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Abstract: The dedifferentiation of vascular smooth muscle cells (VSMCs) is a key event in the pathogenesis of 
vascular remodeling-related disease. The present study aimed to investigate the effects of shexiangbaoxin (SXBX) 
pill, a traditional Chinese medicinal formula on VSMCs dedifferentiation and its potential mechanisms. High-fat diet 
(HFD) was introduced to lipoprotein receptor-deficient (LDLR-/-) mice to generate hyperhomocysteinemia (HHcy), and 
plasma Hcy and lipid levels were analyzed. The phenotype of VSMCs was assessed in mice with the treatment of 
low (45 mg/kg/d) or high (90 mg/kg/d) SXBX pill by measuring the contractile protein α-SMA, SM22α and synthetic 
proteins OPN using RT-qPCR, western blotting and immunofluorescence assay. In vitro, the proliferation, migration 
and dedifferentiation of VSMCs were measured by MTT, Edu incorporation, wound healing and western blotting as-
say. Small interfering RNA technology was used to examine the role of NLRP3 in the effects of SXBX pill on dediffer-
entiation. The results indicated that although SXBX pill had no influence on HFD-induced HHcy and hyperlipidaemia, 
it reversed HHcy-induced dedifferentiation of VSMCs in vivo. SXBX pill significantly inhibited proliferation, migration 
and dedifferentiation of Hcy-treated VSMCs. In addition, we found that Hcy activated NLRP3 inflammasomes in 
VSMCs and SXBX pill could attenuate NLRP3 inflammasomes activation. Moreover, subsequent analysis suggested 
that SXBX pill inhibited NLRP3 inflammasomes activation through regulation of ERK1/2 and p38 MAPK pathway. 
Knockdown of NLRP3 reversed the inhibitory effects of SXBX pill in VSMCs. In conclusion, SXBX pill inhibited Hcy-
induced proliferation, migration and dedifferentiation of VSMCs by suppressing NLRP3 inflammasomes activation 
via of ERK/p38 MAPK pathway.
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Introduction

Hyperhomocysteinemia (HHcy) is a state in 
which too much homocysteine is present in the 
body and has been regarded as a risk factor for 
cardiovascular disease [1]. Our previous study 
reported that independently causes and pro-
motes atherosclerosis in low-density lipopro-
tein receptor-deficient (LDLR-/-) mice [2]. 
Epidemiological studies have described HHcy 
could induce vascular remodeling and its pos-
sible mechanisms involve in homocysteine 
(Hcy)-mediated inflammation [3, 4]. However, 

the mechanisms have not been well described. 
Vascular smooth muscle cells (VSMCs) are the 
major components of the vessel wall, and their 
hyperproliferation is an important risk factor for 
atherosclerosis [5]. Our previous study and 
other reports suggested homocysteine (Hcy) 
induces proliferation, migration and dedifferen-
tiation of VSMCs [6, 7], which serves as a major 
initiating factor for vascular remodeling in vas-
cular diseases [8]. The phenotypic transforma-
tion from differentiated to dedifferentiated 
VSMCs is involved in the reduced expression of 
contractile proteins, such as alpha smooth 
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muscle actin (α-SMA) and smooth muscle 22 
alpha (SM22α), and increased expression of 
synthetic proteins (such as osteopontin, OPN) 
and inflammatory cytokines [9].

The NLRP3 (NLR family, pyrin domain contain-
ing 3) inflammasomes was discovered by 
researchers interested in the regulation of cas-
pase-1. This enzyme processes the preforms of 
the cytokine interleukin-1β (IL-1β), a critical pro-
inflammatory cytokines, whose purpose being 
to drive the inflammatory process and restore 
homeostasis [10]. Over the decades, a plenty 
of discoveries have been made suggesting a 
close interplay between NLRP3 and inflamma-
tory diseases [11]. For instance, bone marrow 
deficiency in NLRP3 inflammasomes compo-
nents markedly attenuates atherogenesis in 
LDLR-/- mice [12]. In addition, more importantly, 
Sun et al. found that NLRP3 inflammasomes 
activation contributes to the dedifferentiation 
of VSMCs and vascular remodeling in hyperten-
sion [13]. Above all indicated NLRP3 may be a 
target for inhibition of VSMCs dedifferentiation. 
However, it is unclear whether NLRP3 is 
involved in HHcy-induced VSMCs dedifferentia-
tion and proliferation.

Shexiangbaoxin (SXBX) pill is a traditional 
Chinese medicinal compound, which has been 
widely used for treating coronary heart disease 
with angina pectoris [14]. SXBX pill could 
decrease myocardial collagen synthesis and 
deposition in left ventricle, thus to prevent and 
treat myocardial fibrosis [15]. In addition, SXBX 
pill reduces arterial levels of inflammation 
markers (C-reactive protein, fibrinogen, and 
D-dimer) in coronary syndrome subjects [16]. 
However, whether SXBX pill plays a role in Hcy-
induced dedifferentiation of VSMCs remains 
unknown. Therefore, this study was carried out 
to investigate the effects of SXBX pill in Hcy-
induced proliferation, migration and dedifferen-
tiation of VSMCs, and the roles of NLRP3 in the 
action of the SXBX pill on VSMCs.

Materials and methods 

Animal model and tissue preparation

A total of 40 low-density lipoprotein receptor-
deficient (LDLR-/-) mice were obtained from 
Model Animal Research Center of Nanjing 
University (Nanjing, China). These mice were 
maintained on a 12-hour light-dark cycle in a 

pathogen-free environment at the animal 
research center of Shaoxing people’ Hospital. 
All experiments were performed on adult (6-8 
weeks) male mice. After 1 week of acclimatiza-
tion, at age 7 weeks, 30 mice were fed high fat 
diet (HFD) including standard rodent chow 
+10% fat +1.25% cholesterol +1% L-methionine 
[17]. They were randomly divided into three 
groups: HFD group, HFD + Low SXBX pill (45 
mg/kg/d, obtained from Shanghai Hutchison 
Pharmaceuticals, China) group, HFD + High 
SXBX pill (90 mg/kg/d). SXBX pill was given at 
the beginning of the study. Another 10 LDLR-/- 
mice received normal chow diet were served as 
the control group. They were allowed free 
access to food and water. Experiments were 
approved by the Experimental Animal Care and 
Use Committee of Shaoxing people’ Hospital. 
After 14 weeks’ intervention, all mice were fast-
ed overnight and sacrificed. Approximately 1 ml 
of blood was collected into EDTA tube, centri-
fuged at 3500 g for 10 minutes and plasma 
were retrieved and stored at -80°C. The aorta 
of the mice was fixed in 4% formaldehyde and 
embedded in paraffin. All procedures were con-
formed to the Guide for the Care and Use of 
Laboratory Animal published by the US National 
Institutes of Health (NIH publication, 8th edi-
tion, 2011).

Hcy and lipid analysis

Plasma total cholesterol and triglyceride levels 
were measured using enzymic method on 
Aeroset Aeroset fully automatic clinical bio-
chemical analyzer (Abbott Labs, USA), as previ-
ously described [18]. Plasma Hcy levels were 
analyzed using a Hcy ELISA kit (Fanke Biological 
Technology Co., Ltd., Shanghai, China), accord-
ing to the manufacturer’s instruction.

Cell culture and treatment

Primary VSMCs were isolated from 4-weeks 
male Sprague‑Dawley rats, and cultured in 
DMEM medium (Sigma, St. Louis, MO) with 
10% FBS (Gibco, Grand Island, NY) at 37°C in a 
humidified atmosphere of 5% CO2. VSMCs of 
Passage 3-10 were used in the present study. 
The cells were treated with 500 μM of Hcy 
(H0159, Tokyo Chemical Industry Co., Ltd., 
Japan) for 48 h. SXBX pill (1 g) was dissolved in 
20 mL sterile PBS with DMSO and stored at 
-20°C. VSMCs were treated with Low SXBX pill 
(0.1 g/L) and High SXBX pill (1 g/L). To knock-
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down of NLRP3 in VSMCs, cells were transfect-
ed with specific siRNA against NLRP3 (si-
NLRP3), or negative control siRNA (si-NC, ob- 
tained from Shanghai GenePharma, Shanghai, 
China) using Lipofectamine 2000 Transfection 
Reagent (Invitrogen, Waltham, MA, USA) ac- 
cording to the manufacturer’s instruction. 
ERK1/2 inhibitors PD98059 (20 μmol/L, 
MedChemExpress) and p38 MAPK SB203580 
(10 μmol/L, MedChemExpress) were used to 
study the pathways involved in the role of SXBX 
pill in VSMCs in this study.

Cell proliferation and migration assay

VSMCs were treated as indicated for 12, 24, 
48, and 72 h, and an MTT assay was used to 
examine the cell proliferation of VSMCs. The 
medium was added to MTT (5 g/L) and the cells 
were then incubated for 4 h. Subsequently, 100 
μl DMSO was added after the medium was 
removed. The plate was gently vibrated for 1 
min to dissolve the precipitate. The microplate 
reader (3550; Bio‑Rad Laboratories, Inc., 
Hercules, CA, USA) was used to determine the 
absorbance at 570 nm. An Edu Cell Proliferation 
Assay Kit (Ribobio, Guangzhou, China) was 
used to detect cell proliferation according to 
the manufacturer’s instruction as described 
[19]. In brief, 5×105 cells were seeded in 24-well 
plates and forty-eight hours after treatment, 
cells were incubated with 50 µM Edu for 3 h 
before fixation, permeabilization and EdU stain-
ing. The nuclei were stained with DAPI (Sigma) 
at a concentration of 1 µg/mL for 5 min. The 
proportion of cells that incorporated Edu was 
determined by a Nikon Eclipse Ti-U fluores-
cence microscope (×400). For cell migration 
assay, approximately 106 of VSMCs were add- 
ed into each well of 6-well plates. When cells 
were 80-90% confluent, a cell scratch spatula 
was used to manually scratch the monolay- 
er after treatment. Plates were washed using 
PBS for three times to remove cellular debris, 
and cell migration was observed using an 
inverted microscope (Olympus Corp., Tokyo, 
Japan). Cells were then incubated at 37°C for 
48 h, examined and photographed under the 
microscope. Each cell condition was assayed in 
triplicate.

Detection of caspase 1 activity and interleukin 
(IL)-1β levels

Caspase-1 activity was measured by Caspase 1 
Activity Assay Kit (C1101, Beyotime, China). 50 

ug of total cytosolic protein was incubated in a 
96-well microtiter plate with 20 nmol acetyl-Tyr-
Val-Ala-Asp p-nitroaniline (Ac-YVAD-pNA) over-
night at 37°C. The absorbance values of 
p-nitroaniline (pNA) at 405 nm were tested 
using a microplate reader. The production of 
pNA in tested samples indicated the level of 
caspase-1 activation. IL-1β in cultured VSMCs 
supernatants were measured using commer-
cial ELISA kits (Jiancheng, Nanjing, China), 
according to the manufacturer’s instruction.

Quantitative real-time PCR analysis

Total RNA was isolated with the Trizol (Invitrogen, 
USA) method, and cDNA was synthesized using 
reverse transcription kit PrimeScript RT reagent 
Kit (Takara, Otsu, Japan) from 1 µg of total RNA. 
Real-time PCR was performed with the cDNA 
samples and SYBR Premix Ex Taq kit (Takara) 
by using an ABI 7300 RT-PCR Detection System 
(Applied Biosystems, Foster, CA, USA). The 
qPCR conditions included one cycle of initial 
denaturation at 95°C for 5 min followed by  
40 cycles at 95°C for 10 s; 60°C for 30 s;  
and 72°C for 15 s. All samples were amplifi- 
ed in triplicate. The relative changes in the 
number of transcripts in each sample were 
determined by normalizing with the β-actin RNA 
levels via the 2-∆∆Ct method. The sequences of 
the primers used were as follows: α-SMA for-
ward 5’-GTGTTGCCCCTGAAGAGCAT-3’; reverse 
5’-GCTGGGACATTGAAAGTCTCA-3’; Osteopontin 
forward 5’-CAAATACCCAGATGCTGTGGC-3’; re- 
verse 5’-TCCTGGCTGTCCACATGGAC-3’; SM22α 
forward 5’-ACACGCTCAACGTCAGCAT-3’; reverse 
5’-GCTCGTCCAGCTCTGGATAT-3’ and β-actin for-
ward 5’-CGTTGACATCCGTAAAGACC-3’; reverse 
5’-GGAGCCAGGGCAGTAATCT-3’.

Western blotting analysis

Aorta tissues or cells scraped from culture 
dishes were placed in RIPA lysis buffer 
(Beyotime). After homogenization on ice, the 
lysates were centrifuged at 11,000 g for 10 
min and protein concentrations were deter-
mined by BCA method following the manufac-
turer’s protocol. Equal amounts of proteins 
were subjected to SDS-polyacrylamide gel elec-
trophoresis and transferred onto PVDF mem-
branes (Millipore, MA, USA). Blots were incu-
bated for 1 h at room temperature with 5% 
skimmed milk in TBST, and then incubated with 
primary antibodies for p-p38 (#4631), p38 
(#9212), p-ERK (#4370), ERK (#4695), p-JNK 
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(#9255), JNK (#9252, all obtained from Cell 
signaling technology, Danvers, MA, USA), NL- 
RP3 (ab4207), procaspase-1 (ab179515), IL- 
1β (ab20478), α-SMA (ab7817), Osteopontin 
(ab8448), SM22α (ab14106, all obtained from 
Abcam, Cambridge, UK) at 4°C overnight. 
β-actin (bsm-33036M, Bioss antibodies, Wo- 
burn, MA, USA) were served as an internal ref-
erence protein. Subsequently, membranes 
were incubated in horseradish peroxidase-con-
jugated secondary antibodies (Beyotime). The 
blot was developed with an enhanced chemi- 
luminescence reagent kit (Beyotime) and quan-
tification of band intensity was carried out 
using Quantity One 5.0 software (Bio-Rad 
Laboratories, Inc., Hercules, CA, USA).

Immunofluorescence analysis

Cells were grown in 8-well chamber slides 
(Millipore). After treatment, VSMCs were col-
lected and fixed with 4% paraformaldehyde fol-
lowed by permeabilization with 0.1% Triton 
X-100 for 15 min. Subsequently, 1% bovine 
serum albumin (BSA) in PBST was used to blo- 
ck unspecific regions for 30 min at room tem-
perature. For double immunofluorescence 
staining, paraffin-embedded tissues were cut 
into 5 µm sections using a cryostat (Leica, 
Solms, Germany), deparaffinized, rehydrated, 
and then subjected to antigen retrieval. Tis- 
sue sections or cell slides were incubated  
with primary antibodies overnight at 4°C, fol-
lowed by incubation with secondary antibodi- 
es for 1 hour at room temperature. The nu- 
clei were counterstained for visualization with 
DAPI. The primary antibodies used were anti- 
α-SMA (ab7817), Osteopontin (ab8448), NL- 
RP3 (ab4207), IL-1β (ab20478). The secon- 
dary antibodies used were Alexa Fluor 488-, 
Alexa Fluor 594-conjugated anti-immunoglobu-
lin G (Abcam). Images were captured under a 
Nikon Eclipse Ti-U fluorescence microscope 
(×400).

Statistical analysis.

Data from individual experiments were repre-
sented as mean ± standard deviation. Sta- 
tistical analyses were performed using Graph- 
Pad Prism version 5.0 (GraphPad Prism 
Software, San Diego, USA). Comparisons be- 
tween groups were made by one-way ANOVA 
analysis, followed with Tukey’s post hoc analy-
sis. A P value <0.05 was considered statistical-
ly significant.

Results

SXBX pill inhibits HHcy-induced dedifferentia-
tion of VSMCs in vivo

Firstly, we analyzed plasma Hcy and lipid levels 
of experimental mice. Plasma total cholesterol, 
triglycerides and LDL-C levels were significantly 
higher in mice fed with HFD compared to the 
control group. However, treatment with SXBX 
pill had no influence on plasma lipids. Similarly, 
plasma Hcy levels were obviously increased in 
the HFD group compared with the control 
group. However, dietary SXBX pill had no signifi-
cant effect on Hcy levels in mice fed with HFD 
(Table 1). These data indicate that SXBX pill 
had no effect on HFD-induced hyperlipidaemia 
or hyperhomocysteinemia on LDLR-/- mice. Due 
to the critical role of VSMCs dedifferentiation  
in vascular remodeling, we subsequently inves-
tigated the effects of SXBX pill on hyperho- 
mocysteinemia-related vascular remodeling in 
the aorta of mice. Immunofluorescence double 
staining experiments showed that α-SMA was 
highly expressed in the medial layers of the 
aorta in the control group and decreased in the 
HFD group. However, SXBX pill treatment abol-
ished HFD-induced reduction in α-SMA expres-
sion. However, OPN expression was rarely 
detected in medial VSMCs in the control groups 
and its expression was upregulated in the aorta 
of mice received HFD. Whereas SXBX pill treat-

Table 1. Plasma biochemical values of different animal group (mean ± SD, n = 10)
Parameter Control HFD HFD + Low SXBX pill HFD + High SXBX pill
TC (mg/dl) 97.39±3.74 210.67±16.87* 217.62±26.75 201.43±21.56
Triglyeride (mg/dl) 35.66±4.87 157.46±22.42* 153.08±19.17 143.94±22.95
LDL-C (mg/dl) 19.97±2.03 62.17±3.95* 64.31±6.84 58.38±6.92
Hcy (μmol/l) 1.96±0.09 12.58±1.76* 11.68±1.29 10.86±1.91
TC, Total cholesterol, LDL-C, low density lipoprotein cholesterol. Results were presented as mean ± SD, n = 10. *P<0.05 vs. 
control group.
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ment markedly decreased OPN expression 
(Figure 1A). To quantitatively investigate the 
effects of SXBX pill on the changes of markers 
of VSMCs dedifferentiation, both RT-qPCR and 
western blotting confirmed that HFD induced 
downregulation of α-SMA and SM22α expres-
sion, and induced upregulation of OPN expres-
sion. In contrast, treatment with low or high 
SXBX pill significantly abolished HFD-induced 
alteration of above markers (Figure 1B and 1C). 
Collectively, above results demonstrated that 
SXBX pill could inhibit HFD-related VSMCs 
dedifferentiation in vivo.

SXBX pill inhibits Hcy-induced proliferation, mi-
gration and dedifferentiation of VSMCs in vitro

Subsequently, we explored the role of SXBX pill 
on the proliferation, migration and dedifferen-

tiation of VSMCs stimulated by Hcy. As shown 
in Figure 2A, SXBX pill inhibited Hcy-induced 
VSMCs proliferation in a dose-dependent man-
ner, as detected by MTT assay. Edu incorpora-
tion assay also showed that a significant 
increase in EdU positive cells was detected in 
Hcy-treated VSMCs and the increased per- 
centage in EdU positive cells was significantly 
attenuated with the treatment of low or high 
SXBX pill (Figure 2B). In addition, the results of 
wound healing assay illustrated that SXBX pill 
suppressed Hcy-enhanced cell migration abili- 
ty in a dose-dependent manner (Figure 2C). 
Moreover, consistent with the results in vivo, 
western blotting analysis revealed a significant 
downregulation of α-SMA and SM22α, and an 
upregulation of OPN in Hcy group comparable 
to the control group. SXBX pill could obviously 

Figure 1. SXBX pill inhibits high fat diet mediated dedifferentiation of VSMCs in vivo. A. Immunofluorescence double 
staining showing the overlap of SMA (green) and OPN (red) in aortic of LDLR-/- mice continuously received normal 
chow diet (control), high fat diet (HFD), HFD + Low SXBX pill (45 mg/kg/d) and HFD + High SXBX pill (90 mg/kg/d) 
for 14 weeks. Nuclei were stained by DAPI (blue). Bar = 50 μm. B. Relative mRNA levels of SMA, SM22α and OPN 
in the aorta of LDLR-/- mice (n = 10). C. The expression levels of contractile protein α-SMA, SM22α and synthetic 
proteins OPN in the aortic of mice from above four groups (n = 10). *P<0.05 vs. control group; #P<0.05 vs. Hcy group.
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increase α-SMA and SM22α expression and 
decrease OPN expression in a dose-dependent 
manner in Hcy-stimulated VSMCs (Figure 2D). 
Taken together, these data indicated that SXBX 
pill inhibited Hcy-induced proliferation, migra-
tion and dedifferentiation of VSMCs.

SXBX pill attenuates Hcy activated NLRP3 
inflammasomes in VSMCs

Recent studies have shown that the NLRP3 
was involved in the dedifferentiation of VSMCs, 
we thus further investigate whether SXBX pill 
inhibits VSMCs dedifferentiation through regu-
lation of NLRP3 inflammasomes activation. As 
shown in Figure 3A and 3B, the levels of cas-
pase 1 and IL-1β were significantly higher in Hcy 
groups when compared with the control gro- 

up. However, SXBX pill markedly reduced Hcy-
induced caspase 1 and IL-1β release in VSMCs. 
Subsequent western blotting analysis demon-
strated that Hcy treatment dramatically in- 
creased the expression of NLRP3, ASC, procas-
pase-1 and mature IL-1β protein, indicat- 
ing activation of NLRP3 inflammasomes in 
VSMCs. Importantly, SXBX pill substantially su- 
ppressed Hcy-induced upregulation of NLRP3, 
and ASC, procaspase-1 and mature IL-1β 
(Figure 3C-G). Immunofluorescence staining in 
Figure 3H showed that SXBX pill significantly 
abolished Hcy-induced NLRP3 and ASC upre- 
gulation in the cytoplasm of VSMCs. These 
results indicated the activation of NLRP3 in- 
flammasomes induced by Hcy was blocked by 
SXBX pill. 

Figure 2. SXBX pill inhibits proliferation, migration and dedifferentiation of VSMCs. A. After incubation with 500 μM 
Hcy with or without SXBX pill treatment for various time points, VSMC proliferation was examined by MTT assay. 
B. DNA synthesis in VSMCs under Hcy with or without SXBX pill for 48 h was determined with EdU incorporation 
assay. Blue fluorescence (Hoechst 33342) shows cell nuclei and red fluorescence (Edu) stands for cells with DNA 
synthesis. Bar = 50 μm. C. Representative pictures of VSMCs migration through scratch-wound. Bar graphs show-
ing the scratch shortening rate, which was determined by width at 48 h divided the width at 0 h. D. Western blot 
was employed to quantitate the expression levels of contractile protein α-SMA, SM22α and synthetic proteins OPN 
in VSMCs in different groups. Bar graph showing the relative protein level of α-SMA, SM22α and OPN. *P<0.05 vs. 
control group; #P<0.05 vs. Hcy group; ##P<0.05 vs. Hcy + Low SXBX pill group.
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SXBX pill suppresses Hcy activated MAPKs 
pathways in VSMCs

It is well-known that the MAPKs activation is 
related to the proliferation and migration of 

VSMC. To reveal the potential mechanisms 
underlying the action of SXBX pill on VSMCs 
under Hcy treatment, we detected the activa-
tion of MAPKs pathways in Hcy-treated cells. 
VSMCs were cultured with or without SXBX pill 

Figure 3. SXBX pill inhibits the Hcy activated NLRP3 inflammasomes in VSMCs. A. The activity of caspase-1 was 
examined using caspase-1 activity assay kit. B. release of IL-1β in the supernatant of cell cultures with or without 
Hcy stimulation was evaluated by enzyme-linked immunosorbent assay (ELISA); n = 6. C-G. VSMCs were treated with 
500 μM Hcy for 24 h and western blotting was used to investigate the effects of SXBX pill on Hcy-activated NLRP3 
inflammasomes. H. Immunofluorescence photomicrographs of VSMCs treated with 500 μM Hcy for 24 h followed by 
the treatment with low or high SXBX pill. Bar = 50 μm. *P<0.05 vs. control group; #P<0.05 vs. Hcy group.
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for 24 h and then treated with Hcy (500 μM) for 
10 min. Intriguingly, we found that phosphoryla-
tion of p38, JNK and ERK1/2 was increased 
after stimulated with Hcy. However, SXBX pill 
significantly inhibited p38 and ERK1/2 but not 
JNK phosphorylation compared with Hcy group 

protein expressions of NLRP3 (Figure 5F), ASC 
(Figure 5G), procaspase-1 (Figure 5H) and 
mature IL-1β (Figure 5I). Taken together, above 
results indicated that SXBX pill inhibits Hcy-
induced NLRP3 inflammasomes activation via 
suppressing ERK1/2 and p38 MAPK pathway.

Figure 4. Effect of SXBX pill on Hcy-induced phosphorylation of ERK1/2, p38 
MAPK, and JNK. Phosphorylation of (A) ERK1/2, (B) p38 MAPK, and (C) JNK 
was detected by western blotting using specific antibodies. Total ERK1/2, 
p38 MAPK, and JNK proteins were used as internal controls. Quantification 
of band intensities from three independent experiments was determined by 
densitometry. Data was described as means ± SD from three independent 
experiments. *P<0.05 vs. control group; #P<0.05 vs. Hcy group.

(Figure 4A-C). Thus, it was 
believed that SXBX pill sup-
pressed p38, ERK1/2/MAPK 
signaling pathway in Hcy stim-
ulated VSMCs.

SXBX pill inhibits NLRP3 
inflammasomes activation 
through regulation of ERK1/2 
and p38 MAPK pathway

To assess how SXBX pill regu-
lates the activation of NL- 
RP3 inflammasomes in Hcy-
induced VSMCs were infected 
with NLRP3 si-RNAs to knock 
down NLRP3 gene Blocking 
efficiency of NLRP3 was 
detected by protein expres-
sion of NLRP3 (Figure 5A). 
Subsequently, cells with or 
without NLRP3 silencing were 
pretreated with ERK1/2 inhib-
itor (20 μmol/L PD98059) 
and p38 p38 MAPK inhibitor 
SB203580 (10 μmol/L) for 30 
min before Hcy administra-
tion. As shown in Figure 5B-D, 
PD98059 significantly inhi- 
bited ERK1/2 phosphoryla-
tion and SB203580 inhibited 
p38 phosphorylation. How- 
ever, knockdown of NLRP3 
had no influence on Hcy-
induced MAPKs activation. 
The result in Figure 5E sug-
gested that Hcy-induced NL- 
RP3, ASC, procaspase-1 and 
IL-1β protein expressions 
were significantly inhibited in 
NLRP3 silenced VSMCs as 
compared with the Hcy +  
si-NC group. More important-
ly, consistent with SXBX pill, 
PD98059 and SB203580 
obviously attenuated the Hcy-
induced activation of NLRP3 
inflammasomes, including the 
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Knockdown of NLRP3 reverse the inhibitory 
effects of SXBX pill in VSMCs

Using Edu assay and wound healing assay, we 
found that knockdown of NLRP3 markedly 

attenuated Hcy-promoted cell proliferation and 
migration in VSMCs (Figure 6A-D). As expected, 
inhibition of ERK1/2 and p38 MAPK pathway 
also inhibited Hcy-induced cell proliferation and 
migration (Figure 6A-D). Then, we found that 

Figure 5. Activation of ERK and p38 mitogen-activated protein kinase (MAPK) is required for Hcy-mediated acti-
vation of NLRP3 inflammasomes. (A) Specific siRNAs target NLRP3 were used to knockdown of NLRP3 and the 
efficiency was validated by detection the NLRP3 protein expression. (B) VSMCs were treated with 500 μM Hcy 
for 5 min and western blotting was used to access the effects of ERK1/2 inhibitors PD98059 (20 μmol/L), p38 
MAPK SB203580 (10 μmol/L) and NLRP3 silencing on Hcy-induced ERK (C) and p38 (D) MAPKs phosphorylation. 
(E) The activation of NLRP3 inflammasomes was investigated in Hcy-treated VSMCs pretreatment with PD98059, 
SB203580 and si-NLRP3 for 24 h and relative expression of NLRP3 (F), ASC (G), procasepase-1 (H) and IL-1β (I) 
were quantified from three independent experiments. *P<0.05 vs. control group; #P<0.05 vs. Hcy group; *P<0.05 vs. 
control group; %P<0.05 vs. Hcy + si-NC group.
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Figure 6. NLRP3 silencing inhibits proliferation, migration and dedifferentiation of VSMCs. (A) Edu incorporation as-
say was used to determine the proliferation of VSMCs in different group, as indicated. Bar = 50 μm. (B) wound heal-
ing assay was performed to investigate the migration of VSMCs under different simulation. Bar graphs showed the 
quantification of (C) Edu positive rates and (D) scratch shorting rate of VSMCs in different group. (E, F) The markers 
of VSMCs dedifferentiation, including α-SMA, SM22α and OPN were measured by western blot in VSMCs following 
different treatment, as indicated. Relative expression of α-SMA (F), SM22α (G), and OPN (H) were quantified from 
three independent experiments. *P<0.05 vs. Hcy group; #P<0.05 vs. Hcy + si-NC group.
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NLRP3 gene deletion significantly inhibited the 
Hcy-induced downregulation of contractile pro-
teins α-SMA and SM22α, and upregulation of 
synthetic protein OPN in VSMCs. And ERK1/2 
and p38 MAPK pathway inhibition achieved 
similar results to NLRP3 silencing in terms of 
VMSC dedifferentiation (Figure 6E-H). These 
results confirm that NLRP3 plays an important 
role in regulating VSMC dedifferentiation.

Discussion

The present study originally identified that (1) 
Hcy stimulation activated NLRP3 inflamma-
somes in VSMCs through regulation of ERK1/2 
and p38 MAPK pathways; (2) SXBX pill inhibit- 
ed proliferation, migration and differentiated 
VSMC phenotype concurrent with the suppres-
sion of NLRP3 inflammasomes via inactivating 
ERK1/2 and p38 MAPK pathways, highlighting 
a critical role for NLRP3 in the dedifferentiation 
of VSMCs.

Hcy is a non-protein-coding a-amino acid that  
is synthesized from dietary protein-derived 
methionine [20]. High-fat diet (HFD) containing 
methionine-mediated HHcy can cause and 
accelerate atherosclerotic lesion in mice [2, 21] 
and HHcy is an effective inducer for VSMCs 
phenotypic change [22]. Therefore, in the pres-
ent study, HFD was introduced to produce the 
dedifferentiation of VSMCs in vivo. The dedif-
ferentiation of VSMCs is required for vascular 
formation and maturation during embryogene-
sis and vascular remodeling [23]. Within mature 
blood vessels, VSMCs rarely proliferate or 
migrate. Rather, VSMCs mainly perform con-
tractile functions and express specific contrac-
tile markers, including a-SMA and SM22a. They 
would undergo phenotypic modulation in 
response to injury, which is characterized by 
decreased contractile marker expression, in- 
creased synthetic marker (such as OPN) and 
increased proliferation and migration [23, 24]. 
We report that SXBX pill could effectively in- 
hibit HHcy and Hcy mediated VSMCs dediffer-
entiation in vivo and in vitro, as confirmed by 
reversing Hcy-induced decreased a-SMA and 
SM22a and increased OPN expression. In ad- 
dition, SXBX pill suppressed Hcy-activated 
VSMCs via inhibiting proliferation and migra-
tion. Although SXBX pill had no influence on 
HFD induced hyperlipidemia in LDLR-/- mice, our 
data indicated that SXBX pill may be served as 
an effective agent for inhibiting Hcy-induced 
dedifferentiation of VSMCs. We therefore fur-

ther investigate the potential mechanism 
through which SXBX pill influences the activity 
of VSMCs.

Considering Hcy triggers vascular inflammation 
and atherosclerosis, we focused on NLRP3, 
which has been identified as the cellular 
machinery responsible for activation of inflam-
matory processes [25], to investigate whether 
it was involved in the action of SXBX pill on 
VSMCs. We showed that Hcy significantly stimu-
lated NLRP3 inflammasomes activation in 
VSMCs, as confirmed by increased the produc-
tion of caspase-1 and IL-1β. In support of our 
results, Wang et al. identified that HHcy-induced 
NLRP3 inflammasomes activation contributes 
to recruitment of macrophages in aorta [26]. 
These data provide the first evidence that SXBX 
pill could inhibit Hcy-activated NLRP3 inflam-
masomes in VSMCs. 

We then carried out experiments to further 
explore how SXBX pill suppress NLRP3 inflam-
masomes. As previously described, MAPKs 
pathways are key signaling molecules that reg-
ulate cellular behavior in response to environ-
mental stresses [27], and ERK1/2 and p38 
MAPK pathways were found to be implicated in 
the proliferation and migration of VSMCs [28]. 
We also noticed that activation of MAPKs path-
ways in response to Hcy was confirmed by a 
variety of studies [29, 30]. In this study, we 
found that SXBX pill treatment significantly 
inhibited Hcy-induced ERK1/2 and p38 MAPK 
pathway, but had no influence on Hcy stimulat-
ed JNK signaling pathway in VSMCs. Moreover, 
recent studies suggested that p38 MAPK was 
identified as a novel regulator of NLRP3 inflam-
masomes activation in macrophages [31]. On 
the basis of the above data, we hypothesize 
that in VSMCs, Hcy may induce phosphoryla-
tion of ERK1/2 and p38, leading to further acti-
vation of NLRP3 inflammasomes, and caused 
phenotypic change of VSMCs. Therefore, spe-
cific inhibitors were used to determine whether 
MAPKs signaling in VSMCs would contribute to 
NLRP3 inflammasomes activation and pheno-
typic transformation. 

As expected, after inhibition of ERK1/2 and 
p38 signaling pathway using PD98058 and 
SB203580, our results demonstrate that Hcy-
induced activation of NLRP3 inflammasomes is 
attenuated by ERK1/2 and p38 inhibitor. 
Consistent with the previous study [10], we con-
firmed that knockdown of NLRP3 effectively 



SXBX pill inhibits the dedifferentiation of VSMCs

817	 Am J Transl Res 2019;11(2):806-818

inhibited HHcy-induced NLRP3 inflammasomes 
activation. Moreover, we showed that inhibition 
of ERK1/2 and p38 signaling pathway, as well 
as NLRP3 silencing all suppressed Hcy-induced 
proliferation, migration and dedifferentiation of 
VSMCs. These all suggested Hcy may activate 
NLRP3 inflammasomes through regulation 
ERK1/2 and p38 signaling pathway. However, 
some studies also found that knockout of 
NLRP3 gene inhibited chronic unpredictable 
mild stress-induced activation of the p38 and 
JNK MAPK pathway [32]. In addition, Cao et al. 
identified that Ruscogenin attenuates cere- 
bral ischemia-induced blood-brain barrier dys-
function by suppressing NLRP3 inflamma-
somes activation and MAPK pathway [33]. 
Similarly, Huang et al. found that corylin attenu-
ated the activation of both MAPK pathway and 
NLRP3 inflammasomes pathways in lipopoly-
saccharide-activated murine microglial cells 
[34]. However, whether MAPK pathway could 
regulate NLRP3 inflammasomes was not inves-
tigated in their studies. We showed that MAPK 
pathway inhibition caused suppressed NL- 
RP3 inflammasomes activation. Further study 
should be needed to investigate if there exert 
some regulators between MAPKs pathway and 
NLRP3 inflammasomes.

In conclusion, our novel findings indicated that 
SXBX pill prevented the Hcy-induced NLRP3 
inflammasomes activation through the sup-
pression of ERK1/2 and p38 MAPK signaling, 
thus to inhibit cell proliferation, migration and 
dedifferentiation. Our data indicated that SXBX 
pill can exert therapeutic effects in vascular 
diseases involving in the dedifferentiation of 
VSMCs.
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