
ARTICLE

Perivascular adipose tissue dysfunction aggravates
adventitial remodeling in obese mini pigs via NLRP3
inflammasome/IL-1 signaling pathway
Xiao Zhu1,2, Hong-wen Zhang3, Hai-nan Chen1,2, Xiao-jun Deng3, Yi-xuan Tu1, Ampadu O. Jackson1, Ji-na Qing1, Ai-ping Wang4,
Vaibhav Patel5 and Kai Yin1,2

Perivascular adipose tissue (PVAT), a special type of adipose tissue, closely surrounds vascular adventitia and produces numerous
bioactive substances to maintain vascular homeostasis. PVAT dysfunction has a crucial role in regulating vascular remodeling, but
the exact mechanisms remain unclear. In this study, we investigated whether and how obesity-induced PVAT dysfunction affected
adventitia remodeling in early vascular injury stages. Mini pigs were fed a high sugar and fat diet for 6 months to induce metabolic
syndrome and obesity. In the mini pigs, left carotid vascular injury was then generated using balloon dilation. Compared with
normal mini pigs, obese mini pigs displayed significantly enhanced vascular injury-induced adventitial responses, evidenced by
adventitia fibroblast (AF) proliferation and differentiation, and adventitia fibrosis, as well as exacerbated PVAT dysfunction
characterized by increased accumulation of resident macrophages, particularly the M1 pro-inflammatory phenotype, increased
expression of leptin and decreased expression of adiponectin, and production of pro-inflammatory cytokines interleukin (IL)-1β and
IL-18. Primary AFs cultured in PVAT-conditioned medium from obese mini pigs also showed significantly increased proliferation and
differentiation. We further revealed that activated nod-like receptor protein 3 (NLRP3) inflammasome and its downstream products,
i.e., IL-1 family members such as IL-1β and IL-18 were upregulated in the PVAT of obese mini pigs; PVAT dysfunction was also
demonstrated in preadipocytes treated with palmitic acid. Finally, we showed that pretreatment with IL-1 receptor (IL-1R)
antagonist or IL-1R knockdown blocked AF proliferation and differentiation in AFs cultured in PVAT-conditioned medium. These
results demonstrate that obesity-induced PVAT dysfunction aggravates adventitial remodeling after early vascular injury with
elevated AF proliferation and differentiation via activating the NLRP3/IL-1 signaling pathway.
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INTRODUCTION
Obesity, one of the biggest health problems in the world, is
considered a crucial stimulus for vascular remodeling after injury
that is an essential pathological process in the development of
cardiovascular diseases (CVDs), including atherosclerosis and
restenosis after endovascular intervention [1]. Adventitia, mainly
comprising adventitia fibroblasts (AFs) and connective tissue, has
recently been confirmed to be closely related to the process of
vascular remodeling [2], which has been found to be activated
before neointimal hyperplasia formation in a vascular injury
animal model [3]. Perivascular adipose tissue (PVAT), a special type
of adipose tissue (AT), closely surrounds vascular adventitia and
produces numerous bioactive substances to maintain vascular
homeostasis [4]. In response to sustained overnutrition, PVAT
undergoes dysfunction to accommodate obesity-triggered

uncontrolled chronic inflammatory responses, including inflam-
matory cell infiltration, increased pro-inflammatory cytokine
secretion, and decreased anti-inflammatory adipokine secretion,
which further aggravate vascular remodeling after vascular injury
[2, 5, 6]. The exact mechanisms of this process, however, remain
to be explored.
The nod-like receptor protein 3 (NLRP3) inflammasome is an

intracellular multiprotein complex consisting of NLRP, adaptor
protein ASC and pro-caspase-1. The activation of NLRP3 con-
tributes to the maturation of caspase-1 and subsequently
promotes the processing of interleukin (IL)-1 family members,
including IL-1β and IL-18, both of which have been shown to have
crucial roles in AT inflammation [7]. Suppressing the activation of
the NLRP3 inflammasome decreases IL-1β levels and produces
an AT protective function [7, 8]. The excessive expression of the
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NLRP3 inflammasome increases aortic wall thickness and fibrosis
during abdominal aortic aneurysm development [9]. Moreover,
IL-1β has been demonstrated to participate in the progression
of adventitia fibrosis [10]. However, the roles of the NLRP3
inflammasome/IL-1 pathway in PVAT dysfunction and adventitia
remodeling after vascular injury in the obese state have not been
fully elucidated.
In this study, we investigated the role of the NLRP3 inflamma-

some and its downstream products in obesity-induced PVAT
dysfunction and adventitia remodeling in an obese mini pig
model. We observed that obesity-induced PVAT dysfunction
aggravated adventitia fibroblast proliferation and differentiation
in a mini pig model of early vascular injury, characterized by
macrophage polarization, NLRP3 inflammasome activation and
the production of downstream pro-inflammatory cytokines IL-1β
and IL-18. Moreover, NLRP3-induced IL-1β and IL-18 activation
contributed to AF proliferation and differentiation via binding to
the IL-1 receptor (IL-1R). These results suggest that the NLRP3
inflammasome/IL-1 pathway in preadipocytes has a crucial role in
controlling PVAT function and adventitia remodeling under
obesity conditions.

MATERIALS AND METHODS
Antibodies and reagents
P4H, F4/80, adiponectin ELISA kit, Ki67, NLRP3, caspase-1, and IL-
1R1 antibodies were purchased from Abcam (Cambridge, UK). The
α-SMA and ASC antibodies and lipopolysaccharide (LPS), palmitic
acid (PA), ATP, and MCC950 were purchased from Sigma (St. Louis,
MO, USA). ELISA kits for leptin, TNF-α, IL-1β, IL-6, and IL-18;
the IL-1β and IL-18 antibodies; and recombinant porcine IL-1R
antagonist (IL-1Ra) protein were purchased from R&D Systems
(Minneapolis, MN, USA). IL-1R1 siRNA was purchased from SCBT
(Santa Cruz, CA, USA).

Animals
All protocols in the present study were approved by the
Institutional Animal Care and Use Committee of University of
South China. Bama mini pigs were purchased from Third Military
Medical University of China and randomly divided into two
groups: the normal diet group (n= 6) and the high sugar
(33% sugar) and fat (10% lard) diet (HSFD) group (n= 6). Animals
were housed in the Animal Facility of University of South China
(Temperature 20–24 °C, under relative humidity of 30–70%). Body
mass was measured at the end of each month.

Lipid, glucose, and insulin measurements
Before balloon dilatation, the serum total cholesterol, triglycerides,
high-density lipoprotein cholesterol (HDL-C), low density lipopro-
tein cholesterol (LDL-C), glucose, and insulin levels of the mini pigs
were measured every 2 months. Blood samples were collected
from ear veins and detected with an automatic blood analyzer
produced from Roche (Basel, Switzerland).

Oral glucose tolerance test
After 6 months, mini pigs were subjected to an oral glucose
tolerance test. Mini pigs were fasted for 12 h, weighed and treated
with glucose (2 g/kg weight) and 25 g of mixed feed (dissolved in
100mL of water). Then, blood samples were collected and
detected at 0, 30, 60, 90, 120, and 150min.

Balloon dilatation
After 6 months, mini pigs were anaesthetized with ketamine
(10 mg/kg) combined with acepromazine (0.2 mg/kg) via muscle
injection for induction, followed by continuous intravenous
infusion with ketamine (3 mg/kg/h) for maintenance. A ventilator
and ECG were used to check the adequacy of the anesthesia and
physiological function. The operative area was prepared by

removing hair and disinfecting with 70% ethanol. Then, the
femoral artery was punctured, and an arterial sheath was placed.
The area was heparinized (100 U/kg sodium heparin), and
angiography was used for the determination of the left carotid
artery diameter. According to the diameter size, balloon dilatation
was performed using a 5-Fr balloon. The balloon was inflated
to 680–892 kPa for 10 s, which was repeated for three times
at an interval of 30 s. Then, the balloon pressure was kept at
187–465 kPa and the balloon was pulled back and forth for three
times to injure the left carotid artery for 3–4 cm. The surgeries
were performed in the Department of Interventional Medicine of
the Affiliated Hospital of University of South China.

Tissue isolation
After 2 weeks of balloon dilatation, mini pigs were deeply
anesthetized and then killed with ketamine (40 mg/kg) combined
with acepromazine (4 mg/kg). The killed mini pigs were placed in
the supine position, and their left carotid arteries were carefully
exposed. The injured left carotid arteries with PVAT were then
isolated from the normal and HSFD group. The separated artery
was divided into two parts, one of which was fixed in 10%
buffered formalin and the other of which was used for the
isolation of PVAT and primary fibroblasts.

Hematoxylin–eosin staining
The extracted injured left carotid artery was fixed in 10% buffered
formalin for 24 h. Afterward, the artery was sliced into 2 to 3-mm
portions and embedded in paraffin after treatment with ethanol
and xylene. The paraffin blocks were sliced and dried. After
processing with xylene and a graded alcohol series, the sections
were washed with double-distilled water and stained with
hematoxylin and 5% eosin. The pathological changes in the left
carotid artery were examined by light microscopy.

Immunofluorescence
Immunofluorescence was performed according to previous
methods [11]. Briefly, paraffin-embedded left carotid arteries were
treated by steam heating for antigen retrieval (15–20min) after
deparaffinization and rehydration. After blocking in 2% donkey
serum for 1 h at room temperature, the slides were washed in
phosphate buffer saline (PBS) three times for 5 min and then
incubated with 1:100 anti-P4H and 1:100 anti-F4/80 at 4 °C
overnight. They were then washed with PBS three times for
5 min. After incubation with CY3-conjugated (red) secondary
antibody at room temperature for 2 h, the slides were washed
with PBS three times for 5 min and stained with DAPI (blue) for
5 min at room temperature. They were then washed with PBS
three times for 5 min. Fluorescence images were obtained using a
fluorescence microscope.

Western blotting
Total proteins were isolated according to previous methods
[12, 13]. The total protein concentration was determined using
the Bio-Rad protein assay (California, USA), before separation
with SDS-PAGE for 30min at 80 V and 90min at 120 V in buffer
containing 25mM Tris base, 250 mM glycine, and 0.1% SDS. After
electrophoresis, the proteins were electrically transferred to the
immobilon-P transfer membrane in buffer containing 25mM Tris,
192mM glycine and 20% methanol. After transfer, the membrane
was blocked in TBST (20 mM Tris base pH 7.6, 15 M NaCl, 0.1%
Tween-20) containing 5% skimmed milk for 2 h at room
temperature. After that, membranes were incubated with primary
antibodies (4 °C, overnight) at the following concentrations: 1:1000
anti-P4H, 1:2000 anti-α-SMA, 1:5000 anti-GAPDH, 1:2000 anti-Ki67,
1:1000 anti-NLRP3, 1:1000 anti-ASC, 1:1000 anti-pro-caspase-1,
1:2000 anti-caspase-1, 1:1000 anti-IL-1β, 1:1000 anti-IL-18 in TBST
dilution buffer. Thereafter, the membrane was washed three times
with TBST for 10min and incubated with secondary antibody in
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the blocking solution for 2 h at room temperature and washed
three times with TBST for 10 min. The proteins were visualized
using the chemiluminescence method. Densitometric analysis was
then completed to quantify the amount of protein.

Relative quantitative real-time PCR
The total RNA of the cells was extracted from PVAT by TRIzol
reagent produced from Invitrogen (California, USA) and reverse-
transcribed by qScript cDNA SuperMix produced from Quanta
BioSciences (Maryland, USA) in accordance with the manufac-
turer’s instructions. cDNA was synthesized by iScript cDNA
Synthesis kit (Bio-Rad). Subsequently, cDNA was used for
quantitative PCR in triplicate in a 7500 Fast Real-Time PCR System.
RNA content of all samples was normalized to the expression
of GAPDH. The primers used for the RT-PCR are shown in
Supplementary Table 1.

Immunohistochemistry
The slices of the injured left carotid arteries samples were
deparaffinized with xylene and rehydrated, after which the
antigen was repaired in 10 mM of citrate buffer for 2–3min at
37 °C and washed with distilled water three times for 3 min. At the
cell level, the primary adventitial fibroblasts were co-cultured with
PVAT-conditioned medium and fixed with 4% paraformaldehyde
(4 °C, overnight), washed three times with PBS for 5 min, then
incubated with 3% H2O2 (room temperature, 20min) and washed
with PBS. Thereafter, the slices and fibroblasts were blocked
for non-specific staining with a buffer containing 5% goat serum
(37 °C, 20min) and incubated with primary anti-α-SMA (1:200)
and anti-Ki67 (1:100) overnight at 4 °C. After washing with PBS
three times for 5 min, samples were incubated with biotinylated
anti-mouse secondary antibodies. IgG-conjugated horseradish
peroxidase and 3,3′-diaminobenzidine tetrachloride were used
to detect antibody binding.

ELISA
Adipokines (adiponectin and leptin) and inflammatory cytokines
(TNF-α, IL-1β, IL-6, IL-18) were detected in the PVAT samples from
the normal and HSFD groups (all samples were normalized with
the weight of PVAT); preadipocytes were detected by an ELISA
kit according to the guiding manual.

Preadipocytes culture
Preadipocytes were extracted from PVAT according to previous
methods [14]. Briefly, the minced PVAT sample were washed three
times with PBS (adding penicillin/streptomycin), then placed in
DMEM/F12-conditioned medium containing type 1 collagenase
(0.25%) and incubated on a shaker (250 rpm, 37 °C, 60min). The
undigested PVAT sample was filtered with 100-μm mesh fabric,
and the matured adipose cells were isolated (500×g, 4 °C, 10 min).
Finally, the stromal vascular fraction was resuspended in
adipocyte medium. After filtration through a 20-μm nylon mesh,
the cells were dispensed onto a 24-well plate for confluency.
After an overnight rest, adherent preadipocytes were washed
three times with FBS-free DMEM/F12 medium and subsequently
cultured for 24 h in the same medium. After that, the preadipo-
cytes were cultured in DMEM/F12-conditioned medium with
0.2% FBS to induce growth arrest.

Immunoprecipitation
The assembly of NLRP3–ASC was assayed through previous
methods [15]. After experiments factor treatment, preadipocytes
were lysed in RIPA buffer, and the isolated lysates (400 μg) were
incubated with anti-NLRP3 antibody (4 °C, overnight). Then, co-
incubation with protein A agarose beads (40 μL) (4 °C, 3 h) was
completed on a horizontal shaker (4 °C, 5 min), after which the
supernatant was discarded. Protein complexes that linked with
protein A were washed five times at least with RIPA buffer and

centrifuged on horizontal shaker (4 °C, 5 min) before supernatant
collection. Finally, the collection buffer was mixed with 5× loading
buffer, heated (95 °C, 10min), and used for Western blot analysis
with an anti-ASC and anti-NLRP3 antibody. Whole preadipocyte
lysate prepared for immunoprecipitation (60 μg) was used as an
input sample.

Preparation of PVAT-conditioned medium
The preparation of PVAT-conditioned medium was conducted as
previously described [16, 17]. Briefly, PVAT samples were dissected
along the injured left carotid artery, placed in petri dishes and
repeatedly washed with 1× PBS buffer (pH 7.4). Then, samples
were minced into fine pieces carefully under aseptic conditions
and cultured in serum-free DMEM medium, with a volume
normalized to the weight of PVAT (37 °C, 48 h). For follow-up
experiments, the PVAT-conditioned medium was collected.

Fibroblast co-culture
Primary fibroblasts were isolated and cultured as described
previously [17, 18]. In brief, the PVAT media as well as
endothelium of injured left carotid artery from normal and HSFD
mini pigs were removed using fine forceps. The adventitia of the
injured vasculature was minced into fine pieces and cultured in
DMEM containing 15% FBS, 100 U/mL penicillin, and streptomycin.
After reaching confluence, primary fibroblasts were induced to
undergo growth arrest by DMEM supplemented with 0.2% FBS
before treatment. Fibroblasts were used from passage 3 to 6
and then cultured in PVAT-conditioned medium at 37 °C in 5%
CO2 incubator.

siRNA experiment
Primary fibroblasts were cultured in a 24-well plate after reaching
confluence (40–50%), and cells were transfected with IL-1R1
siRNAs (120 pmol) using Lip2000 (10 µL), then cultured at 37 °C in
a 5% CO2 incubator. After 48 h, the effect of the interference
on cells was detected by Western blot analysis. The primary
fibroblasts were then co-cultured with PVAT-conditioned medium
for 48 h.

Statistical analysis
Quantitative data are presented as the means ± SD. Curve-fitting
was completed using GraphPad Prism version 6.0 software.
Statistical differences were analyzed by a one-way ANOVA
and t-test. The results were considered significant when P values
were <0.05.

RESULTS
Obesity aggravates vascular injury-induced adventitia fibroblast
proliferation and differentiation
To investigate the effects of obesity on the progression of
adventitia remodeling, mini pigs were first fed a normal diet
(n= 6) or an HSFD with 33% sugar and 10% lard based on a
normal diet (n= 6) for 6 months. When HSFD was compared with
the normal diet, we confirmed that HSFD induced an obvious
increase in body mass and the levels of glycolipids, including total
cholesterol, LDL-C, HDL-C, free fatty acids (FFA), glucose, and
insulin within 4 to 6 months in the pigs, though the content of
triglycerides showed no significant difference between the two
groups (Supplementary Fig. 1A to C and Supplementary Table 2),
suggesting that HSFD induced metabolic syndrome and obesity in
6 months. Subsequently, the mini pigs underwent balloon dilation
in the left carotid artery (Supplementary Fig. 1D to I) and were
killed at 2 weeks after surgery. We observed that the lesion area
and media-lumen ratio between HSFD and the normal diet group
had no significant difference (Fig. 1a–c). However, the thickness of
the adventitia was obviously increased in the HSFD group
compared to the normal diet group (Fig. 1a, d). AF, a major cell
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type of vascular adventitia, has been shown to be induced to
participate in adventitia remodeling via proliferation and differ-
entiation to myofibroblasts [3]. Furthermore, we found that in the
injured left carotid artery adventitia, HSFD induced the upregula-
tion of Ki67 (Fig. 1e, f), a marker of proliferation; P4H (Fig. 1g, h),
and α-SMA (Fig. 1i, j), markers of AF differentiation. Furthermore,
the collagen content of adventitia in HSFD also increased
(Fig. 1j, k). These results suggested that HSFD promoted AF

proliferation and differentiation and adventitial fibrosis in
response to early vascular injury.

Obesity-induced PVAT dysfunction promotes adventitia fibroblast
proliferation and differentiation
PVAT has a crucial role in regulating vascular function, whereas its
phenotype and function undergo a significant change in the
obese state [6, 19]. To investigate the role of obesity in PVAT
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dysfunction, we first analyzed the anti-/pro-inflammatory pheno-
type of PVAT surrounding the injured left carotid artery.
Immunofluorescence staining showed a great increase in F4/80+

macrophages in obese PVAT animals (Fig. 2a). Interestingly, the
levels of the pro-inflammatory M1 macrophage markers CCL2
and CD11c were markedly increased, while the levels of anti-
inflammatory M2 markers, such as Arg1 and CD206, in obese
PVAT were significantly decreased (Fig. 2b), suggesting that HSFD
promoted the pro-inflammatory phenotype of PVAT. Since PVAT
was considered to be an important endocrine organ that
regulated vascular function via the secretion of cytokines, we
examined the expression of cytokines in PVAT and determined

that protective cytokines, such as adiponectin, were significantly
decreased. In contrast, pro-inflammatory factors, such as leptin,
TNF-α, IL-6, and especially IL-1β and IL-18, were significantly
increased in HSFD (Fig. 2c, d). We next investigated whether
PVAT dysfunction had a role in regulating adventitia remodeling.
Primary AFs were isolated from injured left carotid artery
adventitia and co-cultured with PVAT culture medium. It was
identified that AFs in the HSFD culture medium expressed higher
levels of P4H and α-SMA than AFs cultured in the control medium
(Fig. 2e, f). Furthermore, Ki67+ fibroblasts showed significant
increases in PVAT from HSFD co-cultured medium (Fig. 2g).
This suggested that obesity-induced PVAT dysfunction

Fig. 1 Obesity aggravates vascular injury-induced AF proliferation and differentiation. The intimal hyperplasia area (a, b), media-lumen ratio
(a, c), and adventitia thickness (a, d) in the left carotid artery were visualized by hematoxylin–eosin staining and measured by Image-Pro plus
at 2 weeks after the balloon dilation. e, f Immunohistochemistry staining of Ki67 as a marker of AF proliferation was quantified by Image-Pro
Plus 6.0 in the normal and HSFD diet mini pigs. Image-Pro Plus 6.0 was used to measure the number of hematoxylin staining nuclei (blue) and
Ki67+ nuclei (dark brown). The ratio of Ki67 staining was defined as the percentage of positive nuclei (brown) within the total (hematoxylin
staining plus Ki67+ staining) number of nuclei. g Immunofluorescence staining of P4H (red), DAPI (blue) in the adventitia of mini pigs.
h Western blot analysis was used to detect the expression of P4H in the adventitia of mini pigs. i, j The level of α-SMA in the adventitia was
detected by immunohistochemistry and Western blot analysis, which was quantified by Image-Pro Plus 6.0 (dashed line in black indicates
the border of adventitia and media; dashed line in red indicates the border of adventitia and perivascular adipose tissue; the area between
the two dashed lines is the region of interest to quantify α-SMA level). j, k The fibrosis of adventitia was detected by Masson staining and
quantified by Image-Pro Plus 6.0. Means ± SD. n= 6. *P < 0.05 vs. normal diet

Fig. 2 Obesity-induced PVAT dysfunction promotes AF proliferation and differentiation. a Immunofluorescence staining of F4/80+ (red)
macrophages showed that the infiltration of F4/80+ macrophages was significantly increased in HSFD PVAT. b The mRNA expression levels of
macrophage polarization markers were determined by quantitative real-time PCR. c The expression levels of adiponectin and leptin in PVAT of
mini pigs were determined by ELISA. d The expression levels of TNF-α, IL-1β, IL-6, IL-18 in PVAT were determined by ELISA. e, f The expression
levels of P4H and α-SMA in AFs co-cultured with PVAT culture medium from normal and HSFD mini pigs. g Ki67 staining as a marker of AF
proliferation was quantified in PVAT-conditioned medium from the normal and HSFD group. Means ± SD. n= 6. *P < 0.05 vs. normal diet
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aggravated adventitial remodeling by promoting AF proliferation
and differentiation.

Obesity-induced NLRP3 inflammasome activation in PVAT
After 6 months of HSFD, the level of FFA in obese mini pigs was
increased (Supplementary Table 2). FFA, especially in its saturated
form, has been shown to promote NLRP3 inflammasome
activation, which has an important role in regulating the AT
inflammatory state [20, 21]. However, the exact role of FFA in
the activation of the NLRP3 inflammasome in PVAT remains
unknown. We thus explored the expression of NLRP3 and
observed that NLRP3, ASC, pro-caspase-1 and its downstream
signaling products, including caspase-1, were significantly
increased in PVAT from HSFD mini pigs (Fig. 3a), indicating the
effect of obesity on the activation of NLRP3 inflammasome.
Previous studies have confirmed that NLRP3 inflammasome

activation is essential for the activation of IL-1β and IL-18 [22].
Therefore, we next investigated whether the upregulation of IL-1β
and IL-18 in the PVAT of HSFD mini pigs depended on NLRP3
inflammasome activation. Since preadipocytes exhibited higher
inflammatory responses after exposure to saturated FFA [23],
the primary preadipocytes extracted from PVAT were treated with
PBS, palmitic acid (PA), LPS+ ATP (an NLRP3 inflammasome
agonist) and PA+MCC950 (an inhibitor of NLRP3 inflammasome
activation). We observed that the NLRP3–ASC complex in

preadipocytes was necessary for NLRP3 inflammasome activation
and was significantly increased in PA and LPS+ ATP compared
with PBS alone. In contrast, it was significantly decreased in
the PA+MCC950 group (Fig. 3b). Consistent with NLRP3–ASC
complex formation, the activation of caspase-1 and the expression
and maturation of pro-IL-1β and pro-IL-18 were shown to be
increased in preadipocytes after stimulation with PA and LPS+
ATP (Fig. 3c, d). These results suggest that obesity induces the
activation of the NLRP3 inflammasome and the release of its
downstream products, including IL-1β and IL-18, in PVAT, which
may have a role in early vascular injury following balloon
dilatation.

Obesity promotes adventitia fibroblast proliferation and
differentiation via IL-1 in PVAT
To clarify the exact mechanism of obesity-induced PVAT dysfunc-
tion in adventitial changes, we investigated whether NLRP3
inflammasome-mediated IL-1 signaling in PVAT contributed to AF
proliferation and differentiation. Primary AFs were pretreated with
PBS or recombinant porcine IL-1Ra, an inhibitor of IL-1 signaling,
and were then co-cultured with PVAT-conditioned medium from
HSFD mini pigs. We confirmed that the expression of P4H and
α-SMA and Ki67+ staining in primary AFs were obviously inhibited
in the IL-1Ra group (Fig. 4a–c). To further verify the role of IL-1R
in this process, the primary AFs were pretreated with IL-1R1

Fig. 3 Obesity-induced NLRP3 inflammasome activation in PVAT. a HSFD promotes the expression of NLRP3, ASC, pro-caspase-1, and caspase-
1 in PVAT, which was presented as relative protein expression to GAPDH (means ± SD; *P < 0.05 vs. normal diet; n= 6). b Isolated primary
preadipocytes from PVAT were treated with control media PBS, PA (250 μM, 5 h), LPS (10 μg/mL, 4 h) plus ATP (10mM, 1 h) and PA (250 μM, 4 h)
plus MCC950 (2 μM, 1 h). Furthermore, the formation of the NLRP3–ASC complex in preadipocytes was detected by immunoprecipitation.
c The activation of caspase-1, and the expression and maturation of pro-IL-1β and pro-IL-18 in preadipocytes were detected by Western bolt
analysis, GAPDH expression was used as a control. d The expression of IL-1β and IL-18 in preadipocytes were detected by ELISA (means ± SD;
*P < 0.05 vs. PBS; #P < 0.05 vs. PA; n= 3). PBS phosphate buffer saline, PA palmitic acid, LPS lipopolysaccharide, MCC950 an inhibitor of NLRP3
inflammasome activation
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siRNA. Our analysis indicated a similar tendency of P4H, α-SMA
and Ki67 expression following treatment with IL-1Ra (Fig. 4d–g).
Thus, AF proliferation and differentiation were antagonized. These
results indicated that obese PVAT promoted AF proliferation and
differentiation via IL-1, a crucial pro-inflammatory cytokine whose
secretion depends on NLRP3 inflammasome activation.

DISCUSSION
Epidemiological studies have verified that obesity is closely related
to the CVD incidence, including atherosclerosis and restenosis
after percutaneous coronary intervention [24]. Although recent

studies have shown that obesity exacerbates vascular remodeling
after injury [2, 25], the exact mechanism through which this occurs
is still unclear. The adventitia has been verified to participate in
the vascular repair process. Changes in the adventitia rapidly
occur in coronary arteries in the early stages after balloon-induced
medial injury but decline by 28 days after injury [26]. In this study,
we observed that HSFD-induced obesity in mini pigs aggravated
early vascular injury, characterized by obvious changes in
adventitia, including the increased proliferation and differentiation
of AFs. PVAT is an endocrine and metabolic organ, which has
no anatomical barrier to vessel walls. In addition to supporting
blood vessels, PVAT produces a large number of beneficial

Fig. 4 Obesity promotes AF proliferation and differentiation via the activation of NLRP3 inflammasome/IL-1 in PVAT. a–c Primary AFs were
isolated and pretreated with PBS and IL-1Ra (75 ng/mL, 4 h), then co-cultured with PVAT-conditioned medium of HSFD, Western bolt was used
to detect the expression of P4H and α-SMA, Ki67 staining was used for analysis of AF proliferation (means ± SD; *P < 0.05 vs. PBS; n= 3). The
primary AFs were pretreated with control siRNA or IL-1R1 siRNA (120 pmol, 48 h), and the protein samples were immunoblotted with anti-IL-
1R1 antibody (d). Then, the transfected primary AFs were co-cultured with PVAT-conditioned medium of HSFD, and Western bolt analysis was
used to detect the expression levels of P4H and α-SMA (e, f). g Ki67 staining was used for analysis of AF proliferation (means ± SD; *P < 0.05 vs.
control; n= 3)
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active substances that maintain vascular function under physio-
logical conditions [27–29]. Nevertheless, the function of PVAT is
significantly altered when protective adipokines are significantly
downregulated, while pro-inflammatory factors, such as leptin and
IL-1β, are significantly upregulated, eventually impairing vascular
function in the obese state [27–29]. In the present study, we
determined that HSFD-induced obesity significantly promoted
PVAT dysfunction as characterized by an increased accumulation
of resident macrophages, particularly the M1 pro-inflammatory
phenotype, with the increased expression of leptin and the
decreased expression of adiponectin. Moreover, the production of
pro-inflammatory cytokines, especially IL-1β and IL-18, in PVAT
was significantly elevated in HSFD mini pigs.
Previous studies have demonstrated that obesity-induced PVAT

dysfunction accelerates vascular injury by regulating the activation
of endothelial cells and vascular smooth muscle cells [30–32].
Recently, PVAT dysfunction was confirmed to aggravate the
pathogenesis of vascular remodeling by targeting the adventitial
response in deoxycorticosterone acetate-salt mice [33]. Interest-
ingly, our study revealed that AFs co-cultured with PVAT-
conditioned medium from HSFD mini pigs showed a significant
elevation in AF proliferation and differentiation compared to the
normal group, suggesting that adventitial remodeling after
vascular injury was induced by PVAT dysfunction in obese mini
pigs. Studies have shown that restoring the impaired function of
PVAT by drugs [34, 35] promoted weight loss, [6] which led to an
increase in AT browning [36] and a delay in the development of
vascular dysfunction, further suggesting that PVAT may be a novel
treatment target for obesity-related CVDs.
The NLRP3 inflammasome has been verified to induce innate

and immune inflammatory responses by promoting IL-1β and
IL-18 maturation [37], which has been found to increase the pro-
inflammatory states of the PVAT, while the inhibition of
NLPR3 significantly alleviates AT inflammation in obese mice
[38, 39]. In this mini pig model, we have shown for the first time
that the activity of the NLRP3 inflammasome in PVAT is obviously
unregulated under HSFD treatment. Since the NLRP3 inflamma-
some is a major stimulator of IL-1β and IL-18 secretion, we
proceeded to determine whether the increased expression of
IL-1β and IL-18 in PVAT relied on NLRP3 inflammasome activation.
In preadipocytes, we determined that NLRP3 inflammasome
activation was induced by PA, which was responsible for the
increased expression of IL-1β and IL-18. Recently, IL-1β, one of
the most important pro-inflammatory cytokines, was confirmed
to be a crucial regulator of adventitia changes that functioned
via increasing collagen accumulation in AFs [10]. Consistent with
this finding, our study showed that IL-1 family in PVAT from
HSFD has a significant effect on regulating AF proliferation and
differentiation. Autophagy, the process of degrading damaged
DNA, proteins and cell debris, has been implicated in the
maintenance of cellular homeostasis. Several recent studies have
shown that a homeostatic role of autophagy is impaired in obese
AT, leading to an inflammatory response via the upregulation of
NLRP3 in AFs [40]. These data suggest that the regulation
of the autophagic function of PVAT may provide novel insight in
controlling vascular remodeling, although the exact roles of the
autophagy-mediated NLRP3 inflammasome pathway in AF pro-
liferation and differentiation must be further studied.
In conclusion, we have for the first time demonstrated that

PVAT dysfunction that is mediated in a NLRP3 inflammasome/
IL-1-dependent manner has an important role in promoting AF
proliferation and differentiation in response to vascular injury in
an obese mini pig model. Systemic HFSD influences not only PVAT
but also the vessel wall. However, our study observed a significant
difference in the adventitia, but not the intima, during the early
stages after balloon-induced injury, suggesting that HFSD-induced
PVAT dysfunction has a crucial role at least in the early stages
of vascular adventitia remodeling. Because the anatomy and

physiology of the arteries and metabolic syndrome in mini pigs
are more similar to those of humans, it seemed appropriate to test
clinical procedures after injury by endovascular injury, and
eventually develop an understanding of human pathophysiology
under obesity conditions [14]. Our findings suggest that the
intervention of the NLRP3 inflammasome/IL-1 axis in PVAT under
obesity may provide a novel strategy for anti-atherosclerosis and
anti-restenosis therapies.
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