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HIGHLIGHTS

® FGF21 attenuated neointima hyperplasia in wire-injured common carotid artery (CCA) of diabetic mice.
® FGF21 suppressed the proliferation and migration in high glucose-treated vascular smooth muscle cells (VSMCs).
® NLRP3 inflammasome was associated with the regulation of FGF21 in VSMCs remodeling.

ARTICLE INFO ABSTRACT

Keywords: Background and aims: Neointima hyperplasia is the pathological basis of atherosclerosis and restenosis, which

FGF21 have been associated with diabetes mellitus (DM). Fibroblast growth factor 21 (FGF21) is a potential diabetic

Diabetes drug, however, it has not been investigated whether FGF21 prevents neointima hyperplasia in DM.

Neointima hyperplasia Methods: Vascular neointima hyperplasia was induced in mice fed a high fat diet (HFD) combined with low dose

Vascular smooth muscle cell streptozotocin (STZ) administration. In vitro, vascular smooth muscle cells (VSMCs) were incubated with high
glucose (HG, 30 mM). VSMC proliferation and migration, as well as formation of NLRP3 inflammasome, were
assessed.
Results: We found that FGF21 significantly inhibited neointima hyperplasia and improved endothelium-in-
dependent contraction in the wire-injured common carotid artery (CCA) of diabetic mice. In vitro, the pro-
liferation and migration of HG-treated VSMCs were shown as remarkable increase of PCNA, cyclin D1, MMP2
and MMP9, as well as cell migration through wound healing and transwell migration assays. Such abnormal
changes were dramatically reversed by FGF21, which mimicked the role of NLRP3 inflammasome inhibitor
MCC950 and caspase-1 inhibitor WEHD. Moreover, along with more NLRP3, ASC oligomer and their colocali-
zation, the release of active caspase-1(p20) and IL-1 was significantly inhibited by FGF21 in VSMCs exposed to
HG. Furthermore, FGF21 suppressed phosphorylation of spleen tyrosine kinase (Syk) via FGFR1, which regulated
NLRP3 inflammasome through ASC phosphorylation and oligomerization.
Conclusions: We demonstrated that potential protection of FGF21 on VSMCs proliferation and migration was
associated with inhibition of FGFR1/Syk/NLRP3 inflammasome, resulting in the improvement of neointima
hyperplasia in diabetic mice.

NLRP3 inflammasome

1. Introduction of neointimal formation due to unknown pathogenetic mechanisms.
Our study attempted to assess pharmacological prevention in neoin-
timal formation based on the inflammatory response in vascular

neointimal formation.

Diabetes has been associated with increased risk of atherosclerosis
and restenosis after percutaneous coronary intervention (PCI) such as

angioplasty and stenting [1]. Vascular neointimal formation is the pa-
thological basis of atherosclerosis and restenosis. However, no adequate
treatment modalities are available to prevent or treat the development

FGF21, a member of the FGF family, is an endocrine factor secreted
into circulation through the liver as an important metabolism regulator
[2]. Indeed, FGF21 improves insulin sensitivity, glucose and lipid
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homeostasis, and preserves [3-cell functions [3]. Thus, FGF21 is thought
to be a promising candidate for the treatment of diabetes without hy-
poglycemia and edema [4]. In addition, FGF21 directly exerts a pro-
tective role against myocardial ischemia/reperfusion injury and ather-
osclerosis [5,6]. VSMCs are dominant cellular constituents of arteries
and critical determinants of vascular disease. In diabetic pathological
conditions, VSMCs are more prone to proliferation and migration,
leading to lumen restenosis and consequently triggering ischemic
events. It was reported that FGF21 protected against VSMCs calcifica-
tion via FGFR1/[B-klotho/P38/MAPK/RUNX-2 signaling pathway in
vitro [7,8]. FGF21 could potentially attenuate the pathogenic destabi-
lization of hypoxia-induced pulmonary hypertension inhibiting the re-
lease of TNF-a, IL-1 and IL-6 in pulmonary artery smooth muscle cells
[9]. Recently, FGF21 has emerged as a novel regulator preventing
cardiac hypertrophic remodeling [10]. Therefore, it is possible that
FGF21 prevents diabetes-associated vascular restenosis via a direct
action on VSMCs.

Accumulating evidence indicates that vascular inflammation is an
important pathogenic factor in diabetes-associated vascular complica-
tions [11]. NLRP3 inflammasome contains NLRP3, ASC and caspase-1
as a cytosolic complex for early inflammatory responses [12,13]. Upon
activation, NLRP3 forms a complex with its adaptor ASC, which facil-
itates the conversion of procaspase-1 to active caspase-1. Then, the
activated caspase-1 processes pro-IL-1{ into its mature form IL-1f and
thus triggers an inflammatory response. NLRP3 inflammasome is con-
sidered to be involved in the onset of phenotype transformation, pro-
liferation and calcification in VSMCs, which contributes to the patho-
genesis of diabetes-associated vascular complications [14-16]. It was
reported that the beneficial effects of FGF-21 against diabetes-asso-
ciated vascular complications depend on inhibiting the activation of
NF-xB/NLRP3 inflammasome [17].

Thus, the present study was designed to investigate the potential
therapeutic effects of FGF21 in VSMCs proliferation and migration,
which was associated with inhibition of NLRP3 inflammasome in dia-
betes-related vascular restenosis. Moreover, the upstream mechanism of
NLRP3 inflammasome activation in VSMCs still remains unknown. Syk
is a non-receptor tyrosine kinase, which induces NLRP3 inflammasome
activation and IL-1( maturation [18]. Here, Syk dephosphorylation was
expected to mediate the inhibition of NLRP3 inflammasome responding
to FGF21 treatment in VSMCs.

2. Materials and methods
2.1. Model of diabetic mice

Adult male BALB/c mice, weighing 25-28 g, were obtained from
Qinglongshan Lab Animal Ltd, Nanjing, China. Animal handling and
experimental procedures were approved by the ethic committee of
China Pharmaceutical University, in accordance with the Guidelines of
Animal Experiment set by the Bureau of Sciences and Techniques of
Jiangsu Province, China [NO. SYXK2007-0025].

The control group mice were fed a normal diet. High fat diet (HFD,
10% saccharose, 10% lard, 10% sugar, 5% egg yolk powder, 0.5%
cholesterol, 74.5% basal chow) and low dose of STZ were administered
to develop diabetes according to the method described previously [19].
Briefly, after 4 weeks feeding HFD, mice were administered STZ
(65mg/kg body weight, pH 4.5) or citrate buffer (vehicle) by in-
traperitoneal (i.p.) injections once a day for 5 days. After one week, the
mice were fasted for 12 h for testing of fasting blood glucose (FBG) and
oral glucose tolerance test (OGTT). OGTT was performed by orally
administering 2.0 g/kg p-glucose to overnight-fasted mice. Blood glu-
cose levels were then determined at 0, 30, 60, and 120 min. Plasma
glucose concentration was detected using a commercial glucose kit
(Jiancheng Bioengineering Institute, Nanjing, China). Fasted mice with
blood glucose level higher than 11.1 mmol/L were considered as dia-
betic mice.
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2.2. Wire-mediated vascular injury

Diabetic mice were anesthetized and the surgical procedure was
performed as previously described [20]. Briefly, the left common car-
otid artery (CCA) was dissected and proximally ligated, the external
carotid artery and internal carotid artery were also distally ligated. CCA
was injured with a flexible wire (0.38 mm diameter) which was inserted
from the external carotid artery and passed 8 times in CCA. Following
the removal of the wire, the external carotid artery was tied off and the
internal carotid artery circulation was restored. After two weeks, the
operative mice were divided into two groups, and the diabetic group
treated with FGF21 (5mg/kg/d, intravenous injection) or the same
amount of saline injection as negative control. After four weeks, CCAs
among all groups were harvested and fixed by 4% paraformaldehyde
(PFA, ALADDIN shanghai, China) or frozen directly in liquid nitrogen.

2.3. HE staining of common carotid artery

After deparaffinization and rehydration, CCA sections were dyed
with hematoxylin solution (hematoxylin 1 g, sodium iodate 0.2 g, alu-
minium potassium sulfate, 50 g, citric acid 1 g, chloral hydrate 50 g,
distilled water added to 1 L) for 10 min, and then alcoholic eosin (2.5 g
eosin, 500 ml distilled water, hydrochloric acid 10 ml, filter product
dissolved in 1000 ml 95% alcohol, double diluted before use) for 30s.
The cross-sectional area of media and intima was measured by Image J
software (NIH, Littleton, CO, USA) and the intima/media ratios were
calculated.

2.4. Vascular tension recording

The constriction function of CCA was detected by tension detection
system (BL-420S, TaiMeng, Chengdu, China) as described previously
[21,22]. Mice were anaesthetized and CCA was quickly removed and
immersed into Krebs Henseleit solution (mM) (KH, pH 7.4, 119.0 NaCl,
25.0 NaHCOs3, 11.1 Glucose, 2.4 CaCl,, 4.7 KCl, 1.2 KH5POy4, 1.2MgSO4,
0.024 Na,EDTA). CCA was carefully dissected into a transparent tube,
and then cut into vascular rings with a width of approximately 2 mm.
The endothelium of CCAs was removed using a flexible wire (0.38 mm
diameter). The vascular rings were then suspended in a water-jacketed
tissue bath and the tension tested. KH solution was maintained at 37 °C
and the mixed gas containing 95% O,, and 5% CO, was continuously
bubbled through the bath. The baseline load placed on the rings was
1.0 g. When the tension of the rings was stable at basal level, the rings
were contracted with 60 mM KCI to obtain a maximal response, and
then a cumulative dose-response curve to phenylephrine (Phe,
1 x 10~°-10~*M) was conducted.

2.5. Primary VSMC culture

Primary VSMCs were isolated from the thoracic aorta of mice as
described previously [23]. VSMCs were cultured in Dulbecco's modified
Eagle's medium (DMEM, Giabco, lifetechnologies, China) with 15%
fetal bovine serum (FBS, Gibco, lifetechnologies, China), penicillin (100
IU/ml) and streptomycin (100 mg/ml) at 37 °C in a 5% CO5 humidified
incubator. VSMCs in the third to eighth passage were used and cells at
80-90% confluence were blocked by incubation in serum-deprived
DMEM for 24 h before intervention.

2.6. VSMCs migration assay

VSMCs were cultured in six-wells plates with normal medium and
HG medium until confluence and incubated with serum-deprived
normal and HG medium for 12h. A scratch was gently made using a
sterile pipette tip, and the cells were washed and then incubated with
FBS-free normal and HG medium with or without FGF21 (Novoprotein,
shanghai, China), MCC950 (15 nM, MedChemExpress, USA), Z-WEHD-
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FMK (WEHD, 1 mM, ApexBio Technology, USA) and R406 (2.5 mM,
MedChemExpress, USA) for 24 h. The images of the wounded area were
photographed immediately (time 0) and 24 h after scratch. The wound
areas were calculated by image J software (NIH, Littleton, CO, USA).
Wound closure was quantified as percentage of initial wound area that
had been recovered by VSMCs,% Wound Closure = (areai-area,)/
area,y X 100%.

In addition, transwell migration assay was also performed as pre-
viously described [24]. Transwell chambers (Costar transwell; Corning,
USA) with 8um pores were coated with 0.1% gelatin (ALADDIN
shanghai, China). FBS-free HG medium was added to the bottom
chamber. VSMCs (5 x 10* cells per well) were suspended in 100 ul FBS-
free medium and then added to the upper chamber. After 4h of in-
cubation, cells on the upper surface of the membrane that had not
migrated were scraped off with cotton swabs, and cells that had mi-
grated to the lower surface were fixed by 4% PFA and stained with
0.25% crystal violet (ALADDIN shanghai, China). The average number
of cells from 3 randomly chosen fields on the lower side of the mem-
brane was counted.

2.7. Zymography

The activity of MMP2 and MMP9 was detected by gelatin zymo-
graphy assay as described previously [25]. Briefly, serum-starved
VSMCs were pretreated with HG for 48 h, and gradient concentration of
FGF21 was added for another 24 h. After treatment, the medium su-
pernatant was collected and clarified by centrifugation (8000 g, 10 min,
4°C) and the total protein concentration was measured using Bradford
protein assay kit (keygentec, Nanjing, China). The medium was mixed
with non-reducing 4 x SDS loading buffer (50 mM Tris-HCI, pH 6.8, 2%
SDS, 10% glycerol, 12.5mM EDTA, 0.02% bromophenol blue) and
electrophoresed on a 10% SDS-PAGE gel containing 0.1% gelatin. Se-
parated gels were washed by elution solution (2.5% Triton X-100,
50 mmol/L Tris-HCL, 5 mmol/L CaCl, and 1 pmol/L ZnCl,, pH 7.6) for
4 times, 15 min each time, to remove SDS in the gel and then rinsed
with rinse solution (50 mmol/L Tris-HCL, 5 mmol/L CaCl,, and 1 ymol/
L ZnCl,, pH 7.6). The gels were incubated at 37 °C for 48h for the
development of zymolytic bands with incubation solution (50 mmol/L
Tris-HCL, 5 mmol/CaCl,, 1 umol/L ZnCl, and 0.02% Brij-35, pH 7.6).
Protease bands were detected by absence of Coomassie Brilliant Bluer
R-250 staining of digested gelatin. The gels were photographed with
automatic chemiluminescence/fluorescence image analysis system
(5200 Multi, Tanon, shanghai, China).

2.8. Western blot analysis

Western blot analysis was performed as described previously.
Briefly, total proteins from VSMCs were extracted using RIPA lysis
buffer (Biouniquer, USA). Protein concentration was quantified using a
BCA Protein Assay Kit (keygentec, Nanjing, China). According to the
quantification, the total protein was adjusted to equal 5 X loading
buffer (Biouniquer, USA), and samples were boiled for 5min at 95 °C.
The cell culture medium supernatant was also collected and clarified by
centrifugation (8000 ¢, 10 min and 4 °C). According to the quantifica-
tion, the supernatant was mixed with non-reducing 4 x SDS loading
buffer. Equal amounts of cell lysate or supernatant protein were re-
solved by SDS-PAGE using 5% (w/v) stacking and 10% (w/v) separ-
ating polyacrylamide gels, and then transferred to 0.45um poly-
vinylidene difluoride membrane (PVDF, Millipore, USA), which was
then blocked for 1.5 h in 5% (w/v) non-fat milk diluted in Tris-buffered
saline (TBST, 100 mM Tris-HCL, pH 7.4) with 0.01% (v/v) Tween-20,
and incubated with the indicated primary antibodies overnight at 4 °C.
The primary antibodies were rabbit anti-NLRP3 (1:1000, Abways
Technology, Inc., Shanghai, China), rabbit anti-PYCARD (ASC, 1:500,
Abways Technology, Inc., Shanghai, China), rabbit anti-p20 (1:500,
Abways Technology, Inc., Shanghai, China), rabbit anti-pSyk-try525
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(1:1000, Abways Technology, Inc., Shanghai, China), rabbit anti-IL-1f3
(1:1000, Abways Technology, Inc., Shanghai, China), rabbit anti-MMP2
(1:1000, Abways Technology, Inc., Shanghai, China), rabbit anti-MMP9
(1:1000, Boster Biological Technology, wuhan, China), rabbit anti-
PCNA (1:3000, Abways Technology, Inc., Shanghai, China), rabbit anti-
cyclin D1 (1:1000, Abways Technology, Inc., Shanghai, China), rabbit
anti-GAPDH (1:5000, Abways Technology, Inc., Shanghai, China). After
3 times of wash, the membranes were incubated with goat anti-rabbit
IgG (1:5000, Abways Technology, Inc., Shanghai, China) for 1.5h. The
blot was detected by automatic chemiluminescence/fluorescence image
analysis system (5200 Multi, Tanon, shanghai, China) with LumiGlo
and Peroxide (1:1, Tanon, shanghai, China). Densitometric analysis of
the images was performed with Image J software (NIH, Littleton, CO,
USA).

2.9. ASC oligomerization assay

ASC oligomer was detected by ASC oligomer cross-linking using
disuccinimidyl suberate (DSS, ALADDIN, shanghai, China) as described
previously [26]. VSMCs were treated with lipopolysaccharide (LPS,
1 pg/ml, Sigma-Aldrich, USA) and ATP (5mM, ALADDIN, shanghai,
China) for 4 h, as the positive control of NLRP3 inflammasome activa-
tion. VSMCs were lysed on ice in 500l of buffer A (20 mM HE-
PES'|KOH, pH 7.5, 10 mM KCl, 1.5 mM MgCl,, 1 mM EDTA, 1 mM EGTA,
320 mM sucrose) after scratching. The cell lysates were centrifuged at
1,800 g, 4 °C for 8 min to remove the bulk nuclei. 20 pl supernatant was
kept for Western blot assay to test total ASC expression in the cell ly-
sates. The remaining supernatant was diluted with buffer A in a 1:1
ratio and centrifuged for 5 min at 2,000 g, 4 °C. After centrifugation, the
supernatant was diluted with equal volume of CHAPS buffer (20 mM
HEPESKOH, pH 7.5, 5mM MgCl,, 0.5 mM EGTA, 0.1 mM PMSF, 0.1%
CHAPS) and again centrifuged at 5,000 g for 8 min to pellet the ASC
oligomers. The pellets were suspended in 50 ul CHAPS buffer with
4 mM DSS which was dissolved in DMSO for 30 min at room tempera-
ture to cross-link proteins. After another centrifugation at 5,000 g, 4 °C
for 8 min, the pellets were suspended in 30pl 2 x loading buffer
(double diluted the 4xprotein loading buffer in distilled water without
reducing agent). The samples were boiled for 5min at 95 °C, and then
detected by Western blot assay.

2.10. BrdU incorporation assay

BrdU incorporation assay was performed as described previously
[27]. VSMCs were seeded on coverslips in six-well plates with normal
and HG medium to 60-70% confluences, and then incubated with
serum-deprived normal and HG medium for 12 h. VSMCs were labeled
with BrdU (10 uM, Solarbio, Beijing, China) in normal and HG medium
with or without FGF21, MCC950, WEHD, R406 and PD173074 (50 nM,
MedChemExpress, USA) for 24 h. After fixed by 4% PFA, perforated by
0.3% Triton X-100 and denatured by 2 M HCl, VSMCs were incubated
with mouse anti-BrdU primary antibody (1:100, Proteintech™, Wuhan,
China) overnight, followed by Cy3-conjugated Goat Anti-mouse IgG
(H + L) (1:100, ProteintechTM, Wuhan, China). The immuno-
fluorescence images were taken by Fluorescence microscope (Carl Zeiss,
scope Al, Germany). The percentage of BrdU positive cells to the total
amount of cells was calculated by image J software (NIH, Littleton, CO,
USA).

2.11. Immunofluorescence analysis

VSMGs (5 x 10*cells) were seeded in 35mm diameter confocal
dishes dish. After treatment, cells were washed three times by PBS
(137 mM NacCl, 2.7 mM KCIl, 10 mM Na,HPO,, 1.8 mM KH,PO,) and
fixed by 4% PFA for 30 min. Cell membrane was perforated by 0.3%
Triton X-100 (Biosharp, Hefei, China) for 15 min and cells were blocked
with 5% bovine serum albumin (BSA, Solarbio, Beijing, China) for
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1.5 h. The primary antibodies, rabbit anti-NLRP3 (1:200, Abways
Technology, Inc., Shanghai, China) and rabbit anti- PYCARD (ASC,
1:100, Abways Technology, Inc., Shanghai, China) were incubated for
5 h, respectively. After triple washing, NLRP3 and ASC were labeled by
the second fluorescent antibodies Cy3-conjugated Goat Anti-Rabbit
IgG(H + L) (1:100, Proteintech™, Wuhan, China) and Goat Anti-Rabbit
IgG (H + L) Alexa Fluor 488 (1:100, Abways Technology, Inc.,
Shanghai, China) for 2 h, respectively.

Optimal cutting temperature compound (OCT, CellPath, U.K.) em-
bedded CCA sections were permeabilized with 0.1% Triton X-100 in
PBS after washing the OCT. The sections were fixed and blocked like
VSMCs procedure. The sections were incubated with the primary anti-
bodies, rabbit anti-SMA (1:100, Proteintech™, Wuhan, China) and
rabbit anti-NLRP3 (1:100, Abways Technology, Inc., Shanghai, China),
anti-SMA (1:100, Proteintech™, Wuhan, China) and rabbit anti-
PYCARD (ASC, 1:100, Abways Technology, Inc., Shanghai, China) fol-
lowed by Cy3 and Alexa Fluor 488, respectively.

Fluorescent images were photographed by a Laser scanning confocal
microscope (Carl Zeiss, LSM700, Germany) and the images of VSMCs
and CCA were processed by ZEN blue 2.3 software (Carl Zeiss,
Germany). The Pearson's coefficient which represents col-localization
of NLRP3 and ASC was calculated by Image J software (NIH, Littleton,
CO, USA).

2.12. Immunohistochemistry

After deparaffinization and rehydration, CCA sections were blocked
with 3% hydrogen peroxide (1 ml 30% aquae hydrogenii dioxide, 9 ml
methanol) at room temperature for 10 min after antigen retrieval.
Sections were blocked with 5% BSA for 10 min. The primary antibodies
rabbit anti-p20 (1:100, Abways Technology, Inc., Shanghai, China),
rabbit anti-pSyk-try525 (1:100, Abways Technology, Inc., Shanghai,
China), rabbit anti-IL-13 (1:100, Abways Technology, Inc., Shanghai,
China), rabbit anti-MMP9 (1:50, Boster Biological Technology, wuhan,
China), rabbit anti-PCNA (1:200, Abways Technology, Inc., Shanghai,
China) were applied for 12h at 4 °C, followed by the incubation with
horseradish peroxidase-conjugated rabbit anti-goat IgG (1:500, Abways
Technology, Inc., Shanghai, China) for 30 min at room temperature. 3,
3-Diaminobenzidine (DAB, Beyotime Biotechnology, Shanghai, China)
was used to develop the positive cells in CCA. Sections were counter-
stained with hematoxylin, and then covered with glass coverslips.
Optical density values were determined by Image Pro Plus 6.0 software
(Media Cybernetics, Inc. USA).

2.13. Statistics

Statistical analysis was performed with IBM SPSS Statistics 20
software. Data are presented as means *+ SE. Significant differences
between and within multiple groups were examined using ANOVA for
repeated measures, followed by Duncan's multiple-range test. The
Independent-Samples t-test was used to detect significant differences
between two groups. p < 0.05 was considered statistically significant.

3. Results
3.1. FGF21 ameliorated neointimal hyperplasia and vascular dysfunction

We examined the beneficial effects of FGF21 on neointimal hyper-
plasia using a wire-injured model in diabetic mice. In HE staining,
neointimal hyperplasia was significantly observed in CCA at 4 weeks
after wire-mediated vascular injury (Fig. 1A and B). However, neoin-
timal formation was not remarkable in diabetic mice without wire-in-
jury. Quantitative analysis on computerized image system showed that
the intima-to-media ratio was significantly reduced in the FGF21-
treated group, but not in the saline injection group, which dissolved
FGF21 as a negative control. This data suggested that FGF21 effectively
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inhibited neointimal hyperplasia in wire-injured diabetic mice.

Vascular response to phenylephrine was tested in CCA obtained
from the mice. Fig. 1C-E shows the effects of FGF21 on the contractile
response to phenylephrine in aortic strips without endothelium. Re-
lative to the control mice, the contractile response to phenylephrine
was stronger in the untreated diabetic mice, subjected to wire-injury.
The impaired contraction was markedly ameliorated after FGF21 ad-
ministration. These results imply that FGF21 may relieve endothelium-
independent contraction of CCA from diabetic mice with or without
wire-injury. In a preliminary experiment, FBG was raised after 4 weeks
for HFD feeding (Supplemental Fig. 1). Following injection of STZ in
mice with HFD, FBG was significantly elevated relative to the control
group (Fig. 1F). After FGF21 administration, FBG was significantly
suppressed as well as blood glucose of OGTT, which was conducted
based on blood glucose of 0, 30, 60, 90 and 120 min after oral glucose
administration in mice (Fig. 1G and H). It also confirms FGF21 as an
endocrine regulator of glucose metabolism [28].

Vascular neointimal hyperplasia after vascular injury is mainly
characterized by VSMCs proliferation, migration, phenotypic transfor-
mation and extracellular matrix collagen deposition [29,30]. Exposure
to 30 mM glucose for 48 h in cultured VSMCs increased the expression
of PCNA, a typical marker for proliferation (Supplemental Figs. 2A and
B). A similar trend was observed in cyclin D1 expression, which reg-
ulates cell cycle in mitosis (Supplemental Figs. 2A and C). FGF21
treatment resulted in inhibition of HG-induced expression of PCNA and
cyclin D1 proteins in a dose-dependent manner.

Upregulation of metalloproteases, particularly MMP2 and MMP9,
has been demonstrated as a driver for vascular neointimal hyperplasia
[31]. These enzymes facilitate VSMCs migration at the early stage of
neointimal formation and regulate matrix turnover and accumulation
during neointimal hyperplasia. By using gelatin zymography and
Western blot, we found that the activity and protein levels of MMP2 and
MMP9 were significantly elevated in HG-treated VSMCs (Supplemental
Figs. 2D-F). Next, wound healing assays (Supplemental Figs. 2G and H)
and transwell migration assay (Supplemental Figs. 2I and J) were used
to assess cell migration in vitro, respectively. Migrated cells in wounded
areas and the average number of VSMCs in the lower side of the
membrane in the transwell assay were dramatically increased in HG-
induced VSMCs. VSMCs migration, along with the activity and protein
levels of MMP2 and MMP9, was markedly blocked after treatment with
FGF21. Therefore, we assume that FGF21 effect on VSMCs migration
may be related to the inhibition of the activity and protein levels of
MMP2 and MMP9.

3.2. FGF21 inhibited NLRP3 inflammasome activation in VSMCs

It was reported that NLRP3 inflammasome is activated in the pa-
thologic process of T2DM, and elevated glucose levels may stimulate
the formation of NLRP3 inflammasome by triggering oxidative stress
and mitochondrial dysfunction [32]. NLRP3 inflammasome is a com-
bination of NLRP3, ASC oligomer and the recruited procaspase-1. In
case of NLRP3 inflammasome, ASC oligomerization is the critical step
for caspase-1 activation and IL-1p secretion [33]. Consistent with LPS
plus ATP, the positive control of NLRP3 inflammasome formation, it
was found that NLRP3 expression and ASC oligomer level significantly
increased in VSMCs exposed to HG (Fig. 2A-C).

Upon recruitment to an inflammasome complex, caspase-1 is acti-
vated and processed into mature caspase-1 p20 subunits and these
subunits have been shown to be secreted in culture supernatant [34].
Therefore, we analyzed p20/pro-caspase-1 in cell lysate and secretion
of bioactive p20 in culture supernatants by Western blot, which was
dramatically induced in VSMCs stimulated with HG (Fig. 2A, D and E).
In addition, the activated caspase-1 transforms prolL-1f into IL-1f,
which is one of most powerful inflammatory factors. In parallel, acti-
vation of caspase-1, IL-13/prolIL-1( in cell lysate and secretion of IL-1(3
in culture supernatants were significantly elevated (Fig. 2A, F and G).
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Fig. 1. FGF21 ameliorates neointimal hyperplasia and vascular dysfunction in diabetic mice.

Mice were fed HFD and injected a low dose of STZ (40 mg/kg, i.p.) to develop a diabetic model. Diabetic mice with wire-injured CCA were administered FGF21
(5mg/kg/d, i.v). Representative images of HE staining show the morphological change (A), and the summarized data show the ratio of intima and media (B).
Vascular response to phenylephrine (Phe, 1 X 107°-10~* M) was determined in CCA (C-E). The summarized data show the glucose concentration of FBG (F) and
OGTT (G and H). *p < 0.05 vs. Control (Ctrl); “p < 0.05 vs. HFD + STZ + Saline mice with or without wire-injured group (n = 6).

Such changes were significantly reversed by FGF21 treatment.

Co-localization of NLRP3 and ASC, the key hallmark of NLRP3 in-
flammasome activation was detected by immunofluorescence. Yellow
punctuates or patches, which merged by red ones (NLRP3) and green
ones (ASC) in cytoplasmic regions under the confocal microscope, re-
presented the formation of the NLRP3 inflammasome. Compared with
HG and LPS plus ATP treatment, yellow dots were barely detected in
VSMCs pretreated with FGF21, showing less NLRP3 inflammasome was
assembled due to FGF21 treatment (Fig. 2H and I). Thus, we speculated
that FGF21 inhibited the assembly of NLRP3 inflammasome, which fi-
nally blocked caspase-1 and IL-1f maturation.

3.3. NLRP3 inflammasome contributed to VSMCs proliferation and
migration

To investigate whether NLRP3 inflammasome was associated with
HG-induced VSMCs proliferation and migration, VSMCs were treated
with a potent and specific NLRP3 inflammasome inhibitor, MCC950
(15nM, Supplemental Fig. 3) and caspase-1 inhibitor, WEHD (1 mM).
As showed in Fig. 4A-E, the expression and secretion of caspase-1 and
IL-1]3 were effectively blocked by MCC950 and WEHD, respectively. It
also further demonstrated MCC950 and WEHD as effective inhibitors in
the current study. Importantly, MCC950 and WEHD significantly in-
hibited the expression of PCNA and cyclinD1, as well as MMP2 and
MMP9, in VSMCs exposed to HG (Fig. 3A, F-I). Consistently, both the
wound healing assays and the transwell migration assay showed that
cell migration in HG-induced VSMCs was prevented by MCC950 and
WEHD (Fig. 3J-M). However, FGF21 combined with MCC950 or WEHD
showed no significantly additive effects on VSMCs proliferation and
migration. Therefore, these results indicated that the inhibition of the
formation of NLRP3 inflammasome contributed to VSMCs proliferation
and migration. The inhibition of NLRP3 inflammasome at least partly
accounted for the underlying mechanism that FGF21 inhibited VSMCs
proliferation and migration under HG stimulation.
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3.4. Syk mediated FGF21-regulated NLRP3 inflammasome in VSMCs

Syk, along with the zeta-chain associated kinase of 70kDa, is a
member of the Syk family of kinases. ASC could be phosphorylated in a
Syk-dependent manner at multiple sites, which most likely include
Tyrl44 essentially required for speck formation [18]. Moreover, the
inhibitor of Syk kinase is an effective agent for suppressing VSMCs
proliferation and migration and has therapeutic potential for occlusive
vascular diseases. Here, VSMCs were treated with R406, a specific small
molecule Syk inhibitor, as an anti-inflammatory agent in clinical trials
[35]. We found that HG promoted Syk phosphorylation at tyrosine 525/
526 in VSMCs, which was suppressed by FGF21 treatment (Fig. 4A and
B). As shown in Fig. 5A, C-E, ASC oligomer and p20/pro-caspase-1 were
significantly inhibited by R406 similar to FGF21. Moreover, VSMCs
proliferation and migration were significantly reversed by R406, as
shown in PCNA, cyclinD1, MMP2 and MMP9, as well as the wound
healing and transwell assays (Fig.4A, J-M). However, no significant
difference of NLRP3 inflammasome activation and VSMC proliferation
and migration was found with R406 combined with and without
FGF21. Thus, it is suggested that FGF21 inhibited HG-induced Syk
phosphorylation at tyrosine 525/526 to prevent NLRP3 inflammasome
activation in VSMCs.

It is well-known that FGF21 acts mainly through FGFR1%®, there-
fore, a potent inhibitor, PD173074, was used to block FGFR1%” 38, As
shown in Supplemental Figs. 4A-F, Syk phosphorylation, NLRP3 ex-
pression, ASC oligomerization, and p20 and IL-1f3 levels were sig-
nificantly reversed by FGF21 treatment under HG stimulation.
PD173074 abolished the effect of FGF21 on Syk/NLRP3 inflammasome
signal. Similarly, Brdu incorporation assay showed that PD173074
blocked the inhibition of FGF21 on VSMCs proliferation under HG
condition (Supplemental Figs. 4G-H). Combined with the effects of
Syk/NLRP3 inflammasome inhibitors, we further confirmed that the
protective effects of FGF21 were associated with Syk/NLRP3 in-
flammasome signal in HG-impaired VSMCs.
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Fig. 2. FGF21 inhibits NLRP3 inflammasome activation in VSMCs.

VSMCs were incubated with HG (30 mM) and LPS plus ATP for 48 h, and treated with FGF21 (200 ng/ml) for 24 h. Representative Western blot gel and summarized
data show the protein expression of NLRP3, ASC oligomer, p20 in supernatant, p20/procaspase-1 in cell lysate, IL-1p in supernatant, IL-13/proIL-1f in cell lysate
(A-G). Representative confocal microscopic images and summarized coefficient of colocalization of NLRP3 and ASC (H and I). Yellow spots in the overlaid images
were defined as patches colocalization of NLRP3 and ASC. *p < 0.05 vs. Control (Ctrl); *p < 0.05 vs. HG treated group (n = 3). (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this article.)
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3.5. FGF21 inhibited Syk/NLRP3 inflammasome in CCA of diabetic mice neointima (Fig.5A, E and F). A significantly visible precipitation of

PCNA and MMP9 was observed in the arterial media in diabetic mice

We performed the experiments in vivo to determine whether FGF21 with or without wire-injury, and a decrease of these proteins could be

prevented vascular Syk/NLRP3 inflammasome activation in CCA from noted in FGF21-treated mice. Thus, the therapeutic role of FGF21 on

diabetic mice. The immunohistochemical analysis of PCNA and MMP9 neointimal hyperplasia was associated with the down-regulated ex-
was used to examine VSMCs proliferation and migration in the pression of PCNA and MMP-9 in the artery.
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VSMCs were incubated with HG (30 mM) for 48 h, and treated with FGF21 (200 ng/ml), MCC950 (15 nM), WEHD (1 mM), FGF21 + MCC950 or FGF21 + WEHD,
respectively, for 24 h. Western blot was used to assesses p20 in the supernatant, procaspase-1 and p20 in the cell lysate, IL-1(3 in the supernatant, prolL-1f and IL-1f
in the cell lysate, MMP2 and MMP9, PCNA and cyclinD1 (A). Summarized results are shown in B-I. The wound healing assays and transwell migration assay were
used to test cell migration (J-M). *p < 0.05 vs. Control (Ctrl); #p < 0.05 vs. HG treated group (n = 3).

The immunohistochemical analysis in Fig. 5A revealed that FGF21
could induce a significant reduction in p20 and IL-1f in the neointima
in diabetic mice with or without wire-injury, relative to untreated
diabetic mice. Using confocal microscopy, co-localization of NLRP3 or
ASC vs. a-SMA, a typical marker of VSMC, apparently increased in
diabetic mice, as shown as yellow color in CCA (Fig. 5G-I). Co-locali-
zation of NLRP3 and ASC further confirmed the formation of NLRP3
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inflammasomes on the wall of CCA (Fig. 5G and J). FGF21 almost
completely blocked the formation of NLRP3 inflammasomes in CCA of
diabetic mice. Similar to the in vitro results, a decrease of Syk im-
munostaining intensity was observed in the neointimal layer of CCA
from FGF21-treated mice (Fig. 5A). These results are summarized in
Fig. 5B-F and suggest that administration of FGF21 has protective ef-
fects on vascular neointima hyperplasia, which is associated with
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VSMCs were incubated with HG (30 mM) for 48 h, and treated with FGF21 (200 ng/ml), R406 (2.5 uM), FGF21 plus R406 for 24 h. Western blot was used to assay the
protein expression of pSyk/Syk, NLRP3, ASC oligomer, p20/procaspase-1, MMP9, MMP2, PCNA and cyclinD1 (A-I). Typical images and summarized data show cell
migration by wound healing assay and transwell assay (J-M). *p < 0.05 vs. Control (Ctrl); *p < 0.05 vs. HG treated group (n = 3).

inhibition of Syk/NLRP3 inflammasome pathway.

4. Discussion

The present study for the first time demonstrated that FGF21

directly inhibited VSMCs proliferation and migration, which lead to
restenosis after wire-injury in diabetic mice. Further, we showed that
FGF21 inhibited the formation of VSMCs NLRP3 inflammasome
through FGFR1 and dephosphorylation of Syk at tyrosine 525 under
hyperglycemia stress.
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Diabetic mice with or without wire-injured CCA were administered FGF21 (5 mg/kg/d, i.v). Representative immunohistochemistry images and summarized in-
tegrated optical density (I0OD) of pSyk, p20, IL-1p3, PCNA and MMP9 (A-F). Typical fluorescent images and summarized Pearson's coefficient show the co-localization
of NLRP3/ASC, NLRP3/a-SMA and ASC/a-SMA in CCAs by confocal microscopy (G-J). *p < 0.05 vs. Control (Gtrl); p < 0.05 vs. HFD + STZ + saline mice with or

without wire-injured group (n = 6).

Neointimal formation after vascular injury is the pathological basis
of atherosclerosis and restenosis after PCI such as angioplasty and
stenting. Many efforts to prevent restenosis have been unsuccessful
because of the poor understanding of its pathophysiological me-
chanism. FGF21 is thought to be an endocrine regulator of glucose and
lipid metabolism, which is a critical component for maintaining whole-
body homeostasis. Clinical studies have shown that variants of FGF21
have potential to become new drugs for the treatment of T2DM and
non-alcohol fatty liver disease [39]. In the current study, we, for the
first time, found that FGF21 effectively inhibited neointimal hyper-
plasia and endothelium-independent contraction in wire-injured CCA
from diabetic mice. It has been proved that FGF21 deficiency causes a
marked exacerbation of atherosclerotic plaque formation and pre-
mature death in apoE knockout mice, and the treatment with re-
combinant FGF21 reverses the pathological changes [40]. Thus, FGF21
has a protective effect against diabetic vascular complications. It is
believed that FGF21 resists atherosclerosis mainly through induction of
adiponectin production, which inhibits lipoprotein cholesterol pro-
duction [41], and further inhibits the migration of VSMCs and blocks
macrophage transformation into foam cells [42]. Additionally, some
studies have suggested that the improvement of the atherosclerotic
pathology by FGF21 is related to the sterol regulatory element binding
protein, which is a non-adiponectin pathway to prevent cholesterol
synthesis. In addition to its multiple metabolic actions, emerging evi-
dence suggests that FGF21 also has vascular protective activities, in-
dependent of its effects on glycemic control and insulin sensitivity.
However, it remains unclear whether FGF21 alleviates VSMCs pro-
liferation and migration against vascular neointimal hyperplasia. In the
current study, we found that FGF21 indeed inhibited cell proliferation
and migration and decreased the expression of PCNA, cyclinD1, MMP2
and MMP9, under high glucose stress. Given some additional mechan-
isms to regulate VSMCs migration [43,44] and the critical role of MMP
in cell migration, we assume that FGF21 effects on VSMCs migration
may be related to the inhibition of the activity of MMP2 and MMP9. It
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was reported that FGF21 prevented calcification in vitro, which was
associated with blockade of RANK/RANKL/OPG, P38/MAPK/RUNX-2/
AMPK and BMP2/Smad signaling pathways [45]. Additional, a study
found that FGF21 protected against cerebrovascular aging in human
brain vascular smooth muscle cells by improving mitochondrial bio-
genesis and inhibiting p53 activation in an AMPK-dependent manner
[46]. In human coronary smooth muscle cells, the number of HG-in-
duced BrdU positive cells obviously decreased after treatment with
FGF21 (Supplemental Fig. 5). Thus, it was suggested that FGF21 has a
direct role in VSMCs in addition to its multiple metabolic actions. Re-
cent studies illustrated that FGF21 inhibited Ox-LDL-induced macro-
phage migration and hypoxia-induced pulmonary artery smooth muscle
cells (PASMCs) proliferation by ameliorating inflammatory factors
[9,47]. FGF21 inhibitor suppressed proliferation and migration of
human umbilical vein endothelial cells through the eNOS/PI3K/AKT
pathway [48]. However, other studies showed that FGF21 administra-
tion increased the cell migration ability in HOC2 cell line following I/R-
induced injury [6]. Treatment with FGF21 promoted cell migration in
human fibroblast cells using a wound healing cell migration assay in
skin wound healing [49]. Thus, it is assumed that the effects of FGF21
on cell proliferation and migration were dependent on the cell type
under different pathological conditions.

Although the pathogenic mechanisms of neointimal hyperplasia
have not been completely resolved, an accumulating body of evidence
suggests that the inflammatory response plays a key role in the pa-
thological processes. Recently, the reduction of the inflammatory fac-
tors, especially IL-1f, by FGF21 was reported by several studies. FGF21
may reduce IL-1B in HFD obese mice and reduce IL-1f transcription
induced by Ox-LDL in macrophages and PASMCs [47,50]. The activa-
tion of NLRP3 inflammasome leads to the assembly of the multi-protein
complex that cleaves and activates caspase-1, resulting in cleavage of
pro-IL-1f and release of IL-13 that triggers a downstream inflammatory
response. NLRP3 inflammasome could be activated by ROS, cholesterol
crystals, and high glucose in diabetes. Our current results show that
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FGF21 inhibits NLRP3 expression, ASC oligomerization and co-locali-
zation of NLRP3 with ASC. We, for the first time, provided evidence
that FGF21 could inhibit NLRP3 inflammasome in diabetic conditions.

Vascular inflammasome activation has been shown to play an im-
portant role in vascular remodeling such as atherosclerosis [11]. Here,
we demonstrate MCC950 and WEHD prevent VSMCs proliferation and
migration, which suggests that NLRP3 inflammasome is possibly in-
volved in vascular neointimal hyperplasia. It was reported that NLRP3
inflammasome activation contributes to VSMCs phenotypic transfor-
mation, proliferation and vascular remodeling in hypertension [16].
The activation of the NLRP3 inflammasome mediated inflammatory
response pathway is an important step associated with VSMCs calcifi-
cation induced by -glycerophosphate [15]. These studies indicate that
NLRP3 inflammasome activation contributes to vascular remodeling.
Moreover, FGF21 combined with MCC950 and WEHD has no additive
effects on VSMCs proliferation and migration, thus, NLRP3 inflamma-
some is associated with VSMCs proliferation and migration in response
to FGF21 treatment.

We further assessed the mechanisms of FGF21-inhibited NLRP3
inflammasome. Syk plays an important role in NLRP3 inflammasome
activity by phosphorylation at tyrosine 525/526. Phosphorylation of
Syk promotes ASC phosphorylation and oligomerization to form ASC
speck, which is one of the inflammasome activating makers [33]. In
addition, IL-1p production and release are a Syk-dependent way in
antifungal immunity [18]. Syk phosphorylation induced by HG con-
tributes to NLRP3 inflammasome activation in human leukemia
monocyte Thpl cells [51]. Thus, phosphorylation of Syk was expected
to connect FGF21 and NLRP3 inflammasome in VSMCs under hy-
perglycemia. Indeed, we found that Syk phosphorylation is induced by
HG along with activation of NLRP3 inflammasome, which is reversed
by R406, a typical inhibitor of Syk phosphorylation. Consequently,
VSMCs proliferation and migration are attenuated by R406, confirming
that Syk regulates the NLRP3 inflammasome in diabetic conditions.
This is consistent with a previous report that Syk kinase inhibitor at-
tenuated VSMCs proliferation and migration with or without Ang II
stimulation [52,53]. Furthermore, the inhibiting effect of FGF21 on Syk
and NLRP3 inflammasome activity was abolished by FGFR signaling
blocked by the FGFR1 inhibitor PD173074. To our knowledge, these
results, for the first time, provide the evidence that FGF21 could inhibit
Syk phosphorylation via FGF21 in VSMCs. It was reported FGF21 plays
an important role in anti-inflammation. For example, FGF21 abrogates
the increase in TNF-q, IL-1 and IL-6 levels in pulmonary artery smooth
muscle cells (PASMCs) culture media and attenuates hypoxia-induced
pulmonary hypertension [9]. FGF21 prevents retinal neuronal dys-
function in type 1 diabetic mice, which is associated with reduced IL-1f3
[54]. Additional evidence demonstrated that FGF21 exerts a direct anti-
inflammation role. For example, FGF21 can reduce the expression of IL-
la, IL-6 and TNF-a in Ox-LDL-induced macrophages [47]. FGF21 al-
leviates arthritis and reduces the expression of IL-17, TNF-a, IL-1f3, IL-6,
IL-8 in the spleen tissue [55], and reduces the expression of TNF-a, IL-
1B, IL-6 and IFN-y in a dose-dependent manner in LPS-stimulated RAW
264.7 macrophages [56]. Moreover, FGF21 protects IL-1f3 induced
growth retardation in Huh-7 cells. Thus, anti-inflammation was sug-
gested as a critical mechanism underlying FGF21, which provides evi-
dence that Syk and NLRP3 inflammasome constitute a signal pathway
and are implicated in the protection of FGF21 in VSMCs remodeling
through IL-18 and IL-1P from NLRP3 inflammasome. However, some
research showed that high Syk expression promotes expression of
MMP2 and MMP9 by activation of the Syk/PI3K pathway in follicular
lymphoma cells [57]. Therefore, NLRP3 inflammasome seems not to be
one pathway between Syk and MMP2 and MMP9 in different cells, or
there is a crosstalk among signal pathways.

Lastly, we confirmed the role of FGF21 and its mechanisms in wire-
injured CCA of diabetic mice. Consistent with the in vitro results, the
immunohistochemical results showed that FGF21 reduces the expres-
sion of PCNA and MMP9, p20 and IL-1f as well as Syk phosphorylation
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at tyrosine 525/526 in diabetic mice. Furthermore, immuno-
fluorescence results showed that FGF21 inhibits co-localization of
NLRP3 and ASC in VSMCs in wire-injured and sham diabetic mice,
which further confirmed FGF21 inhibits NLRP3 inflammasome in
VSMCs. These results suggest that FGF21 ameliorates diabetic vascular
neointima hyperplasia by inhibiting Syk/NLRP3 inflammasome in
VSMCs.

In conclusion, our data suggest that NLRP3 inflammasome is im-
plicated in VSMCs proliferation and migration in diabetic conditions.
FGF21 ameliorates diabetic vascular neointima hyperplasia, which is
associated with inhibition of Syk/NLRP3 inflammasome pathway in
VSMCs. The present study provides new pharmacological roles and
molecular mechanisms of FGF21 on diabetes-related vascular compli-
cations.
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