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Abstract

Obijectives: To study the effect of glucagon-like peptide | (GLP-1) on NLR family pyrin domain
containing 3 (NLRP3) inflammasome-induced inflammation in perivascular adipose tissue (PVAT)
of Zucker diabetic fatty (ZDF) rats and the underlying role of nuclear factor (NF)-«xB signalling.
Methods: Thirty ZDF rats were randomly divided into three study groups: DM (0.9% saline,
subcutaneously); DM+GLP-1 (liraglutide, s.c.); and NF-xkB-+GLP-1 (betulinic acid then liraglutide,
s.c.). Ten Zucker lean rats were examined as normal controls. PVAT from ZDF (DM) rats was
examined for infllmmasome mRNA. Protein levels of NLRP3, cleaved caspase-|, caspase-I,
gasdermin D (GSDMD), interleukin (IL)-1f and IL-18 in PVAT were compared between control,
DM and DM+GLP-1 groups. Protein levels of NLRP3, IL-1f, IL-18 and NF-xB in PVAT were
compared between control, DM, DM+GLP-1 and NF-xB+GLP-I groups.

Results: The inflammasome most abundantly expressed in ZDF rat PVAT was NLRP3. NLRP3,
cleaved caspase-|I, IL-1p, IL-18, and GSDMD were markedly upregulated in DM versus control
tissue, and GLP-| reversed this effect. Inhibition of NLRP3 inflammasome-associated inflamma-
tion by GLP-1 was lost by activation of NF-xB with betulinic acid.

Conclusion: GLP-1 may alleviate NLRP3 inflammasome-dependent inflammation in PVAT by
inhibiting NF-«xB signalling.
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Introduction

Obesity has become a worldwide public
health problem, and is frequently combined
with other medical conditions, particularly
type 2 diabetes mellitus (T2DM) and ath-
erosclerosis.! The prevalence of T2DM in
China has been increasing annually.?
Atherosclerosis, including coronary heart
disease, is a major complication in patients
with T2DM, and the main cause of disabil-
ity and death in these patients.’ Therefore,
emphasizing early prevention and treatment
of angiopathy in patients with T2DM is
important. The inflammatory response has
been accepted to play a decisive role in the
development of atherosclerosis. Notably,
obesity and diabetes can lead to adipose
tissue inflammation. Compared with
patients of FEuropean descent, Chinese
patients develop visceral obesity more
easily. Dysfunctional adipose tissue can
result in chronic and systemic inflamma-
tion, which is closely associated with car-
diovascular disease.*

Perivascular adipose tissue (PVAT) is
located outside the adventitia, and has a
dual effect on the pathophysiology of
blood vessels.” As a specific type of visceral
adipose tissue, PVAT regulates the function
and structure of blood vessels by secreting
adipokines. In patients with obesity and dia-
betes, levels of PVAT are significantly higher
than those in healthy people. Obesity leads
to a chronic systemic inflammatory response
in PVAT, reduces the production of anti-
inflammatory adipokines, and aggravates
cell dysfunction, vascular oxidative stress
and inflammation. Furthermore, research

has shown that PVAT plays an important
role in the development of atherosclerosis.®

The inflammasome is a complex com-
posed of cytoplasmic pattern recognition
receptors (nucleotide-binding oligomeriza-
tion domain [NODJ-ike receptor [NLR]
family pyrin domain containing 1
[NLRPI1], NLR family pyrin domain con-
taining 3 [NLRP3], NLR family CARD
domain containing 4 [NLRC4], and absent
in melanoma 2 [AIM2]), apoptosis-related
spot-like protein (ASC) and caspase-1 pre-
cursor (procaspase-1). The inflammasome
activates caspase-l, which then activates
interleukin (IL)-1f and IL-18, promotes
inflammatory responses, and activates gas-
dermin D (GSDMD), causing pyroptosis.’
The NLRP3 inflammasome is the best-
studied inflammasome type. NLRP3 is
abundantly expressed in the aortic tissue
of patients with coronary atherosclerosis
and is closely related to the degree of coro-
nary artery stenosis and expression of
ASC, caspase-1, IL-1f and IL-18 in unsta-
ble and stable plaques.®” Knockdown of
NLRP3 has been shown to significantly
reduce the area of atherosclerosis plaques
in apolipoprotein  E-deficient mice.'®
Pyroptosis is a type of caspase-1-
dependent programmed cell death charac-
terized by fast membrane pore formation
and release of inflammatory contents,
resulting in cell lysis. The best-studied type
of pyroptosis is NLRP3 inflammasome-
dependent pyroptosis."'

Glucagon-like peptide 1 (GLP-1) is a
peptide of 36 or 37 amino acids that is
derived from proglucagon and mainly
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produced by the intestinal L cells. GLP-1 is
known to enhance glucose-dependent insu-
lin release and gastric emptying, lower
blood glucose, and reduce food intake.
Liraglutide is an analogue of GLP-1 that
is used as an important therapy in the treat-
ment of diabetes mellitus. GLP-1 improves
the adverse clinical outcome of diabetic
angiopathy. In clinical studies of the cardio-
vascular effects of GLP-1, including the
LEADER study and the SUSTAIN-6
study, patients with T2DM and cardiovas-
cular disease who used the GLP-1 ana-
logues liraglutide and semaglutide showed
a significant reduction in the risk of cardio-
vascular composite endpoints (comprising
cardiovascular death, nonfatal myocardial
infarction, and stroke).'*'?

In the present study, the effects of GLP-1
on NLRP3 inflammasome-induced inflam-
mation in PVAT from obese diabetic rats
was investigated. The hypothesis that nucle-
ar factor (NF)-xB signalling may be the
mechanism underlying GLP-1 regulation
of NLRP3 inflammasome activation in
PVAT was also tested.

Materials and methods

This study included male Zucker diabetic
fatty (ZDF) rats and Zucker lean rats
(Beijing Charles River Laboratory Animal
Technology Co., Ltd.; Beijing, China).
Animals were received at the Animal
Centre of South China University aged 11

Table 1. Characteristics of the four study groups.

weeks. On arrival to the animal unit, rats
were caged pairwise and allowed to accli-
matize for 7 days. Rats were housed at
22+ 1°C in a 12-h light/12-h dark cycle,
with ad libitum access to chow (Purina
5008) and water. Thirty ZDF rats were ran-
domly divided into three groups: DM
group, administered 0.9% saline as vehicle,
Iml/kg body weight, subcutaneously;
DM+GLP-1 group, administered 200 pg/
kg body weight liraglutide (GLP-1 ana-
logue; Novo Nordisk, Maaloev, Denmark)
s.c.; and NF-kB+GLP-1 group, adminis-
tered 15uM/kg body weight betulinic acid
(NF-kB activator; Sigma-Aldrich, St Louis,
MO, USA) then 200 pg/kg body weight lir-
aglutide, s.c. These rats were dosed by s.c.
injections once daily for 12 weeks.
Additionally, ten Zucker lean rats (obtained
at 6 weeks old) were examined as a normal
control group. The study groups are sum-
marised in Table 1. All animal experiments
were approved by the animal experimental
ethics committee of The First Affiliated
Hospital of South China University
(Hengyang, China), and all animal proce-
dures were conducted in accordance with
the institutional animal care and use com-
mittee of South China University.

Real-time quantitative PCR analysis

Perivascular adipose tissue was collected
from around the aortic arch and immedi-
ately snap frozen. Total RNA was isolated

Group Rat type

Treatment

Control group
DM group

DM+GLP-I group

DM-+GLP-1+4NF-xB group

Zucker lean rats
Zucker diabetic fatty rats

Zucker diabetic fatty rats

Zucker diabetic fatty rats

None

0.9% saline vehicle, | ml/kg,
subcutaneous injection

200 pg/kg liraglutide in 0.9% saline,
subcutaneous injection

15 uM/kg betulinic acid followed by
200 pg/kg liraglutide in 0.9% saline,
subcutaneous injection
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from approximately 0.1-0.2g of cryopre-
served PVAT, that was fully ground
before adding TRIzol reagent (Thermo
Fisher Scientific; Waltham, MA, USA) at
10 x the volume of the sample, according
to the manufacturer’s instructions. A two-
step amplifying protocol was performed.
Total RNA was reverse transcribed to
cDNA wusing a cDNA Synthesis kit
(Thermo Fisher Scientific) with 6pul
(50 pg—5 pg final concentration) RNA tem-
plate in a total reaction volume of 30 pl,
according to the manufacturer’s instruc-
tions. Real-time quantitative polymerase
chain reaction (PCR) of the cDNA was
then performed, with each reaction com-
prising the following: 1000 ng template
cDNA, 12.5p1 SYBR Green Real-time
PCR Master Mix (Thermo Fisher
Scientific), and 0.5ul (1mol/l) forward
and reverse primers, respectively, in a 25 pl
reaction volume. The primer pair sequences
were as follows: NLRP1 forward 5'-
AGACAACAATCAGGAGCCGAACAC-
3/, and reverse 5-GTCAACCATCTCAG
CAGTCACAGG-3’; NLRP3 forward 5-G
CAGCGATCAACAGGCGAGAC-3/, and
reverse 5-TCCCAGCAAACCTATCCACT
CCTC-3'; AIM2 forward 5-CATCACGGA
GGAGGAACTGAAACG-3', and reverse
5-AGGTGGCAGAAGCAACAGAACA
G-3’; NLRC4 forward 5-GGGCTCTGCT
GCTGAAGTTACAC-3, and reverse 5-
CCGTGGTGGTGGTGACAATGAC-3;
and f-actin forward 5-GGTCAGGTC
ATCACTATCG-3', and reverse 5-TGC
CACAGGATTCCATAC-3'.

A StepOnePlus™  Real-Time PCR
system  (Applied Biosystems; Thermo
Fisher Scientific) was employed for thermo-
cycling, using the following conditions:
95°C for 10 min; followed by 40 cycles of
95°C for 15s, 60°C for 30s, 72°C for 32s;
followed by 95°C for 155, 60 °C for 60 s and
95°C for 15s. Expression levels were quan-
tified with the 2-AACq method.

Western blotting analysis

The protein concentration from PVAT in rats
was measured using a BCA Protein Assay
kit (Beyotime Institute of Biotechnology,
Jiangsu, China). Proteins in each 20 pg pro-
tein sample were separated by 12% sodium
dodecyl sulphate-polyacrylamide gel electro-
phoresis and transferred onto PVDF mem-
branes. The membrane was blocked with
nonfat milk for 1.5 h at room temperature,
then incubated with primary antibodies at
4°C overnight, washed three x 5 min each
with tris-buffered saline Tween-20 (TBST),
followed by incubation with goat anti-rabbit
or anti-mouse secondary antibodies for 1 h at
room temperature. After washing three x 15
min each with TBST, the protein bands were
visualized using a Pierce ECL Western
Blotting ~ Substrate ~ (Thermo  Fisher
Scientific) and the density was quantified
with ImageJ software, version 1.46 (NIH,
Bethesda, MA, USA). Primary antibodies
(and working dilutions) were as follows:
anti-NLRP3 (1: 1000; cat. No. ab232401;
Abcam, Cambridge, MA, USA); anti-ASC
(1: 1000; cat. No. ab175449; Abcam); anti-f§
actin (1: 10000; cat. No. ab8224; Abcam);,
anti-cleaved caspasel (1: 1000; #89332S;
Cell Signalling Technology, Danvers, MA,
USA); anti-caspasel (1: 1000; cat. No.
ab179515; Abcam); anti-GSDMD (1: 1000;
cat. No. ab239377; Abcam); anti-NF-xB (1:
500; cat. No. ab28849; Abcam); anti-IL-1
(1: 1000; cat. No. ab9722; Abcam); and
anti-IL-18 (1: 1000; cat. No. abl91860;
Abcam). Horseradish peroxidase-conjugated
goat anti-rabbit or goat anti-mouse IgG anti-
body (1: 2000; cat. Nos. SA00001-1 and
SA00001-2; Proteintech Group, Rosemont,
IL, USA) were used as secondary antibodies.

Statistical analyses

Each experiment was performed three
times. Data are presented as mean = SEM,
and all data analyses were conducted using
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SPSS software, version 17.0 (SPSS Inc.,
Chicago, IL, USA). Between-group statisti-
cal analyses were performed using Student’s
t-test. One-way analysis of variance
(ANOVA) with a Tukey post-hoc test was
used for comparisons of more than two
groups. A P value < 0.05 was considered to
indicate a statistically significant difference.

Results

The most abundant inflammasome in
PVAT is NLRP3

Levels of inflammasome mRNA were
examined in PVAT from ZDF rats, and
NLRP3 was found to be the most highly
expressed compared with NLRP1, NLRC4
and AIM2 (P=0.022; Figure 1).

GLP-1 blunts inflammasome activation
in PVAT

To investigate the effects of GLP-1 on
inflammation and NLRP3 inflammasome

2.5+

2.0 L

1.54

1.0

Relative mRNA expression

QD
S

s c* e
oF oF =

- - -

Figure |. Semiquantitative reverse-transcription
real-time polymerase reaction showing expression
of NLR family pyrin domain containing | (NLRP/);
NLR family pyrin domain containing 3 (NLRP3);
NLR family CARD domain containing 4 (NLRC4);
and absent in melanoma 2 (AIM2) in perivascular
adipose tissue from male Zucker diabetic fatty rats
(n=3). NLRP3 was the most highly expressed,
P=0.022 versus other genes.

activation in PVAT, Zucker lean rats (con-
trols) and ZDF rats treated with or without
liraglutide for 12 weeks (DM and DM+
GLP-1 groups) were analysed. Protein
levels of NLRP3, cleaved caspase-1, cas-
pase-1, and ASC in PVAT were measured
using Western blots. As shown in Figure 2,
NLRP3, cleaved caspase-1, and ASC were
significantly upregulated in the DM group
compared with controls (P < 0.05), and this
upregulation was effectively reversed by
GLP-1 (P <0.05; DM+GLP-1 group versus
DM group).

GLP-1 alleviates NLRP3 inflammasome
activation in PVAT

As shown in Figure 3, expression levels of
I1L-1p, IL-18, and GSDMD in PVAT from
ZDF rats (DM group) were higher than
those in Zucker lean rats (control group;
P <0.05), suggesting that hyperglycaemia
and hyperlipidaemia may induce inflamma-
tory activation in PVAT. Moreover, GLP-1
was shown to significantly reverse the upre-
gulated expression of these indicators
(P<0.05; DM+GLP-1 group versus DM
group). Thus, it may be surmised that
GLP-1 alleviates the inflammatory activa-
tion in PVAT induced by hyperglycaemia
and hyperlipaemia in the ZDF rat model.
To further analyse the mechanism under-
lying suppression of the NLRP3 inflamma-
some by GLP-1, the level of NF-xB was
examined. As depicted in Figure 4, expres-
sion of NF-xB in PVAT was significantly
enhanced in the DM group versus controls
(P <0.05), and this increase was markedly
reversed by GLP-1 (P =0.035; DM+GLP-1
group versus DM group). To further vali-
date the role of NF-xB signalling in this
process, inflammatory protein levels in
rats randomly divided into four groups:
control, DM, DM+GLP-1, and DM+
GLP-1+NF-kB activators, were assessed
by western blots. Inhibition of NLRP3
inflammasome-mediated inflammation in
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Figure 2. Protein levels of NLR family pyrin domain containing 3 (NLRP3), apoptosis-related spot-like
protein (ASC), cleaved caspase-| and caspase-| in perivascular adipose tissue from Zucker lean rats (con-
trols) and male Zucker diabetic fatty rats, with or without liraglutide for 12 weeks (DM and DM+GLP-|
groups): (a) representative western blots; (b) NLRP3 and ASC levels normalised to f-actin; and (C) ratio of
cleaved caspase-|/caspase-|. Data presented as mean &= SEM of 10 rats per group (samples assayed in
triplicate); *P < 0.05, DM versus controls, or DM-+GLP-| versus DM group (analysis of variance).

(@ ®) £ 12,
control DM DM+GLP-1 é ol
—- o ILas g 04 % @ GSDMD
WL WS s GSDMD g 0.2 %
S R W p-actin éo.o- %

control DM DM+GLP-1
Figure 3. Protein levels of interleukin (IL)-1, IL-18 and gasdermin D (GSDMD) in perivascular adipose
tissue from Zucker lean rats (controls) and male Zucker diabetic fatty rats, with or without liraglutide for 12
weeks (DM and DM+GLP-1 groups): (a) representative western blots; and (b) IL-1, IL-18 and GSDMD

levels normalised to f-actin. Data presented as mean = SEM of 10 rats per group (samples assayed in
triplicate); *P < 0.05, DM versus controls, or DM+GLP-| versus DM group (analysis of variance).

the GLP-1-treated group was lost after acti-
vation of NF-xB (P<0.05; DM+GLP-
1+NF-kB  group versus DM+GLP-1
group; Figure 4). These findings suggest
that GLP-1 may participate in reduction
of the NLRP3 inflammasome by inhibiting
NF-«B signalling.

Discussion

This study generated two significant find-
ings: (1) GLP-1 attenuated activation of
the NLRP3 inflammasome in PVAT from
a rat model of obesity and diabetes, and (2)

NF-kB signalling may be the mechanism
underlying the regulation of NLRP3
inflammasome activation by GLP-1 in
PVAT. These novel findings suggest a
potential clinical application for GLP-1 in
the prevention of atherosclerosis.
Atherosclerosis is a process of chronic
inflammation, and inflammation is report-
edly associated with decreased expression of
lipogenic factors in the omental depot from
patients with diabetes."* PVAT-induced
inflammation plays an important role in
atherosclerosis. Notably, adipocytes and
macrophages in PVAT regulate vascular
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Figure 4. Protein levels of nuclear factor (NF)-xB, NLR family pyrin domain containing 3 (NLRP3), inter-
leukin (IL)-15 and IL-18 in perivascular adipose tissue from Zucker lean rats (controls) and male Zucker
diabetic fatty rats, with or without liraglutide for 12 weeks (DM or DM+GLP-1 groups) or with liraglutide
plus NF-xB activator betulinic acid (DM+GLP-14NF-xB group): (a) representative western blots; and (b)
NF-xB, NLRP3, IL-1f and IL-18 levels normalised to f-actin. Data presented as mean & SEM of 10 rats per
group (samples assayed in triplicate); #P < 0.05, DM versus controls (analysis of variance); *P < 0.05,
DM-+GLP-I versus DM; AP < 0.05, DM+GLP-1+NF-xB versus DM+GLP-| (one-way analysis of variance

with a Tukey post hoc test).

inflammation by transmitting signals to
endothelial and inflammatory cells in the
arterial wall."> PVAT inflammation and
arterial inflammation share a mutual influ-
ence and promotion, causing inflammation
of the blood vessels, plaque instability
and even rupture. Endogenous genes
expressed in human adipose tissue are
reported to be relevant to obesity and
T2DM.'® Furthermore, PVAT phenotyping
would help to establish potential risks,
including atherosclerosis, in obese individu-
als."” Therefore, PVAT is recognized as a
novel therapeutic target of atherosclerosis.'®

The present study found that the NLRP3
inflammasome is highly expressed in the
PVAT of a rat model of obesity and diabe-
tes, demonstrating that hyperglycaemia and
hyperlipidaemia may induce inflammatory
activation in PVAT. GSDMD, the key
inducer of pyroptosis, was suppressed by
GLP-1, demonstrating that GLP-1 may
regulate pyroptosis in PVAT. In a high-fat
diet-induced obese mouse model, NLRP3,

ASC and caspase-1 expression in adipose
tissue was shown to be upregulated, and
IL-18 was also increased.'” Moreover,
knockdown of NLRP3 and caspase-1
genes may improve adipose tissue inflam-
mation, alleviating high-fat diet-induced
insulin resistance.*

Endothelial cell inflammatory activation
and pyroptosis mediated by the NLRP3
inflammasome has been demonstrated to
play an important role in melatonin-
mediated atherosclerosis.?’ In addition,
the GLP-1 analogue liraglutide has been
shown to significantly reduce cardiovascu-
lar and renal adverse outcomes independent
of blood glucose and body weight.”> GLP-1
regulates the macrophage inflammatory
response by inhibiting NLRP3 inflamma-
some activity,”> and a previous study
reported that GLP-1 inhibits activation of
the NLRP3 inflammasome in peripheral tis-
sues, such as the kidney, lung and liver.*
Furthermore, GLP-1 has been reported to
affect the NLRP3 inflammasome in
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macrophages and myocardial stem cells.*
In addition, Salim et al.?® found that tene-
ligliptin, a dipeptidyl peptidase-4 inhibitor,
attenuated the proinflammatory phenotype
of PVAT and inhibited atherogenesis in
normoglycemic apolipoprotein E-deficient
mice. GLP-1 has also been reported to sup-
press proinflammatory activation of macro-
phages and adipocytes in PVAT.?’
However, whether GLP-1 affects inflamma-
tion mediated by the NLRP3 inflamma-
some in PVAT has not been determined.
To the best of the authors’ knowledge, the
present study is the first to determine that
GLP-1 attenuates inflammatory activation
by the NLRP3 inflammasome in PVAT.

Activation of the NLRP3 inflammasome
requires two steps: priming and then assem-
bly of the inflammasome complex. The
priming step is initiated by pattern recogni-
tion receptors, cytokine receptors, or any
factor able to induce the activation of NF-
kB, and these initiations result in the upre-
gulation of NLRP3 to a functional level
and pro-IL-1p expression.”® The priming
step of the NLRP3 inflammasome is initi-
ated by the activation of NF-xkB.*
Furthermore, melatonin alleviates NLRP3
inflammasome-induced inflammation and
pyroptosis through inhibiting NF-xB/
GSDMD signalling in adipose tissue.'
Zhu et al.*° found that PVAT aggravates
adventitial remodelling in obese mini pigs
by NLRP3 inflammasome/IL-1 signalling.
In the present experiment, GLP-1 is sur-
mised to participate in reduction of the
NLRP3 inflammasome by inhibiting the
NF-xB signal.

In summary, the results of the present
study suggest that GLP-1 alleviates
NLRP3 inflammasome-dependent inflam-
mation in PVAT through inhibiting the
NF-xB signalling pathway. The present
data reveal a novel function of GLP-1 in
the inflammatory response in PVAT, sug-
gesting a new potential therapy for athero-
sclerosis. Further studies involving in vitro

experiments will shed light on the mecha-
nism of GLP-1.
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