicardial coronary vasomotor
tone, whereas metabolic autoregulation and EDH pathways play a
more prominent role in smaller resistance vessels and the
microcirculation (Deussen et al., 2012; Ellinsworth et al., 2016;
Goodwill et al., 2017). The present findings show a lack of
inhibitory effect of apelin/APJ receptor signaling on the NO/
cGMP/BKCa channel pathway in epicardial arteries, but whether
or not this is true for other regions of the coronary circulation
remains to be determined.

As with all biological studies, there are some limitations that
should be considered. Although pre-constricted coronary arterial
rings were used to investigate the effects of apelin on the
vasodilators used in this study, it is possible that the vascular
effects of apelin may differ in unstimulated arterial rings with
intrinsic myogenic tone. In addition, our present findings are
limited to arteries obtained from healthy adult male rats. It is well
known that responses to vasoactive mediators may vary
depending on the age and sex of the animals, as well as in
pathological conditions. Thus, future studies with female rats,
various age groups, and appropriate models of cardiovascular
disease will be needed to further enhance our understanding of
the vasomotor effects of apelin.

FIGURE 4 | Effect of apelin-APJ signaling on coronary intracellular Ca2+ levels and PI3-kinase activity. Representative images of freshly isolated coronary arterial
smooth muscle cells loaded with Fluo-four AM (5 µM) (A) before and (B) after exposure to apelin (10−7 M). (C) Bar graph summarizing changes in fluorescence (F/F0) in
response in apelin alone (10−7 M) or in the presence of F13A (10−7 M); 60 mM K+ was used as a positive control for the experiments (n � 3). (D) Representative blots
showing changes in phosphorylation of Akt (p-Akt) or Akt (total) protein expression in a time-dependent manner following treatment with apelin (10−7 M). (E)
Summary data showing effect of apelin on PI3-kinase activity expressed as a ratio of p-Akt/Akt protein levels (n � 3). Values are presented as themean ± S.E.M. *p < 0.05
vs. apelin alone; **p < 0.05 vs. control.

Frontiers in Pharmacology | www.frontiersin.org May 2021 | Volume 12 | Article 6790056

Mughal et al. Apelin and Coronary Arteries

111

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


The results of the present study build on our knowledge of the
actions of apelin in coronary arteries. The ability of apelin to
cause endothelium-dependent relaxation (Mughal et al., 2018a),
coupled with a lack of inhibitory effect on BKCa channels makes it
unlikely that activation of APJ receptors in coronary arteries
would adversely affect epicardial coronary flow by creating a
vasoconstrictive environment. It could be expected that apelin or
other APJ receptor agonists in development will not interfere with
the vasodilator effects of endogenous BKCa channel openers, nor
would these agents be likely to elicit coronary vasospasm, which
has been hypothesized to be related to reduced K conductance in
coronary artery smooth muscle cells (Dick and Tune, 2010).
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Regional Heterogeneity of
Perivascular Adipose Tissue:
Morphology, Origin, and Secretome
Xinzhi Li 1*, Zhongyuan Ma2 and Yi Zhun Zhu1*

1School of Pharmacy and State Key Laboratory of Quality Research in Chinese Medicine, Macau University of Science and
Technology, Macau, China, 2Department of Cardiothoracic Surgery, Zhuhai People’s Hospital, Jinan University Medical School,
Guangzhou, China

Perivascular adipose tissue (PVAT) is a unique fat depot with local and systemic impacts.
PVATs are anatomically, developmentally, and functionally different from classical adipose
tissues and they are also different from each other. PVAT adipocytes originate from
different progenitors and precursors. They can produce and secrete a wide range of
autocrine and paracrine factors, many of which are vasoactive modulators. In the context
of obesity-associated low-grade inflammation, these phenotypic and functional
differences become more evident. In this review, we focus on the recent findings of
PVAT’s heterogeneity by comparing commonly studied adipose tissues around the
thoracic aorta (tPVAT), abdominal aorta (aPVAT), and mesenteric artery (mPVAT).
Distinct origins and developmental trajectory of PVAT adipocyte potentially contribute
to regional heterogeneity. Regional differences also exist in ways how PVAT
communicates with its neighboring vasculature by producing specific adipokines,
vascular tone regulators, and extracellular vesicles in a given microenvironment. These
insights may inspire new therapeutic strategies targeting the PVAT.

Keywords: adipocyte, preadipocyte, adipokine, cellular heterogeneity, obesity, vascular inflammation

INTRODUCTION

Obesity is becoming a substantial public health concern since it gives rise to a wide range of disorders
(Olshansky et al., 2005). Obesity prevalence has tripled since 1975 and it is now one of the WHO’s
priorities to cease the quick rise in obesity (Jaacks et al., 2019). The burgeoning global epidemic of
obesity, consequently leading to type 2 diabetes, dyslipidemias, cardiovascular disease, and even
some cancers will soon be devastating if actions are not taken (Alberti et al., 2009; Grundy, 2012;
Scheen and Van Gaal, 2014). Obesity occurs due to excess energy intake, dramatic fat mass
accumulation caused by increased adipocyte size (hypertrophy), or increased adipocyte number
(hyperplasia), or both. Given the systemic impacts, obesity cannot be seen simply as a fat
accumulation, and it goes hand-in-hand with many metabolic complications. People often
experienced obesity as a chronic affliction characterized by low-grade inflammation. Despite the
absence of the four cardinal signs of typical inflammation, the unresolved inflammation, entwined
with fibrosis and defected angiogenesis-induced hypoxia, is a common pathway in the development
of various cardiometabolic diseases.

Excessive fat accumulation can happen in various adipose depots, including a kind of unique
adipose tissue known as perivascular adipose tissue (PVAT). PVAT surrounds most blood vessels
except capillaries, pulmonary and cerebral blood vessels. PVAT plays wide-ranging physiological
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roles far beyond supporting connective tissue. It is now
considered a metabolically active organ that regulates vascular
function in both autocrine and paracrine fashions by producing
various adipokines (Rajsheker et al., 2010; Van de Voorde et al.,
2013). Over the decades, our understanding of PVAT biology has
increased simultaneously with a rising prevalence of obesity and
related metabolic complications. Not only does PVAT actively
maintain vascular homeostasis, but it also markedly modulates
various inflammation-related cardiovascular diseases. Due to the
proximity of PVAT to the associated blood vessels, PAVT can be
a unique target to improve arterial function in the setting of
obesity.

PVATs are not only different from classical adipose tissues,
they vary from location to location developmentally and
functionally (Chang et al., 2020). Most intriguingly, PVAT’s
origin largely remains unknown, despite the development of
cellular fate mapping and lineage tracing in other fat depots
(Sanchez-Gurmaches et al., 2016; Guimaraes-Camboa et al., 2017;
Schwalie et al., 2018; Merrick et al., 2019; Shao et al., 2019;
Cattaneo et al., 2020). Numerous publications have presented us
with a bulk of mixed information, given the fact that these
publications always include more than one PVAT, which
challenges readers outside of the field. The general information
on the pathophysiological functions of PVAT has been the subject
of many recent comprehensive reviews (Nosalski and Guzik,
2017; Hildebrand et al., 2018; Chang et al., 2020). In this
review, we aim to form a conceptual picture of PVAT
heterogeneity, mainly focusing on histology, developmental
origin, and briefly on secretome.

DEPOT-SPECIFIC AND POLYCHROMATIC
ADIPOSE TISSUE

Nomenclature of Perivascular Adipose
Tissues
A PVAT is generally named after its adjacent vessel’s name, such
as pericoronary adipose tissue, referring to the fat tissue around
the coronary artery. Over the years, various non-standard names
were used for the same PVAT, which can be merely confusing or
even misleading. For instance, “cardiac” PVAT surrounding the
coronary artery or epicardial adipose tissue was abbreviated as
either “C-PVAT” (Drosos et al., 2016), or “PVAT-CA” (Lu et al.,
2017), or even “epi” for shorter (Mazurek et al., 2003). It is not
uncommon that these names are mistakenly referred to, for
example, in the case of pericardial and epicardial fat
(Iacobellis, 2009). These facts reason the need to standardize
nomenclature for PVATs. Some research articles have used a
combined format to define these concepts (Tran et al., 2018; Ye
et al., 2019). Throughout this review, we will use their traditional
names according to their locations but with some specifications.
In particular, we “standardized” these names by introducing a
common name, “PVAT,” following a lowercase letter, indicating
where it is localized. For example, pericoronary adipose tissue is
termed as “cPVAT,” thoracic periaortic adipose tissue is
abbreviated as “tPVAT,” and abdominal periaortic adipose

tissue as “aPVAT.” Adipose tissue around the mesenteric
artery is called “mPVAT.” A comparison among the four most
commonly studied PVATs is presented in Table 1 and Figure 1.

Multicolored Adipose Tissue
Adipose tissues are empirically color-coded as white (WAT),
brown (BAT), and beige/brown-in-white (brite) adipose tissues.
The color explicitly reflects the main adipocyte population and
the amount of iron-containing mitochondria in each adipocyte.
The more mitochondria, the darker the color is. In addition to
major depots, there are other location-specific adipose tissues,
including mammary “pink” adipose tissue and bone marrow
adipose tissue, which is primarily red in young individuals and
turns yellow during aging. It would undoubtedly be
oversimplified if we classify adipose tissues based solely on the
appearing color and neglect their complexity and heterogeneity.
Classical inter-scapular BAT has been previously assumed to
contain a homogeneous population of brown adipocytes. A recent
study has revealed a new brown adipocyte subpopulation with
low thermogenic activity coexists with the classical high-
thermogenic brown adipocytes (Song et al., 2020). More
interestingly, these two brown adipocyte subpopulations may
interconvert dynamically in response to the environmental
temperature (Song et al., 2020). Using AdipoChaser mouse
models, Wang et al. also demonstrated that “pink” mammary
adipose tissue can undergo reversible dedifferentiation during
lactation, where de-differentiated fibroblasts proliferate and re-
differentiate into adipocytes upon weaning (Wang et al., 2018).

PVAT’s color is not visually presented. Instead, it is
determined by the subcellular composition and enrichment of
specific genetic biomarkers. For example, tPVAT, characterized
as brown adipose tissue, is labeled with highly expressed
uncoupling protein-1 (UCP-1) and cell death activator CIDE-A
(Cidea) (Tran et al., 2018). Conversely, aPVAT is seemingly white
but contains a mixture of beige and white adipocytes (Padilla et al.,
2013). Therefore, when we talk about the color of a PVAT, we
mainly use generalized terminology to reflect their cellular
characteristics and corresponding genetic profiles. Generally
speaking, white PVAT adipocytes share a lot of similarities with
their visceral counterparts, which are morphologically classified by
the appearance of large unilocular lipid droplets, fewer
mitochondria, and small cytoplasmic volumes. Brown PVAT
adipocytes, on the other hand, are distinguished by multilocular
lipid droplets and high density ofmitochondria. In rodents, arteries
including the mesenteric, carotid, and femoral are surrounded by
WAT, while the thoracic aorta is encircled by BAT and the
abdominal aorta by beige PVAT (a mixture of white and brown
adipocytes) (Brown et al., 2014).

HISTOLOGICAL DISTINCTIONS OF
PERIVASCULAR ADIPOSE TISSUES

Although the majority of adipose tissue, either by volume or by
function, is adipocytes, white adipocytes comprise only one-third of
the total cell number in WAT. The remaining 70% of cells are a
heterogeneous collection of largely undefined stromal and immune
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cells (Sarantopoulos et al., 2018). Understandably, PVAT is composed
of adipocytes, nerves, and a stromal vascular fraction consisting of
monocytes, endothelial cells, pericytes, macrophages, T cells, and
mesenchymal stem cells (Chatterjee et al., 2009). Large vessels are
separated from their PVATs by a layer of adventitia composed of
elastic bundles, fibroblasts, nerves, and vasa vasorum. On the other
hand, PVATs around small vessels and microvessels are seen as a
seamless continuum from their associated blood vessels. Different
PVATs are dominated by diverse adipocytes, indicating regional
phenotypic heterogeneity in a given vasculature (Fitzgibbons et al.,
2011).

Histology of Pericoronary Adipose Tissue
Broadly, cardiac fat depots include epicardial and pericardial adipose
tissues. A big portion of epicardial fat surrounding the coronary
arteries is called pericoronary adipose tissue (cPVAT) (Fernandez-
Alfonso et al., 2017). Human cPVAT was firstly considered as a
unique subtype of WAT since the cellular morphology and gene
profile were more consistent with WAT than BAT (Chatterjee et al.,
2009). Differentiated pericoronary adipocytes are irregularly shaped,
smaller in size, and lower in lipid accumulation relative to
subcutaneous and perirenal counterparts (Chatterjee et al., 2009).
Meanwhile, human cPVAT exhibits an increased capacity to attract
immune cells and induce angiogenesis, contributing to coronary
atherosclerosis development (Chatterjee et al., 2009). Notably, these
features were observed in differentiated preadipocytes in vitro, which
might differ from in vivo physiological settings.

Evidence indeed showed cPVAT was composed of small
unilocular adipocytes positively stained with brown fat marker

TABLE 1 | Reginal differences of perivascular adipose tissue.

cPVAT tPVAT aPVAT mPVAT

Anatomical
location

Pericoronary, adjacent to the heart Thoracic periaortic, from aortic arch at
T4 to the T10–T11 vertebrae, above the
diaphragm

Abdominal periaortic, from
below the diaphragm to
femoral bifurcation

Mesenteric arterial, around the
resistance mesenteric arteries

Other name/
acronym

Epicardial adipose tissue (EAT),
C-PVAT, PVAT-CA

Thoracic PVAT, Thor PVAT Abd PVAT Adipose tissue of mesenteric bed

Predominant
adipocyte

Beige Sacks et al. (2013) Brown White, very few beige Police
et al. (2009)

White

Morphology of
adipocyte

Spotted multilocular, but mainly small
unilocular adipocytes

Multilocular brown adipocytes,
abundant mitochondria Fitzgibbons
et al. (2011), Padilla et al. (2013)

Primarily unilocular, fewer
mitochondria Police et al.
(2009), Padilla et al. (2013)

Large unilocular Galvez et al.
(2006), Gil-Ortega et al. (2010)

Highly expressed
gene

UCP-1, PRDM16, PGC-1α, PPARγ,
and the beige adipocyte-specific
marker CD137 Sacks et al. (2009),
Sacks et al. (2013)

UCP-1, PRDM16, PGC-1α Tran et al.
(2018); Cidea, PPARγ Fitzgibbons et al.
(2011); EBF2 Angueira et al. (2021)

Hoxc8, Nnat, Sncg, Mest
Tran et al. (2018)

Hoxc8, Tcf21, Tbx1, Pat2,
dermatopontin Walden et al.
(2012), Friederich-Persson et al.
(2017)

Developmental
origin

Splanchnic mesoderm Sacks et al.
(2013)

Multiple lineages including ectoderm-
derived neural crest (periaoritic arch) and
mesoderm Ye et al. (2019)

Mesoderm Mesothelial lineage

Progenitor/stem
cell marker

Unknown Pparg-dependent Xiong et al. (2018);
Myf5+/Myf5− (Ye et al. (2019); Pdgfra+

Pparg-dependent,
SM22α+Chang et al. (2012)

CD34, CD44, and
Pdgfra+Contreras et al. (2016);
SM22α+Chang et al. (2012)

Pro-/anti-
inflammatory

Pro-inflammation and pro-
atherosclerosis Numaguchi et al.
(2019)

Anti-atherosclerosis and anti-
inflammation in mouse; Fitzgibbons
et al. (2011); proatherosclerosis in
human Lehman et al. (2010), Britton
et al. (2012)

Pro-inflammation and prone
to aneurysm formation Police
et al. (2009)

Pro-inflammation and Pro-
atherosclerosis Sena et al. (2017)

FIGURE 1 | Anatomical, morphological, and developmental differences
of the perivascular adipose tissues (PVATs). The color differences reflect the
different proportions of brown adipocytes in the adipose tissue. Adipose
tissues around thoracic aorta (tPVAT), abdominal aorta (aPVAT), and
mesenteric artery (mPVAT) have distinct fat cell populations that are derived
from different adipocyte progenitors. These progenitors could be identified by
highly expressed cell markers, such as platelet-derived growth factor
receptor-α (PGDFRα), myogenic factor 5 (Myf5), smooth muscle protein 22-α
(SM22α), and peroxisome proliferator-activated receptor-γ (PPARγ).
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UCP-1 (Chatterjee et al., 2013; Sacks et al., 2013). Sacks et al.
further proposed that it would be more reasonable that cPVAT
might closely resemble beige adipocytes (Sacks et al., 2013; Sacks
and Symonds, 2013). Consistent expression of UCP-1 in cPVAT
has been repeatedly reported since then (Chechi et al., 2017), but
less expression of adiponectin, an anti-inflammatory adipokine
was also reported (Numaguchi et al., 2019). Thus cPVAT can be
classified as beige adipose tissue, with a large proportion of white
adipocytes, which may contribute to coronary atherosclerosis
development.

Histology of Thoracic Periaortic Adipose
Tissue
Thoracic periaortic PVAT (tPVAT) expands from the aortic
arch at the T4 vertebra to the diaphragm’s aortic hiatus at the
T10–T11 vertebrae. The comparison of adipocyte size,
inflammation, and macrophage polarization indicated that
tPVAT was close to subcutaneous adipose tissue (Fitzgibbons
et al., 2011). It is now widely accepted that tPVAT is
morphologically and functionally like BAT (Figure 2A).
Multilocular brown adipocytes and abundant mitochondria
were observed under light or electron microscopy
(Fitzgibbons et al., 2011; Padilla et al., 2013), which might
contribute to the decreased atherosclerotic plaque burden
(Fitzgibbons et al., 2011).

In tPVAT, the adipocyte phenotypic switching via specific
signaling pathways is evident in both whitening and
browning directions. In a diet-induced obesity mouse
model, tPVAT adipocytes become “whiter”, with a
primarily unilocular appearance and larger lipid (Galvez-
Prieto et al., 2008; Sacks and Symonds, 2013). Aging together
with miR-146b-3p downregulation could decrease browning
(Pan et al., 2018). Reduced brown adipogenic differentiation
of resident stromal cells via loss of peroxisome proliferator-
activated receptor-γ (PPARγ) coactivator-1 α (PGC-1α) was
also observed in aged animals (Pan et al., 2019). Cold is a
capable inducer for perivascular adipocyte to re-brown and to
restore protective effects on metabolism and vascular
function (Boa et al., 2017; Bussey et al., 2018). This
relationship between tPVAT and adiposity, employed as a
predictor for cardiovascular diseases, warrants further
investigation in a clinical setting.

Histology of Abdominal Periaortic Adipose
Tissue
Abdominal periaortic adipose tissue (aPVAT) is the adipose
segments surrounding the abdominal aorta from below the
diaphragm to the femoral bifurcation. As a continuum of
thoracic aorta, the abdominal aorta is encircled by 4- to 10-
fold more adipose tissue than the adipose tissue around the aortic
arch in rats (Henrichot et al., 2005). aPVAT is more prone to
accumulation when exposed to a high-fat diet and shows
significant adipocyte hyperplasia and hypertrophy (Henrichot
et al., 2005). A comparison with tPVAT demonstrates that
aPVAT contains a mixture of cells, with a predominant
proportion of unilocular white adipocytes and a small portion
of brown adipocytes (Police et al., 2009). Moreover, the average
aPVAT adipocyte size is much bigger than that of tPVAT
(Figure 2B). Electron microscopy demonstrated that aPVAT
was composed of white adipocytes with fewer mitochondria
(Padilla et al., 2013). Upon a 4 month high-fat diet feeding,
mouse aPVAT showed higher gene expression of
inflammatory cytokines than tPVAT. Leptin coincided with
the inflammatory cytokines in aPAVT, whereas UCP-1 was
elevated in tPVAT but suppressed in aPVAT throughout diet-
induced obesity (Police et al., 2009). Further studies provided
evidence that only aPVAT-, but not tPVAT-conditioned medium
could promote inflammatory cytokine MCP-1 generation and
macrophage migration (Police et al., 2009). aPVAT was found to
express a higher level of inflammatory receptors, including
CD11c, IL-6R, and TNFR1/2 relative to tPVAT and inter-
scapular brown adipose tissues (Padilla et al., 2013). These
convincing pieces of evidence differentiate two segments of
PVAT, although they wrap along the same artery. These
intriguing features remain enigmatic due to the lack of solid
advances in the developmental origin, transdifferentiation, and
cellular fate mapping of PVAT.

Histology of Mesenteric Perivascular
Adipose Tissue
In humans and mice, the fat tissue around the resistance
mesenteric arteries forms mesenteric perivascular adipose
tissue (mPVAT) (Figure 2C). Among adipose tissues collected
from different locations, mPVAT was traditionally categorized as

FIGURE 2 | Histological characteristics of the perivascular adipose tissues. Murine adipose tissues around thoracic aorta (tPVAT, panel (A)), abdominal aorta
(aPVAT, panel (B)), and mesenteric artery (mPVAT, panel (C)) were stained by hematoxylin and eosin. Brown adipocytes in tPVAT are characterized by small-sized,
multilocular lipid droplets, whereas white adipocytes in mPVAT are classified by the appearance of a larger unilocular lipid droplet and small cytoplasmic space. aPVAT
has mixed adipocyte populations. Scale bar, 100 µm.
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visceral WAT (Walden et al., 2012) with slightly smaller
adipocyte size than classical visceral adipocytes (Caesar et al.,
2010). However, mPVAT adipocytes are four times larger than
periaortic adipocytes, and mPVAT expresses much less brown
adipocyte marker of UCP-1 and PR domaining containing 16
(PRDM16) compared with brown adipocytes (Galvez-Prieto
et al., 2008; Walden et al., 2012). The enlarged cross-sectional
area of mPVAT adipocytes during obesity could be reduced but
not completely reversed after caloric restriction (Bussey et al.,
2016).

mPVAT expressed WAT specific marker transcription factor
21 (Tcf21), beige specific marker T-box protein 1 (Tbx1), and
transcription factor Pat2. Besides, treatment with a β3-agonist,
CL-316,243, could increase beige markers in mPVAT
(Friederich-Persson et al., 2017). Other brown adipocyte gene
markers, including myosin regulatory light chain (Mylpf), lim
homebox 8 (Lhx8), zinc fingers in the cerebellum1 (Zic1), and
T-box 15 (Tbx15) are barely seen in mPVAT, whereas a series of
white adipose genes such as homeobox C8 (Hoxc8), transcription
factor 21 (Tcf21), and dermatopontin (Dpt) are highly expressed
in mPVAT (Walden et al., 2012). These findings adequately help
classify mPVAT as a WAT.

DIFFERENT ORIGIN OF PERIVASCULAR
ADIPOSE TISSUES

Typical mature adipocytes originate from progenitor cells, which
are committed preadipocytes derived from stem cells of multiple
sources (Rodeheffer et al., 2008). The distinction between WAT
and BAT reasonably leads to a simple classification of two
precursor populations, giving rise to white and brown
adipocytes, respectively. A commonly known classifier is myf5,
which encodes myogenic factor 5 (Myf5) (Timmons et al., 2007),
whereas PRDM16 may be a controller for brown adipocyte
generation (Seale et al., 2008). However, using mTmG
reporter, a study revealed that white adipocytes in the
subcutaneous and retroperitoneal WAT also originate from
Myf5-expressing precursors. This approach also demonstrated
that Myf5 expression could not track many brown adipocytes
(Sanchez-Gurmaches and Guertin, 2014a). The adipogenic
capacity of vasculature-residing mural cells (e.g., pericytes) in
the adipose tissue was well documented in many papers (Tang
et al., 2008; Gupta et al., 2012; Tran et al., 2012; Berry and
Rodeheffer, 2013). This statement is challenged by a study where
pericytes do not contribute to adipocytes’ generation, although
they seem to act as progenitors in vitro (Guimaraes-Camboa et al.,
2017). Merrick et al. further indicated that reticular interstitium
rather than the vasculature is the residing site for interstitial
progenitor cells, which give rise to the preadipocytes expressing
intercellular adhesion molecule–1 and another group of cells
expressing protein CD142 (Merrick et al., 2019). Most recent
results further revealed that only fibroblasts, neither mural nor
endothelial cells, are cells of the vascular wall with significant
adipogenic potential in vivo in both WAT and BAT (Cattaneo
et al., 2020). Thus developmental origins of adipose tissue and the
mechanisms controlling its expansion are just beginning and

more intriguing findings are expected to come soon. Adipocytes
of different PVATs may originate from distinct precursors
(Hepler et al., 2017; Tran et al., 2018). Despite the
aforementioned development of cellular fate mapping and
lineage tracing in other adipose depots, the origins of PVAT
adipocytes, in general, are barely known. This session presents
distinct adipocyte development in Table 1 and Figure 1. A clear
definition of adipocyte origin can reveal the determined
precursors and the regulatory mechanisms.

Origin of Epicardial and Periaortic Arch
Perivascular Adipose Tissue
Epicardial fat originates from the splanchnic mesoderm in
human (Sacks et al., 2013) and in mouse (Walden et al., 2012).
Periaortic adipose tissue is potentially derived from Myf5+

progenitors (Sanchez-Gurmaches and Guertin, 2014a). A
more recent study showed that periaortic adipocyte
progenitors expressed smooth muscle protein 22-alpha
(SM22α) during development. Besides, knockout of PPARγ
in neural crest cells leads to developmental delay of the
periaortic arch PVAT (Fu et al., 2019). This evidence
indicates that periaortic arch PVAT adipocytes have
multiple lineages, mainly from ectoderm-derived neural
crest cells, rather than the mesoderm-derived Myf5+

progenitors (Fu et al., 2019). A possible explanation is that
ectoderm-derived neural crest cells have a broad
differentiation potential and give rise to a diverse range of
cell types. For example, neural crest cells were once identified
as one of the progenitors of white adipocytes (Sanchez-
Gurmaches and Guertin, 2014b). Another study revealed
that neural crest-derived cells resided along the vessels
within the subcutaneous adipose tissue. These results
demonstrate that neural crest-derived adipocyte-committed
progenitors contribute to adipogenesis (Sowa et al., 2013).

Origin of Thoracic Periaortic Adipose Tissue
Unlike periaortic arch PVAT, neural crest cells do not contribute
to tPVAT development (Ye et al., 2019). Only about 10–30% of
the brown adipocytes in tPVAT derive from Myf5+ sources (Ye
et al., 2019). A lineage-tracing study further elaborates that
anterior tPVAT adipocytes can be traced to SM22α+
progenitors, whereas left lateral tPVAT presents both SM22α+
and Myf5+ features (Ye et al., 2019). However, recent cell
differentiation assays and genetic fate mapping studies show
that fibroblastic progenitor cells but not vascular smooth
muscle cells (VSMCs) are responsible for tPVAT adipogenesis
(Angueira et al., 2021), which contradicts the previous findings
(Chang et al., 2012; Ye et al., 2019). Progenitor cells for tPVAT are
from a fibroblastic lineage, including (Pdgfra+; Ly6a+; Pparg−)
and preadipocytes (Pdgfra+; Ly6a−; Pparg+). Bona fide VSMCs
were not found to contribute to adipocyte formation in tPVAT
(Angueira et al., 2021). Single-cell transcriptomic analyses both at
embryonic (E18) and perinatal (P3, after birth) stages identified
transcription factor early B cell factor-2 (EBF2) as a critical
modulator of BAT (Angueira et al., 2020) and tPVAT
development (Angueira et al., 2021).
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Origin of Abdominal Periaortic Adipose
Tissue
Abdominal PVAT preadipocytes demonstrate lower brown
adipocyte developmental transcription factors relative to
tPVAT (Tran et al., 2018). Abdominal PVAT lacks Zic1 gene,
encoding zinc finger proteins that are critical for early BAT
development (Contreras et al., 2016). In the absence of the
adipogenic transcription factor PPARγ in the VSMCs, failure
of aPVAT development was observed (Chang et al., 2012). These
findings demonstrate that aPVAT shares, at least to some extent,
similar developmental origins with SM22α+ and PPARγ+

VSMCs.

Origin of Mesenteric Perivascular Adipose
Tissue
Few studies have focused on the developmental origin of
mPVAT, and some comparative data may provide limited
clues. Given the proximity, mPVAT’s developmental origins
are thought to be similar to the visceral adipose tissue. Indeed,
both mPVAT and perigonadal adipose tissue expressed
comparable levels of white adipocyte signature gene Tcf21 and
the brite adipocyte-specific genes Tbx1 and Tmem26 (Contreras
et al., 2016). Mesenteric and perigonadal adipose tissue are also
found to share the same mesothelial origin in lineage tracing
experiments, and preadipocytes of mPVAT have a transcriptional
profile closer to that of subcutaneous, but not omental
preadipocytes (Chau et al., 2014). Also, in this cell lineage
analysis, 28% of mature mesenteric adipocytes were Wt1+
positive, suggesting the source of mesenchymal stem cells in
mesenteric adipocytes is different from that of BAT, where Wt1
expression is undetectable (Chau et al., 2014). Chang et al. have
suggested that mPVAT shares a developmental origin with
VSMCs because the deletion of the PPAR γ in VSMCs
resulted in a dramatic loss of mPVAT (Chang et al., 2012).

DIFFERENT SECRETOME OF
PERIVASCULAR ADIPOSE TISSUES

Adipose tissue is capable to synthesize and secrete various
substances just as endocrine cells do. In this sense, adipose
tissue is the largest endocrine organ, and more than 600
hundred identified factors produced by adipocytes are
collectively termed adipokines or adipocytokines (Halberg
et al., 2008; Lehr et al., 2012). Paracrine crosstalk between
PVAT and its neighboring artery, also known as “vasocrine”
communication, actively regulates vascular inflammation and
arterial remodeling (Yudkin et al., 2005). Anatomically distinct
PVAT depots can release a quite different range of adipokines.
Previous literatures have deeply explored and frequently revisited
this topic (Omar et al., 2014; Owen et al., 2014; Akoumianakis
et al., 2017; Nosalski and Guzik, 2017; Xia and Li, 2017;
Oikonomou and Antoniades, 2019; Chang et al., 2020; Kim
et al., 2020). We briefly summarized PVAT-derived
adipokines, vascular tone regulators, and newly discovered

exosomes/extracellular vesicles in this part. Unlike previous
reviews, these factors are categorized by specific PVAT depots
where detectable levels are reported (e.g. PCR, Western-blot, or
immunostaining).

Pro- and Anti-Inflammatory Adipokines of
Perivascular Adipose Tissues
Most PVAT-generated cytokines/chemokines such as tumor
necrosis factor (TNF)-α, interleukin-6 (IL-6), plasminogen
activator inhibitor-1 (PAI-1), and monocyte chemoattractant
protein-1 (MCP-1), are pro-inflammatory and pro-
atherosclerotic. Adiponectin is one of the few anti-
inflammatory factors that possess multiple salutary effects for
cardiovascular disease prevention (Xu and Vanhoutte, 2012).
Phenotypic differences between tPVAT and aPVAT are
evident that tPVAT generates much less pro-inflammatory
cytokines, and is thus resistant to diet-induced inflammation
(Police et al., 2009; Fitzgibbons et al., 2011). mPVAT and aPVAT
are similarly prone to the expansion of adipocytes and diet-
induced inflammation (Li et al., 2019). However, mPVAT is more
sensitive to the high-fat diet challenge, where the adipose
“browning” genes are dramatically down-regulated (Hou et al.,
2016). Previous reviews in this field have elaborated on PVAT-
derived adipokines and their interactions with other vascular cells
(Brown et al., 2014; Gil-Ortega et al., 2015; Akoumianakis et al.,
2017; Kim et al., 2019; Chang et al., 2020). The PVAT-generated
representative pro- and anti-inflammatory factors are briefly
updated in Table 2. Note that one type of adipokine can be
generated frommultiple sites and at the same time one PVAT can
release a variety of adipokines. Members of the same adipokine
family (i.e., pro-inflammatory or constricting) all share the same
predicted vascular function.

Perivascular Adipose Tissue-Derived
Vasodilators and Contracting Factors
Many PVAT-derived factors are also vascular tone regulators.
Since the discovery of adipocyte-derived relaxing factor (ADRF)
in 2002 (Lohn et al., 2002), understanding of the mechanisms by
which PVAT maintains vascular homeostasis has been sought. A
wide range of PVAT-derived relaxing factors have been proposed,
such as adiponectin (Lynch et al., 2013), prostacyclin (Chang
et al., 2012), gaseous molecules (e.g. NO and H2S) (Szasz and
Webb, 2012), methyl palmitate (Lee et al., 2011), angiotensin 1–7
(Lee et al., 2009), and omentin (Yamawaki et al., 2010). Potential
contracting candidates include angiotensin II (Lu et al., 2010),
endothelin-1 (Almabrouk et al., 2014; Tano et al., 2014), and
resistin (Small et al., 2019) released by adipocytes. Depending on
PVAT location and different circumstances, some factors
including H2S (Lucchesi et al., 2005), leptin, TNF-α, IL-6, and
apelin may act as either vasorelaxant or constricting factors
(Maenhaut and Van de Voorde, 2011). For example, leptin
could induce vasodilation to modulate blood pressure
homeostasis (Fruhbeck, 1999; Lembo et al., 2000); however,
obesity-induced hyperleptinemia resulted in an increase of

Frontiers in Pharmacology | www.frontiersin.org June 2021 | Volume 12 | Article 6977206

Li et al. Heterogeneity of Perivascular Adipose Tissue

119

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


TABLE 2 | PVAT-generated autocrine and paracrine factors.

Anti-inflammatory factors Pro-inflammatory factors

cPVAT Adiponectin Iacobellis et al. (2005), Cheng et al. (2008), Chatterjee
et al. (2009), Spiroglou et al. (2010)

MCP-1 (CCL2), IL-8, IL-6, Leptin, MIP-1α (CCL3) Chatterjee
et al. (2009)

Omentin Gaborit et al. (2015) TNF-α, IL-1β Mazurek et al. (2003)
IL-10 Gruzdeva et al. (2019), Numaguchi et al. (2019) IL-13 Vianello et al. (2019)

Visfatin, TNF-α Cheng et al. (2008)
Chemerin, Vispin Spiroglou et al. (2010)
Apelin Toczylowski et al. (2019)
Plasminogen activator inhibitor-1, Resistin Langheim et al.
(2010)

tPVAT Adiponectin Chatterjee et al. (2009) IL-6, TNF-α, RANTES (CCL5), MCP-1 (CCL2) Manka et al.
(2014), Xiong et al. (2018)IL-10, IL-4 Dobrian et al. (2015)
IL-17A Smith et al. (2010)
IL12p40, CXCL10, CX3CL1, CCL2, CXCL16 Dobrian et al.
(2015)
Leptin Chatterjee et al. (2009)
Resistin Jung et al. (2006)
Visfatin Wang et al. (2009)

aPVAT Adiponectin Kostopoulos et al. (2014), Horimatsu et al. (2018) IL-1, IL-6 Lohmann et al. (2009)
IL-10 (Sakamoto et al. (2014) MIP-1α (CCL3) Moos et al. (2005)

RANTES Sakamoto et al. (2014)
IL-8, MCP-1Henrichot et al. (2005)
Leptin Police et al. (2009)
Platelet-derived growth factor-D Zhang et al. (2018)
Resistin and visfatin Spiroglou et al. (2010), Park et al. (2014)
Chemerin Spiroglou et al. 2010)

White PVAT (mesenteric, femoral,
common carotid)

Adiponectin Schmid et al. (2011), Weston et al. (2013) IFN-γ, IL-17 Smith et al. (2010)
IL-10 Kassan et al. (2011) MCP-1, TNF-α, IL-6, Plasminogen activator inhibitor-1

Takaoka et al. (2010)
CCL2, CCL5 and CX3CL1, IL-1β, MIP-1α Lohmann et al.
(2009)

CX3CL1, C-X3-C motif chemokine ligand 1; CXCL10, C-X-C motif chemokine ligand 10; CXCL16, C-X-C motif chemokine ligand 16; IFN-c, Interferon-c; IL, interleukin; MCP-1 (CCL2),
monocyte chemoattractant protein-1 (C-C motif chemokine ligand 2); MIP-1α (CCL3), macrophage inflammatory protein-1α (C-C motif chemokine ligand 3); RANTES (CCL5), Regulated
upon activation, normal T cell expressed and presumably secreted (C-C motif chemokine ligand 5); TNF-α, Tumor necrosis factor-α.

TABLE 3 | PVAT-derived relaxing and contracting factors.

Relaxing factors Contracting factors

cPVAT Omentin Greulich et al. (2013) Angiotensinogen
Adrenomedullin Iacobellis et al. (2009), Silaghi et al. (2007) Calpastatin Owen et al. (2013)
Ang 1–7 Patel et al. (2016)

tPVAT NO Xia et al. (2016) Angiotensinogen, chymase, Ang I Galvez-Prieto et al. (2008)
Prostacyclin Awata et al. (2019) Angiotensin II (Lee et al., 2011)
H2O2 Gao et al. (2007) Thromboxane A2 Meyer et al. (2013)
Palmitic acid methyl ester Lee et al. (2011)
H2S Fang et al., 2009, Kohn et al. (2012)
Leptin Fortuno et al. (2002), Lembo et al. (2000)
C1q/tumor necrosis factor-related protein 9 (CTRP9)Han et al. (2018)
Ang 1–7 Lee et al. (2009)

aPVAT Adiponectin, Apelin Kostopoulos et al. (2014) Angiotensinogen Yasue et al. (2010)
Prostacyclin Chang et al. (2012)

mPVAT Adiponectin Lynch et al. (2013), Weston et al. (2013), Withers et al. (2014) Ang II Lu et al. (2010)
NO Gil-Ortega et al. (2010), Kassan et al. (2011) Superoxide anion Gao et al. (2006)
H2O2 from browning mPVAT (Friederich-Persson et al., 2017) Noradrenaline in α1 adrenoreceptor-dependent manner Ayala-Lopez et al. (2014)
H2S Schleifenbaum et al. (2010) Resistin Small et al. (2019)
Noradrenaline via activation of β3-adrenoceptors Saxton et al. (2018)
Omentin Yamawaki et al. (2010)
Chemerin Darios et al. (2016)

Ang, angiotensin; H2O2, Hydrogen peroxide; H2S, hydrogen sulfide; NO, nitric oxide.
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endothelin-1, which then leads to vasoconstriction
(Quehenberger et al., 2002). Some reports have demonstrated
that TNF-α causes vascular dilation mediated by NO (Maenhaut
and Van de Voorde, 2011) or hydrogen peroxide (Cheranov and
Jaggar, 2006) production. On the other hand, TNF-α can also
constrict blood vessels by increasing endothelin-1 (Wort et al.,
2009) and angiotensinogen levels (Brasier et al., 1996). Based on
their principle functions and originating depots, these factors are
summarized in Table 3.

Perivascular Adipose Tissue-Derived
Extracellular Vesicle
Inter-cell and inter-organ signaling within PVAT remain a mystery.
Recently, many studies, including our own, have delved deep to
identify the messengers conveying the communication between a
blood vessel and its surrounding PVAT (Li et al., 2019). Apart from
the secretory cytokines and chemokines factors, adipocytes also
secrete many types of extracellular vesicles (EVs) (Deng et al.,
2009; Ogawa et al., 2010), typically including exosomes and
microvesicles. EVs play important roles in intercellular
communication by selective packaging of lipids, proteins, and
microRNAs (miRNAs) (Valadi et al., 2007; van Niel et al., 2018).
Adipose tissue was proved to constitute an essential source of
circulating exosomal miRNAs, as a form of adipokine that acts
locally or distantly (Thomou et al., 2017). In addition, these EVs
could be taken up by neighboring or distant cells to modulate these
recipient’s functions (Bang et al., 2014; Sun et al., 2016). For instance,
adipocyte-derived exosomalmiRNAs enable themetabolic regulation
of neighboring macrophages (Ogawa et al., 2010; Zhang et al., 2016).
Vice versa, macrophages can secrete miRNA-containing exosomes to
modulate local adipocyte function (Ying et al., 2017). Similarly, the
endothelial-adipocyte interplay was the result of EV-mediated
reciprocal trafficking of caveolin 1 (Crewe et al., 2018).

These observations led us to hypothesize that whether PVAT-
adipocytes secrete exosomal miRNAs, if so, how they regulate
vascular function in the context of obesity. Indeed, we have
demonstrated that perivascular adipocytes produce and secrete
miRNA-containing EVs, which can be taken up in neighboring
VSMCs (Li et al., 2019). One of the most enriched miRNAs in
PVAT and PVAT-derived EVs, miR-221-3p, is transported into
adjacent VSMCs. The study further provided an EV-miR-221-3p-
mediated mechanism by which PVAT triggers an early vascular
remodeling in vascular inflammation (Li et al., 2019). In another
study, increased miR-221/222 in the arteries promoted
neointimal hyperplasia in the femoral artery following wire
injury (Lightell et al., 2018).

CONCLUSION

Anatomically distinct PVATs vary in developmental origin,
cellular composition, and secretome. The farther away a

PVAT is from the heart, the more white-like the adipocytes
are. This is true even in the same stem aorta but wrapped with
distinct PVATs in the chest cage and the abdominal cavity. PVAT
progenitor cells include but may not be limited to mural cells
(pericyte or smooth muscle cells) and fibroblasts. These potential
progenitors give rise to committed preadipocytes and contribute
to adipogenesis. Adipogenesis and angiogenesis appear to co-
exist, and preadipocytes and pericytes may co-develop as well,
which should be further studied. The developmental trajectory of
PVAT adipocytes is somehow still a “bloody mess” (Rosen and
Spiegelman, 2014).

Adipocytes and their neighboring vascular cells constitute a
perivascular microenvironment. In an inflammatory setting, a
family of intercellular message-conveying machinery is involved
in these cells’ interplay. Perivascular adipocytes, partially via
alteration of their secretome, modulate the nearby VSMCs
(Miao and Li, 2012) and endothelial cells (Sena et al., 2017).
For obesity, secretion of anti-inflammatory adiponectin is
markedly reduced, whereas the generation of pro-
inflammatory cytokines is dramatically elevated. Besides, the
contiguity with adventitia makes it plausible that paracrine or
vasocrine crosstalks between PVAT and the encircled blood
vessel are reciprocal and bidirectional.

The continuing worldwide upsurge in obesity prompts us to
unveil PVAT’s significant role in vascular function. A better
understanding of regional heterogeneity among PVATs is just
a start. PVAT’s function and dysfunction in vascular homeostasis
and cardiovascular pathogeny remain our long-term tasks to
pursue. Developmental fate mapping is an essential technique for
answering some of these questions. Single-cell techniques have
empowered this process by helping draw sophisticated cellular
atlas. Some researchers have explored the heterogeneity of PVAT
at a single-cell level and uncovered distinct clusters with specific
signature markers and signaling pathways (Angueira et al., 2021).
Creating a more precise map of such a complex tissue from
single-cell sequencing data is, therefore, a challenging task, which
on the other hand, opens an opportunity for us to dive into this
unknown.
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Function in Male and Female Mice
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Increased adiposity in perivascular adipose tissue (PVAT) has been related to vascular
dysfunction. High-fat (HF) diet-induced obesity models are often used to analyze the
translational impact of obesity, but differences in sex and Western diet type complicate
comparisons between studies. The role of PVAT was investigated in small mesenteric
arteries (SMAs) of male and female mice fed a HF or a HF plus high-sucrose (HF + HS) diet
for 3 or 5 months and compared them to age/sex-matched mice fed a chow diet. Vascular
responses of SMAs without (PVAT-) or with PVAT (PVAT+) were evaluated. HF and HF +
HS diets increased body weight, adiposity, and fasting glucose and insulin levels without
affecting blood pressure and circulating adiponectin levels in both sexes. HF or HF + HS
diet impaired PVAT anticontractile effects in SMAs from females but not males. PVAT-
mediated endothelial dysfunction in SMAs from female mice after 3 months of a HF + HS
diet, whereas in males, this effect was observed only after 5 months of HF + HS diet.
However, PVAT did not impact acetylcholine-induced relaxation in SMAs from both sexes
fed HF diet. The findings suggest that the addition of sucrose to a HF diet accelerates PVAT
dysfunction in both sexes. PVAT dysfunction in response to both diets was observed early
in females compared to age-matched males suggesting a susceptibility of the female sex
to PVAT-mediated vascular complications in the setting of obesity. The data illustrate the
importance of the duration and composition of obesogenic diets for investigating sex-
specific treatments and pharmacological targets for obesity-induced vascular
complications.

Keywords: obesity, perivascular adipose tissue, sex differences, resistance arteries, endothelial dysfunction

INTRODUCTION

Excessive body fat storage (i.e., increased intake energy with reduced energy expenditure) is a major
feature of obesity. This condition results in chronic low-grade inflammation presenting a more
complex resolution and represents a risk factor for the development and/or worsening of several
chronic diseases, including cardiovascular diseases (CVDs) (Caballero et al., 2008; World Health
Organization, 2019). Over time (1975–2016), the prevalence of obesity has increased in both sexes;
however, women have shown a higher prevalence of obesity than men (Abarca-Gómez et al., 2017).
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Conversely, men have a higher prevalence of increased blood
pressure than women (Zhou et al., 2017). Despite the knowledge
of sex-specific differences in the development of obesity and
CVDs, few studies have covered obesity-related vascular (dys)
function in males and females.

Adipose tissue is recognized as a secretory organ, and its
anatomical location may predict modulation of adjacent tissues/
organs during the development of obesity (Lim and Meigs, 2014;
Vishvanath and Gupta, 2019). Perivascular adipose tissue (PVAT), a
fat depot evolving almost all vessels, modulates vascular function,
and thus, changes in morphology and vasoactive factors synthesized
or secreted by PVATmay result in altered vascular function. Studies
have demonstrated that obesity in humans is correlated with an
increase in the volume of PVAT (Schlett et al., 2009; Wagner et al.,
2012) and results in loss of the PVAT anticontractile effect
(Greenstein et al., 2009). Using experimental models of male
obesity, several studies have reported an impaired anticontractile
effect of PVAT (da Costa et al., 2017; Gil-Ortega et al., 2014; Han
et al., 2018; Ma et al., 2010; Withers et al., 2017; Xia et al., 2016; Xu
et al., 2012), although an increased PVAT anticontractile effect has
also been demonstrated in response to high-calorie diets (Gil-Ortega
et al., 2010; Dos Reis Costa et al., 2021). In addition to the
controversial data in male obesity experimental models, much
less is known about PVAT function in females, especially in the
setting of obesity (Victorio et al., 2020). Sexual dimorphism in PVAT
immune cell content in response to a high-fat (HF) diet was recently
demonstrated (Kumar et al., 2021), but it is still unclear whether
obesogenic diets differentially impact PVAT anticontractile function
in males and females over time.

Animal models are key tools for understanding and treating
obesity comorbidities (Barrett et al., 2016). A HF diet with 45% or
60% of calories from fat is the most commonly used obesogenic
diet in rodents. Although 60% fat diets induce a faster and more
obese model, a 45% fat diet seems to be more relevant for human
physiology (Speakman, 2019). In addition, a diet with 60% fat has
less sucrose than a diet with 45% fat, and differences in total sugar
and sugar sourcesmay influence cardiovascular outcomes (Xi et al.,
2015; Narain et al., 2016). Comparisons between sexes suggest that
Western diets (high-fat and high-sucrose diets) eliminate the
protective effect of female sex on endothelial function (Hunter
et al., 2017; Davel et al., 2018b), but the impact on PVAT control of
vascular tone is still unknown. The present study investigated
whether two differentHF obesogenic diets (60%HF versus 45%HF
plus high sucrose) impact PVAT anticontractile function
differentially in males and females over time.

METHODS

Animal Model
Male and female C57Bl6/J mice were purchased from the
Multidisciplinary Center for Biological Investigation on Laboratory
Animal Science of the University of Campinas. Animals were
maintained in a room with controlled humidity and temperature
(22 ± 2°C) under a 12 h:12 h light/dark cycle and received water and a
chow diet (CD) ad libitum. At 2months of age, the mice were divided
to receiveCD (3.86 kcal/g), a veryHF (60% calories from fat; 5.55 kcal/

g) diet, or aHF plus high-sucrose (HF +HS, 45% calories from fat and
30% from sucrose; 4.85 kcal/g) diet purchased from Quimtia©

(Colombo, PR, Brazil) and PragSoluções© (Jaú, SP, Brazil),
respectively, for a period of 3 or 5months. Nutritional information
for each diet is available in the supplementary material
(Supplementary Table S1). Measurement of food consumption
was performed weekly during the feeding protocol.

This study was approved by the Ethics Committee on Animal
Use of the University of Campinas (protocol no. 4914-1/2018,
5474-1/2020) and carried out in accordance with the National
Board of Animal Experimentation Control (CONCEA).

Blood Pressure Measurement
Systolic blood pressure (SBP) was assessed via tail-cuff
plethysmography (LE5001 Pressure meter, Panlab, Harvard
Apparatus, Barcelona, Spain) on the day before tissue
collection and vascular function was assessed. Animals were
restrained for 2 min before the first SBP measurement, which
was considered successful when the mouse did not move, and a
clear pulse was observed. Ten sequential measurements from
each animal were registered. The SBP is expressed as the average
of the ten measurements.

Body Parameters, Tissue Collection, and
Biochemical Profile
Final body weight was obtained at each period. The day before
tissue collection and vascular study performance and after SBP
measurement, fasting glucose was measured in 4 h fasted mice by
cutting the tail tip and using OneTouch Ultra® and reactive strips.
At the end of each time point in the diet protocol, animals were
anesthetized with a superdose of anesthesia (ketamine, 240 mg/kg;
xylazine, 30 mg/kg). On the day we conducted the vascular study,
blood samples were collected from fed animals by cardiac puncture
and centrifuged to obtain serum samples, which were stored at
−80°C until analyzing insulin and adiponectin levels. The
peritoneal cavity was opened, and the mesenteric bed,
perigonadal adipose tissue, and sex organs (testes/uterus) were
removed. The fat pads and sex organs were weighed. The
mesenteric bed was placed in ice-cold Krebs–Henseleit solution
(KHS; in mM: NaCl 115; KCl 4.6; CaCl2·2H2O 2.5; KH2PO4 1.2;
MgSO4·7H2O 12.4; NaHCO3 25; glucose 5.5) for vascular study.

Vascular Study
The second- and third-order mesenteric arteries (artery diameter
∼130 µm) were dissected in ice-cold KHS. In some segments,
adjacent PVAT was left intact (PVAT+), whereas, in others,
PVAT was dissected out (PVAT-). Arteries were cut into 1–2mm
rings, mounted on a 20 µm diameter wire in a multichannel
myograph (Model 610M, DMT A/S, Aarhus NA, Denmark), and
left to equilibrate for at least 20min before normalization using a
standardized procedure (Mulvany and Halpern, 1977; Wenceslau
et al., 2021). A normalization protocol that considers the inner
circumference and wall tension was performed (Saxton et al.,
2018). After normalization, the arteries were left for an additional
20min equilibration period at 37°C and bubbled at 95% O2/5% CO2

to maintain a pH of 7.4. Next, arteries were contracted with 60mM
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KCl twice, first for 3min following 15min of equilibration and a
second time for 10min, to establish the maximum contractile
response to KCl and confirm that the removal of PVAT did not
damage the vascular smooth muscle. The maximum KCl response
was similar in arteries with or without PVAT in males and females
(Supplementary Figure S1). After a 30min equilibration period,
PVAT+ and PVAT- arteries were precontracted (50% of maximum
KCl contraction) with phenylephrine (1 µM for PVAT- arteries and
10 µM for PVAT+ arteries); then, concentration-response curves to
acetylcholine (0.1 nM–30 µM) were obtained to evaluate
endothelium-dependent relaxation. To evaluate the anticontractile
effect of PVAT, arteries were contracted with phenylephrine
(1 nM–0.1 mM).

MATERIALS

Acetylcholine and phenylephrinewere obtained from Sigma-Aldrich
(Merck KGaA, Darmstadt, Germany). Salts for KHS were obtained
from Labsynth (Diadema, Brazil). A mouse insulin ELISA was
obtained from Merck (Merck KGaA; cat. #EZRMI-13K). A
mouse adiponectin/Acrp30 DuoSet ELISA (DY1119) was
obtained from R&D Systems (Minneapolis, United States).

Statistical Analysis
The results are expressed as the mean ± SEM and were analyzed
via one-way or two-way ANOVA with a Bonferroni multiple
comparison test for data that satisfied the Shapiro–Wilk
normality test. When data did not pass the normality test,
Mann–Whitney or Kruskal–Wallis tests were applied. p values
<0.05 were considered to indicate a significant difference. The
contractile response to phenylephrine is expressed in mN/mm.
Relaxation responses are expressed as a percentage (%) of the
precontraction with phenylephrine. The maximum response
(Rmax) and potency (the negative logarithm to base 10 of the
molar concentration of an agonist producing 50% of the maximal
effect; pEC50) were calculated in each concentration-response
curve. In figures, PVAT- data are represented by white symbols
and PVAT+ data by blue shapes for males and pink for females.
Statistical analysis was performed with GraphPad Prism 8.4.3
software (GraphPad Software, San Diego, CA, United States).

RESULTS

HF and HF + HS Obesity Models in Males
and Females
In both sexes, energy intake was similar between the HF and CD
groups, while food consumption was lower in the HF group than
that in the CD group (Supplementary Table S2). In contrast,
compared to the CD group, males and females fed a HF + HS diet
exhibited increased energy intake, while food consumption
remained reduced in males and similar in females
(Supplementary Table S2). In male and female mice fed with
HF + HS diet, food consumption was higher than that in mice fed
with HF diet (Supplementary Table S2), suggesting that adding
sugar to a HF diet could result in a more palatable diet.

Feeding of a HF or HF + HS diet for 3 or 5 months increased
body weight and perigonadal fat adiposity in males and females
compared to those mice in the respective sex-matched CD group
(Supplementary Table S2). The HF and HF + HS diets increased
fasting glucose in both sexes at 3 and 5 months. The HF + HS diet
induced a time-dependent increase in fasting glucose in males
and females and in adiposity in females (Supplementary Table
S2). Five months of HF diet feeding resulted in a significant
threefold increase in insulin levels, and although the insulin levels
doubled in the HF + HS group compared to the CD group, the
difference did not reach significant values (male: CD � 0.92 ± 0.1;
HF � 3.05 ± 0.2*; HF +HS � 1.96 ± 0.6 ng/ml; n � 3–4/group; *p <
0.05 vs. CD). Female obese mice showed doubled plasma insulin
levels after 5 months of a HF or HF + HS diet compared to female
CD-fed mice (female: CD � 0.57 ± 0.08; HF � 1.18 ± 0.01*; HF +
HS � 1.23 ± 0.19* ng/ml; n � 3–4/group; *p < 0.05 vs. CD).
Adiponectin levels were not changed by the diet protocol (male:
CD � 366 ± 164; HF � 266 ± 69; HF + HS � 210 ± 23 pg/ml;
female: CD � 212 ± 23; HF � 228 ± 31; HF +HS � 300 ± 90 pg/ml;
n � 4/group; p > 0.05). SBP and testis and uterine weight did not
differ between groups (Supplementary Table S2).

Anticontractile PVAT Function was
Preserved in Males but Impaired in Females
Following HF or HF + HS Diet Feeding
The anticontractile effect of PVAT was analyzed by comparing the
contraction induced by phenylephrine in small mesenteric arteries
with and without adjacent PVAT. Inmales fed aHF or HF +HS diet
for 3 months, the anticontractile effect of PVAT was similar to that
in CD sex-matched mice, as demonstrated by a similar LogEC50

(pEC50) and a reduced Rmax to phenylephrine in PVAT + arteries
from the HF + HS groups compared to those from the CD group
(Figures 1A–D; Supplementary Table S3). When male mice were
fed a HF or HF + HS diets for 5 months, the anticontractile effect of
PVAT was greater than that observed in CD mice (Figures 1E–H;
Supplementary Table S3). In contrast, in females, the anticontractile
effect of PVATwas impaired by both obesogenic diets, evidenced by
a reduction in pEC50 to phenylephrine in PVAT+ arteries of HF and
HF + HS diet mice compared to the matched CD group at 3 and
5 months (Figures 2A–H). Rmax did not differ between female
groups (Supplementary Table S3).

The HF + HS Diet Resulted in PVAT-
Mediated Endothelial Dysfunction Faster in
Females than in Males
Next, we evaluated PVAT modulation of acetylcholine-induced
endothelium-dependent relaxation. The presence of PVAT did
not impact the acetylcholine response in mesenteric arteries from
CD or HF diet male mice (Figures 3A–H). Otherwise, following
5 months of a HF + HS diet, PVAT+ arteries exhibited impaired
acetylcholine-induced relaxation compared to PVAT- arteries
(Figure 3G), as demonstrated by the reduced pEC50 (Figure 3H)
and Rmax to acetylcholine in PVAT+ arteries (Rmax in 5-month
HF +HSmales: PVAT- � 93.5 ± 1.5 vs. PVAT+ � 56.5 ± 7.1%, n �
3–4; p < 0.05).
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FIGURE 1 | Obesogenic diets did not impair the anticontractile effect of mesenteric PVAT in male mice. Concentration-response curves to phenylephrine in
mesenteric arteries without PVAT (PVAT-; white symbols) or in the presence of adjacent PVAT (PVAT +; blue filled symbols) of male mice fed a chow diet (CD; A,E; circle
symbols), high-fat diet (HF; B,F; triangle symbols) or HF plus high-sucrose diet (HF + HS; C,G; square symbols) for 3 (left panel) or 5 (right panel) months. Bar graphs
show the potency of the response to phenylephrine (pEC50) (D,H) in PVAT- (white bars) and PVAT+ (blue filled bars) arteries. The experimental number used is in
parenthesis. **p < 0.01; ***p < 0.001 vs. PVAT- arteries (Mann–Whitney U test).
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FIGURE 2 | The anticontractile effect of mesenteric PVAT is reduced by high-fat and high-fat plus high-sucrose diets in female mice. Concentration-response
curves to phenylephrine in mesenteric arteries without PVAT (PVAT-; white symbols) or in the presence of adjacent PVAT (PVAT +; pink filled symbols) from female mice
fed a chow diet (CD; A,E; circle symbols), high-fat diet (HF;B,F; triangle symbols), or HF plus high-sucrose diet (HF + HS;C,G; square symbols) for 3 (left panel) or 5 (right
panel) months. Bar graphs show the potency of the response to phenylephrine (pEC50) (D,H) in PVAT- (white bars) and PVAT+ (pink filled bars) arteries. The
experimental number used is in parenthesis. ****p < 0.0001 vs. PVAT- (pEC50 3 months) (Mann–Whitney U test). *p < 0.05, ****p < 0.0001 vs. PVAT- (pEC50 5 months)
(two-way ANOVA).
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FIGURE 3 | Effect of adjacent PVAT on acetylcholine-induced relaxation of mesenteric arteries from male mice. Concentration-response curves to acetylcholine in
mesenteric arteries without PVAT (PVAT-; white symbols) or in the presence of adjacent PVAT (PVAT +; blue filled symbols) from male mice fed a chow diet (CD; A,E;
circle symbols), high-fat diet (HF; B,F; triangle symbols) and HF plus high-sucrose diet (HF + HS; C,G; square symbols) for 3 (left panel) or 5 (right panel) months. Bar
graphs show the potency of the response to acetylcholine (pEC50) (D,H) in PVAT- (white bars) and PVAT+ (blue filled bars) arteries. The experimental number used
is in parenthesis. *p < 0.05 (two-way ANOVA).
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FIGURE 4 | Effect of adjacent PVAT on acetylcholine-induced relaxation of mesenteric arteries from female mice. Concentration-response curves to acetylcholine
in mesenteric arteries without PVAT (PVAT-; white symbols) or in the presence of adjacent PVAT (PVAT +; pink filled symbols) from female mice fed a chow diet (CD; A,D;
circle symbols), high-fat diet (HF; B,E; triangle symbols), and HF plus high-sucrose diet (HF + HS; C,F; square symbols) for 3 (left panel) or 5 (right panel) months. Bar
graphs show the potency of the response to acetylcholine (pEC50) (D,H) in PVAT- (white bars) and PVAT+ (pink filled bars). The experimental number used is in
parenthesis. p > 0.05 (two-way ANOVA).
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Similar to males, the presence of PVAT did not impact the
acetylcholine response in mesenteric arteries from the CD or HF
diet groups (Figures 4A–H). Nevertheless, the HF + HS diet
impacted acetylcholine-induced relaxation earlier in females
(Figures 4A–C); after 3 months of a HF + HS diet, PVAT+
arteries exhibited a reduced Rmax to acetylcholine compared to
PVAT- arteries (Rmax in 3-month HF + HS females: PVAT- �
97.4 ± 0.6 vs. PVAT+ � 78.3 ± 5.3%, n � 5; p < 0.05) with no
changes in pEC50 (Figure 4D). When the HF + HS diet was
prolonged for up to 5 months, PVAT+ arteries presented the
same acetylcholine response as PVAT- arteries with no changes
in pEC50 or Rmax (Figures 4G,H). Notably, small mesenteric
arteries in the female 5-month HF + HS diet group exhibited
endothelial dysfunction independent of the presence of PVAT,
since in this group, the acetylcholine-induced relaxation curve
was shifted to the right in PVAT- arteries (pEC50 PVAT-:
3 months � 7.8 ± 0.1 vs. 5 months � 6.8 ± 0.2, n � 5–6; p < 0.05).

DISCUSSION

In this study, we evaluated the prolonged effects of two obesogenic
HF diets (HF and HF + HS diets) on small mesenteric PVAT
function in male and female mice. In males, 3 and 5months of
obesogenic diet feeding resulted in similar anticontractile effects of
PVAT. In contrast to males, in females, we found that prolonged HF
orHF +HS diet feeding resulted in an impaired anticontractile effect
of PVAT. The HF + HS diet resulted in PVAT-mediated endothelial
dysfunction as early as 3months after obesogenic feeding in females
but only after 5 months in males. The presence of PVAT did not
impact acetylcholine-induced endothelial relaxation in mice fed a
HF diet alone, suggesting that the addition of sucrose accelerates
PVAT dysfunction in response to obesogenic diets. PVAT
dysfunction in response to the HF and HF + HS diets was
observed early in females compared to age-matched males,
suggesting a susceptibility of the female sex to PVAT-mediated
vascular complications in the setting of obesity. The data highlight
the importance of an obesogenic diet and the duration of the feeding
protocol for investigating treatments and pharmacological targets for
obesity-induced vascular complications in males and females.

The anticontractile effect of PVAT was first described in rat
thoracic aorta (Soltis and Cassis, 1991), followed by other vascular
beds, including small mesenteric arteries (Aoqui et al., 2014; Gil-
Ortega et al., 2014; Withers et al., 2017). It has been suggested that
the presence of cardiometabolic risk factors, such as obesity, alters
the secretory pattern of PVAT and might result in vascular
dysfunction (Victorio and Davel, 2019). PVAT-dependent
vascular dysfunction has been demonstrated in the aorta (da
Costa et al., 2017; Ketonen et al., 2010) and mesenteric resistance
arteries (Agabiti-Rosei et al., 2014; Gil-Ortega et al., 2014; Withers
et al., 2017) in rat and mouse obese models. Several mechanisms
have been described to be involved in PVAT dysfunction associated
with obesity, which seems to depend on PVAT location and the
duration of obesogenic diets and local/circulating adipokines
(Victorio and Davel, 2019; Victorio et al., 2020). Adiponectin was
demonstrated to act as a PVAT-derived anticontractile factor and
could be a promising mediator of PVAT function in female mice.

Here, we observed similar plasma adiponectin levels between the
obese and control groups, independent of sex. Plasma adiponectin in
male obesity has been demonstrated to be increased (Saxton et al.,
2021), unchanged (Sousa et al., 2019), or reduced (Han et al., 2018).
Adiponectin levels can differ with the time of induced obesity, with
increased levels in early phases and reduced levels in prolonged
phases (Victorio and Davel, 2019). Moreover, plasma adiponectin
cannot represent what happens in local modulation of vascular
function by PVAT, as demonstrated by Saxton and collaborators
who have observed increased plasma adiponectin in obesity but
reduced adiponectin content in PVAT (Saxton et al., 2021).
Therefore, more studies are needed to evaluate the effects of
different diets on PVAT adipokines, especially in females in the
setting of obesity.

Time-dependent resistance of PVAT to dysfunction was
observed in male obese mice. An increased anticontractile
effect of PVAT associated with adaptative nitric oxide (NO)
overproduction was found in the mesenteric arteries from
male mice fed a high-fat diet (45% fat) for 8 weeks (Gil-Ortega
et al., 2010) and in the aortas from mice fed a carbohydrate-
enriched diet for 4 weeks (Dos Reis Costa et al., 2021). However,
after 32 weeks of a 45% fat diet, altered redox status resulted in
PVAT dysfunction in mesenteric arteries (Gil-Ortega et al., 2010;
Gil-Ortega et al., 2014). In the present study, 3 or 5 months of a
very HF diet (60% fat) did not impair either the anticontractile
effect of PVAT in response to phenylephrine or the endothelium-
dependent relaxation in response to acetylcholine. PVAT-
dependent endothelial dysfunction was observed only after
5 months of the HF + HS diet in males. This suggests that the
association of a HF and HS diet (i.e., Western diet) may accelerate
PVAT and vascular dysfunction compared to a HF diet.

Since discovering the anticontractile effect of PVAT, it was
expected that PVAT could increase acetylcholine-induced
relaxation, but in our study, we did not observe an effect of
PVAT in response to acetylcholine in male and female control
mice. Similar to what was observed here, several studies have
demonstrated that the presence of PVAT does not affect
acetylcholine-induced relaxation in the aorta (Victorio et al.,
2016; Hou et al., 2017; Simplicio et al., 2017; Sousa et al., 2019)
or mesenteric arteries (Briones et al., 2012; Kagota et al., 2017).
However, we cannot exclude the possibility that PVAT can act as a
mechanical obstacle or diffusion limitation to agonists (Li et al., 2013;
Mendizabal et al., 2013). In the setting of obesity, previous studies
have demonstrated that PVAT-mediated impaired acetylcholine-
induced relaxation in mice fed HF diet seems to be endothelium-
dependent since relaxation to sodium nitroprusside was not altered
(Sousa et al., 2019; Sousa et al., 2021). Both NO and endothelium-
dependent hyperpolarization factor (EDH) seem to contribute to the
endothelium-dependent relaxation in small mesenteric arteries from
male and female mice (Hwa et al., 1994; Davel et al., 2018b).
Nevertheless, NO has a greater contribution than EDH in males,
while EDH contributes more than NO to endothelial relaxation
induced by acetylcholine in females (Davel et al., 2018b). In the
setting of HF-induced obesity, there is a reduction in endothelial NO
contribution, which compensates for increased EDH participation;
however, in females, an impaired EDH participation results in
impaired acetylcholine-induced relaxation (Davel et al., 2018b).
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Previous studies using HF or cafeteria diet have suggested that
impaired aortic PVAT-derived NO is associated with a reduction
in acetylcholine-induced relaxation in male mice (Xia et al., 2016;
Lang et al., 2019). Further studies are needed to investigate the relative
contribution of NO/EDH in the PVAT-mediated endothelial
dysfunction in resistance arteries of males and females in response
not only to obesity but also to other cardiovascular risk factors.

Reduced Rmax to phenylephrine in arteries with adjacent PVAT
was observed following prolonged HF or HF + HS diet feeding in
males. Silva and collaborators (Silva et al., 2016) have previously
demonstrated that a high sugar diet, in addition to inducing
endothelial dysfunction, upregulates the TNFα and iNOS
pathways, decreasing vascular contractility in the aortas of obese
male animals. Therefore, we cannot exclude a proinflammatory effect
of a prolonged HF + HS diet on PVAT function. Lang and
collaborators have demonstrated that a Western diet containing
high sugar and dense foods accessible in Western societies
impacted the aortic PVAT function more profoundly than a HF
diet (45% fat) (Lang et al., 2019). Although a cafeteria diet has been
demonstrated to be similar to a human diet and induced obesity, it
can change feeding behavior (Martire et al., 2015); thus, it may be
difficult to compare results in the literature because there is no
standard protocol (Lang et al., 2019). Here, we used a chow diet as a
standard diet, but a nonfat diet has been proposed for use as a control
for fat-enriched diets (Lang et al., 2019), which may represent a
limitation. However, as we meant to compare the effect of PVAT
function after HF diet consumption to that a healthy/lean situation,
we believe that the chow diet represented a better control.

Sugar consumption has been correlated with adverse effects on
HDL and triglyceride levels, which can accelerate atherosclerosis
(Howard and Wylie-Rosett, 2002). In addition, high sugar
consumption may worsen diabetes control, and the
combination of sugar with high fat promotes AGEs formation,
which is involved in vascular complications associated with
diabetes (Yonekura et al., 2005; Delbin et al., 2012). In women,
a diet high in refined carbohydrates was associated with an
increased risk of developing coronary heart disease (Liu et al.,
2000). These previous studies have reinforced the importance of
investigating the influence of high-calorie diets associated with
high sugar content on the mechanisms that modulate vascular and
PVAT function, especially in females.

In comparison to males, far less is known about functional
PVAT changes in vascular tone in the setting of female obesity,
which was a focus of the current study. A recent study revealed that
sex-specific changes in the number of immune cells in mesenteric
PVAT occurring with a HF diet (60% fat) became more prominent
with the development and progression of obesity (Kumar et al.,
2021). Here, we found that prolonged obesogenic diet feeding
differentially impacted PVAT regulation of vascular responses in
mesenteric arteries in males and females. HF and HF + HS diet
feeding impaired the anticontractile effect of PVAT in females but
not in males. In addition, 3 months of a HF + HS diet resulted in
PVAT-mediated endothelial dysfunction in females, which was
observed in males after 5 months of the same diet. Therefore, our
data suggest that mesenteric PVAT in females is more susceptible
to obesity-induced dysfunction than that in males. This is
consistent with previous studies demonstrating that the female

sex is more affected by endothelial dysfunction and vascular
stiffness caused by obesity and type-2 diabetes (DeMarco et al.,
2015; Jia et al., 2016; Davel et al., 2018a). Although we did not
evaluate the levels of sex hormones, gonad weights (uterus and
tests) were not significantly altered by either the HF or HF + HS
diet, consistent with previous studies (Bruder-Nascimento et al.,
2017; Faulkner et al., 2021). Loss of female sex hormones was not
reported as a mechanistic switch for cardiovascular complications
in obese female mice (Barris et al., 2021). A limitation of our study
is that we did not investigate the mechanisms or anatomical
differences underlying the sex differences in PVAT-mediated
vascular complications in obesity, which need to be addressed
in future investigations.

CONCLUSION

The results suggest that prolonged obesogenic diets impact
mesenteric PVAT function more profoundly in females than
in males, as after 3 and 5 months of HF or HF + HS feeding,
impairment in the anticontractile PVAT effect was only observed
in females. Our data also revealed that the combination of a HF
diet with high sucrose accelerated PVAT dysfunction compared
to a HF diet alone, resulting in PVAT-mediated endothelial
dysfunction in males and females. PVAT-mediated endothelial
dysfunction with a HF + HS diet occurs earlier in females than in
males. Taken together, the data suggest a susceptibility of the
female sex to PVAT-mediated vascular complications in the
setting of obesity and highlight the importance of an
obesogenic diet and the duration of the feeding protocol for
investigating treatments and pharmacological targets for obesity-
induced vascular complications in males and females.
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