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Abstract. The abnormal proliferation and migration of vascular 
smooth muscle cells (VSMCs) leads to intimal thickening of the 
aorta and is, therefore, important in the development of arterio-
sclerosis. As a result, the use of antiproliferative and antimigratory 
agents for VSMCs offers promise for the treatment of vascular 
disorders. Although several studies have demonstrated that ligus-
trazine may be used to treat heart and blood vessel diseases, the 
detailed mechanism underlying its actions remain to be eluci-
dated. In the present study, the inhibitory effect of ligustrazine on 
platelet-derived growth factor (PDGF)-BB-stimulated VSMC 
proliferation and migration, and the underlying mechanisms 
were investigated. The findings demonstrated that ligustrazine 
significantly inhibited PDGF-BB-stimulated VSMC prolif-
eration. VSMCs dedifferentiated into a proliferative phenotype 
under PDGF-BB stimulation, which was effectively reversed 
by the administration of ligustrazine. In addition, ligustrazine 
also downregulated the production of nitric oxide and cyclic 
guanine monophosphate, induced by PDGF-BB. Additionally, 
ligustrazine significantly inhibited PDGF-BB-stimulated 
VSMC migration. Mechanistic investigation indicated that the 
upregulation of cell cycle-associated proteins and the activation 
of the extracellular signal-regulated kinase (ERK) and P38 
mitogen-activated protein kinase (MAPK) signaling induced by 
PDGF-BB was suppressed by the administration of ligustrazine. 
In conclusion, the present study, demonstrated for the first time, 
to the best of our knowledge, that ligustrazine downregulated 

PDGF-BB-induced VSMC proliferation and migration partly, 
at least, through inhibiting the activation of the ERK and P38 
MAPK signaling.

Introduction

Abnormal proliferation and migration of vascular smooth 
muscle cells (VSMCs) causes intimal thickening of the aorta, 
and is, therefore, involved in the development of arterioscle-
rosis (1,2). In addition, it may also lead to restenosis following 
percutaneous coronary intervention (PCI) or vein grafting (3). 
As a result, antiproliferative and antimigratory agents for 
VSMCs offer promise for the treatment of vascular disorders.

Ligustrazine, the main component of the Chinese medi-
cine Rhizoma Chuanxiong, is important in the treatment of 
angiocardiopathy (4). Wang et al (5) demonstrated that ligus-
trazine had an antithrombotic effect on a model of induced 
arteriovenous shunt thrombosis; Luo et al (6) demonstrated 
that ligustrazine had a protective effect on hepatic energy 
metabolism in ischemia/reperfusion injury in the rat and 
Yu et al (7) revealed that ligustrazine protected the mitochon-
drial structure and the myocardial cell function in reversing 
angiotensin II-induced myocardial cell hypertrophy. However, 
the detailed role of ligustrazine in the regulation of VSMC 
proliferation and migration and the underlying molecular 
mechanism remains to be elucidated.

It is well-established that VSMCs remain in a quiescent 
state in physiological conditions and can switch to a mark-
edly proliferative and migratory state in response to various 
stimuli, including inflammation and oxidative stress(8,9). 
Platelet-derived growth factor (PDGF)-BB is important 
in vascular remodeling (10). Following vascular injury, 
PDGF-BB is markedly upregulated and activates proliferative- 
and migratory-associated signaling via binding to its receptor, 
PDGFRβ, stimulating VSMC proliferation and migration (11). 
Nitric oxide (NO) has multiple protective effects on the cardio-
vascular system (12). The role of NO in the regulation of the 
vascular system is associated with a cyclic guanine monophos-
phate (cGMP)-dependent mechanism (13). However, whether 
ligustrazine has effects on endogenous NO production remains 
to be elucidated.
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The aim of the present study was to investigate the 
effect of ligustrazine on PDGF-BB-induced proliferation 
and migration in VSMCs and the underlying molecular 
mechanism. The findings demonstrated for the first time, to 
the best of our knowledge, that ligustrazine downregulated 
PDGF-BB-induced VSMC proliferation and migration, at least 
partially, through inhibiting the activation of the extracellular 
signal-regulated kinase (ERK) and P38 mitogen-activated 
protein kinase (MAPK) signaling.

Materials and methods

Materials and reagents. Ligustrazine was purchased from 
Guizhou Baite pharmacy (Guyang, China). Dulbecco's 
modified Eagle's medium (DMEM)/F12 medium and fetal 
bovine serum (FBS) were purchased from Life Technologies 
(Carlsbad, CA, USA). Dimethyl sulfoxide (DMSO) and 
MTT were purchased from Sigma-Aldrich (St. Louis, MO, 
USA). Recombinant human PDGF-BB was purchased from 
ProSpec-Tany TechnoGene (Rehovot, Israel). Mouse mono-
clonal anti-smooth muscle-α-actin (SMA; 1:100; BM0002) 
antibodies were purchased from Boster Biological Technology, 
Ltd (Wuhan, China). Mouse monoclonal anti-desmin (1:100; 
sc-365130), anti-smoothelin (1:50; sc-376902), anti-phos-
phorylated (phosph)-ERK (1:100; sc-136521), anti-total 
ERK (1:50; sc-135900), anti-phospho-p38 (1:50; sc-81621), 
anti-total p38 (1:100; sc-7973), anti-cyclin-dependent kinase 
(CDK)2 (1:100; sc-6248), anti-CDK4 (1:50; sc-23896), 
anti-cyclin D1 (1:50; sc-450), anti-cyclin E (1:100; sc-48420) 
and anti-glyceraldehyde 3-phosphate dehy drogenase (GAPDH; 
1:50; sc-365062) primary antibodies as well as rabbit 
anti-mouse horseradish peroxidase-conjugated secondary 
antibodies (1:5,000; sc-358914) were obtained from Santa 
Cruz Biotechnology, Inc., (Santa Cruz, CA, USA).

Cell culture. All protocols in the present study were approved 
by the Ethics Committee of Guangxi Medical University, 
(Nanning, China). VSMCs were isolated from the thoracic 
aortas of 8 week-old male Sprague-Dawley rats, and cultured 
in DMEM/F12 medium with 10% FBS at 37˚C in a humidified 
atmosphere of 5% CO2. VSMCs of Passage 3 were used in the 
present study.

Cell proliferation assay. The VSMCs (5x103) were cultured 
to 70% confluence in DMEM/F12 medium with 10% FBS at 
37˚C in a humidified atmosphere of 5% CO2 and serum-starved 
for 24 h in a 96-well plate. VSMCs in the control group were 
cultured without any treatment. VSMCs in the PDGF-BB 
group were treated with PDGF-BB (30 ng/ml) for 6, 12, 24 and 
48 h. VSMCs in PDGF-BB+ligustrazine group were treated 
with PDGF-BB (30 ng/ml) and ligustrazine (10 µM) for 6, 12, 
24 and 48 h. An MTT assay was used to examine the viability 
of the cells. The medium was added to MTT (0.5 µg/ml) 
and the cells were then incubated for 3 h. Subsequently, the 
medium was removed, and 100 µl DMSO was added. The 
plate was gently rotated at 0.67 x g for 20 min using a desk 
centrifuge (ST40; Thermo Fisher Scientific, Waltham, MA, 
USA) to dissolve the precipitate. The microplate reader (3550; 
Bio-Rad Laboratories, Inc., Hercules, CA, USA) was used to 
determine the absorbance at 570 nm.

NO assay. An NO enzyme immunoassay kit (Nitrite/Nitrate 
Assay kit; Sigma-Aldrich) was used to determine the level of 
NO in the medium of the VSMCs following treatment with 
PDGF-BB (30 ng/ml), with or without ligustrazine (10 µM), for 
48 h, according to the manufacturer's instructions.

cGMP production assay. A cGMP enzyme immunoassay 
kit (HitHunterTM cGMP Assay kit; GE Healthcare, Franklin, 
NJ, USA) was used to determine the production of cGMP in 
the VSMCs following treatment with PDGF-BB (30 ng/ml), 
with or without ligustrazine (10 µM), for 48 h, according to 
the manufacturer's instructions. The total protein level in each 
group was examined using a bicinchoninic acid (BCA) protein 
assay kit (Thermo Fisher Scientific), and the data was normal-
ized according to the total protein level.

Cell migration assay. A Transwell assay was performed to 
determine the rate of cell migration. A 24‑well modified 
Boyden chamber containing fibronectin-coated polycar-
bonate membranes (BD Biosciences, Franklin Lakes, NJ, 
USA) was used to determine the VSMC migration in each 
group. Briefly, the lower wells in each group were filled with 
DMEM, with or without PDGF-BB (30 ng/ml), in the pres-
ence or absence of ligustrazine (10 µM). The cells (1x105) 
were seeded on the upper side of the membrane and cultured 
in DMEM/F12 medium for 24 h at 37˚C with 5% CO2. 
Subsequently, the VSMCs on the upper side of the membrane 
were carefully removed, while the VSMCs on the lower 
side were stained with Hoechst 33342 (Sigma-Aldrich). The 
stained VSMCs were then counted in five randomly selected 
squares per well under an inverted microscope (IX71; 
Olympus, Tokyo, Japan).

Western blotting assay. Western blot analysis was performed 
to examine the protein expression levels in each group. The 
cells (1x107) were lysed in cold radioimmunoprecipitation 
assay buffer (Sigma-Aldrich). The BCA protein assay kit 
(Thermo Fisher Scientific) was used to determine the protein 
concentration, according to the manufacturer's instructions. 
Subsequently, the protein was separated with 10% SDS-PAGE 
gel (Sigma-Aldrich) and transferred onto a polyvinylidene 
difluoride (PVDF) membrane (Sigma-Aldrich). The PVDF 
membrane was blocked with 5% nonfat dried milk (Mengniu 
Dairy Co., Ltd, Beijing, China) in phosphate-buffered saline 
(PBS; Sigma-Aldrich) for 4 h. Subsequently, the PVDF 
membrane was incubated with specific primary antibodies 
for 3 h at room temperature. Following washing with PBS 
three times, each time for 5 min, the PVDF membrane 
was incubated with the appropriate secondary antibody. 
Following washing with PBS three times, each time for 
5 min, an Pierce ECL Plus Western Blotting Substrate kit 
(Thermo Fisher Scientific) was used to detect the immune 
complexes on the PVDF membrane.

Statistical analysis. Data are expressed as the mean ± stan-
dard deviation of three independent experiments and were 
processed using SPSS 17.0 statistical software (SPSS, Inc., 
Chicago, IL, USA). The differences between groups were 
evaluated using one-way analysis of variance. P<0.05 was 
considered to indicate a statistically significant difference.
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Results

Ligustrazine inhibits PDGF‑BB‑induced VSMC prolifera‑
tion. An MTT assay was initially performed to investigate the 
effects of PDGF-BB and ligustrazine on VSMC proliferation. 
As shown in Fig. 1A, the cell proliferation was significantly 
upregulated following treatment with PDGF-BB compared 
with the control group; however, ligustrazine effectively 
reversed the promoting effect of PDGF-BB on VSMC prolif-
eration. Following vascular damage, VSMCs switch from a 
differentiated phenotype to a dedifferentiated phenotype and 
exhibit a higher proliferative ability. As SMA, smoothelin and 
desmin are three key markers for the differentiated VSMCs (1), 
western blot analysis was performed to determine the protein 
levels of these three markers. As shown in Fig. 1B, admin-
istration of PDGF‑BB to the VSMCs significantly inhibited 
the protein expression of these three markers. Consistent with 
the aforementioned data from the MTT assay, these findings 
indicated that the VSMCs dedifferentiated into a proliferative 
phenotype. However, the expression of SMA, smoothelin and 

desmin in the VSMCs treated with PDGF-BB and ligustra-
zine were notably higher compared with those in the VSMCs 
treated with PDGF‑BB alone. These findings suggested that 
ligustrazine inhibited the PDGF-BB-induced phenotype 
switch in the VSMCs.

Ligustrazine inhibits PDGF‑BB‑stimulated VSMC migration. A 
Transwell assay was used to further examine the effect of ligust-
razine on PDGF-BB-stimulated VSMC migration. As shown in 
Fig. 2, VSMC migration was significantly upregulated following 
treatment with PDGF-BB for 48 h, compared with that in the 
control group. However, ligustrazine effectively suppressed the 
PDGF-BB-induced upregulation of VSMCs migration.

Ligustrazine suppresses PDGF‑BB‑induced production of NO 
and cGMP in VSMCs. The NO content of the supernatant and 
the production of cGMP in the VSMCs were further exam-
ined. As shown in Fig. 3A, the NO content in the supernatant 
of the VSMCs was significantly lower in the PDGF-BB group 
when compared with the control group. However, ligustrazine 

  A

  B

Figure 1. Ligustrazine inhibits PDGF-BB-induced VSMC proliferation. (A) An MTT assay was used to examine the effect of Ligustrazine and PDGF-BB on 
VSMC proliferation. Control VSMCs were cultured for 6, 12, 24 and 48 h without any treatment. PDGF-BB VSMCs were treated with PDGF-BB for 6, 12, 24 
and 48 h. PDGF-BB+ligustrazine VSMCs were treated with ligustrazine and PDGF-BB for 6, 12, 24 and 48 h. (B) Protein expression levels of smooth muscle 
markers were determined by western blotting. Control VSMCs were cultured for 48 h without any treatment. PDGF-BB VSMCs were treated with PDGF-BB 
for 48 h. PDGF-BB+ligustrazine VSMCs were treated with ligustrazine and PDGF-BB for 48 h. Values are presented as the mean ± standard deviation of 
three independent experiments. *P<0.05 and **P<0.01 vs. control. VSMC, vascular smooth muscle cell; PDGF, platelet-derived growth factor; SMA, smooth 
muscle-α-actin; OD, optical density.
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effectively reversed the PDGF-BB-induced downregulation of 
NO production. As shown in Fig. 3B, the production of cGMP 
was also decreased in the VSMCs following treatment with 
PDGF-BB for 48 h, which was also reversed by the adminis-
tration of ligustrazine.

Ligustrazine inhibits PDGF‑BB‑stimulated upregulation of cell 
cycle‑associated proteins in VSMCs. Cyclins and CDKs have 
been demonstrated to act as key factors in the control of cell 
cycle progression, and their expression levels are mediated by 

PDGF-BB in VSMCs (14,15). To further investigate whether 
these proteins are involved in PDGF-BB- and ligustrazine-medi-
ated VSMC proliferation, western blotting was used to examine 
the expression of cyclin D1, cyclin E, CDK2 and CDK4 in 
VSMCs treated with PDGF-BB, in the presence or absence of 
ligustrazine, respectively. As shown in Fig. 4, administration 
of PDGF-BB significantly upregulated the protein levels of 
cyclin D1, cyclin E, CDK2 and CDK4 in the VSMCs compared 
with the control group, and this was effectively reversed by 
treatment with ligustrazine, with the exception of CDK2.

Figure 2. Ligustrazine suppresses PDGF-BB-induced VSMC migration. A Transwell assay was used to determine the effects of ligustrazine and PDGF-BB 
on VSMC migration. Control VSMCs were cultured for 48 h without any treatment. PDGF-BB VSMCs were treated only with PDGF-BB for 48 h. 
PDGF‑BB+ligustrazine VSMCs were treated with ligustrazine and PDGF‑BB for 48 h. The numbers of cells were counted in five randomly selected fields 
using an inverted microscope (magnification, x100). Values are presented as the mean ± standard deviation of three independent experiments (**P<0.01). 
VSMC, vascular smooth muscle cell; PDGF, platelet-derived growth factor.

Figure 3. Ligustrazine suppresses the PDGF-BB-stimulated downregulation of NO and production of cGMP in VSMCs. The NO content in the medium 
and the cGMP level in the VSMCs were determined. Control VSMCs were cultured for 48 h without any treatment. PDGF-BB VSMCs were treated with 
PDGF-BB for 48 h. PDGF-BB+ligustrazine VSMCs were treated with ligustrazine and PDGF-BB for 48 h. Values are presented as the mean ± standard 
deviation of three independent experiments (**P<0.01). VSMC, vascular smooth muscle cell; PDGF, platelet-derived growth factor; NO, nitric oxide; cGMP, 
cyclic guanine monophosphate.
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Figure 4. Ligustrazine suppresses the PDGF-BB-stimulated upregulation of cell cycle-associated protein levels in VSMCs. Western blotting was used to 
determine the levels of cell cycle related proteins, including cyclin D1, cyclin E, CDK2 and CDK4 in each group. Control VSMCs were cultured for 48 h 
without any treatment. PDGF-BB VSMCs were treated with PDGF-BB for 48 h. PDGF-BB+ligustrazine VSMCs were treated with ligustrazine and PDGF-BB 
for 48 h. Values are presented as the mean ± standard deviation of three independent experiments (**P<0.01). VSMC, vascular smooth muscle cell; PDGF, 
platelet-derived growth factor; CDK, cyclin-dependent kinase.

Figure 5. Ligustrazine suppresses PDGF-BB-stimulated activation of ERK and p38 MAPK signaling in VSMCs. Western blotting was used to determine the 
activity of ERK and p38 MAPK signaling in each group. Control VSMCs were cultured for 48 h without any treatment. PDGF-BB VSMCs were treated only 
with PDGF-BB for 48 h. PDGF-BB+ligustrazine VSMCs were treated with ligustrazine and PDGF-BB for 48 h. **P<0.01, vs. control. VSMC, vascular smooth 
muscle cell; PDGF, platelet-derived growth factor; ERK, extracellular signal-related kinase; MAPK, mitogen-activated protein kinase.
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Ligustrazine inhibits PDGF‑BB‑stimulated activation of ERK 
and P38 MAPK signaling in VSMCs. ERK and P38 MAPK 
signaling are important in the regulation of VSMC prolifera-
tion and migration. Accordingly, western blotting was used to 
examine the activity of ERK and P38 MAPK signaling in 
VSMCs treated with PDGF-BB, in the presence or absence 
of ligustrazine. As shown in Fig. 5, the expression levels of 
phospho-ERK and phospho-P38 MAPK in the VSMCs treated 
with PDGF-BB alone was notably upregulated compared with 
the control group. However, these effects were significantly 
reversed by the administration of ligustrazine. Therefore, it 
was suggested that ligustrazine had a suppressive effect on 
the PDGF-BB-induced activation of ERK and P38 MAPK 
signaling in the VSMCs, and that the inhibitory effect of 
ligustrazine on PDGF-BB-induced VSMC proliferation and 
migration was involved with its suppressive effect on the acti-
vation of ERK and P38 MAPK signaling.

Discussion

Following vascular injury, the production of inflammatory 
factors and cytokines, including PDGF‑BB, is significantly 
increased, which has been observed to promote VSMC 
proliferation and migration and further cause neointima forma-
tion (16). In addition, neointima formation is closely associated 
with various cardiovascular diseases, including atherosclerosis 
and restenosis, following PCI (1,2). As a result, the inhibition 
of cytokine-induced VSMC proliferation and migration offers 
promise for preventing the formation of neointima and certain 
cardiovascular disorders. Rhizoma Chuanxiong is among the 
most frequently used herbal medicinal products in China (17). 
Ligustrazine is its major constituent, which has a protective 
effect in cardiovascular diseases (4). However, whether ligust-
razine has an effect on PDGF-BB-induced VSMC proliferation 
and migration and the molecular mechanisms involved remain 
to be elucidated. The results of the present study demonstrated 
for the first time, to the best of our knowledge, that ligust-
razine effectively suppressed PDGF-BB-stimulated VSMC 
proliferation and migration, possibly through inhibition of 
their switch into a proliferative phenotype, cell cycle-related 
proteins upregulation, as well as ERK and P38 MAPK 
signaling activation.

In the present study, it was demonstrated, for the 
first time to the best of our knowledge, that ligustrazine 
suppressed PDGF-BB-induced VSMC proliferation. It has 
been well-established that VSMCs may dedifferentiate into 
a proliferative phenotype under proliferation-associated 
stimuli, including PDGF-BB treatment (18). Accordingly, the 
effect of ligustrazine on PDGF-BB-induced VSMC pheno-
type switch was further investigated and it was found that the 
administration of PDGF‑BB significantly downregulated the 
protein levels of three VSMCs markers, SMA, Smoothelin 
and Desmin, suggesting that VSMCs dedifferentiated into 
a proliferative phenotype in response to PDGF-BB treat-
ment. However, the treatment of ligustrazine restored their 
expression in VSMCs and maintained the differentiated 
phenotype. Consistent with the cell proliferation assay, 
these findings further confirmed that ligustrazine inhibited 
PDGF-BB-induced VSMC proliferation. Furthermore, as 
cyclin D1, cyclin E, CDK2, and CDK4 have been demonstrated 

to act as key factors in regulating cell cycle progression (14), 
their expression was further examined and it was demonstrated 
that administration of PDGF‑BB significantly upregulated the 
protein levels of these cell cycle-related proteins in VSMCs, 
which was effectively reversed by treatment with ligustrazine, 
with the exception of CDK2. These findings suggested that the 
inhibition of cell cycle-related protein expression was involved 
in the suppressive effect of ligustrazine on PDGF-BB-induced 
VSMC proliferation.

However, it has also been demonstrated that VSMC 
migration is a key step during neointima formation and 
thus is involved in the development of atherosclerosis and 
restenosis following PCI (19). As a result, the roles of ligus-
trazine in the regulation of VSMC migration was further 
investigated, and it was found that treatment with PDGF-BB 
significantly promoted VSMC migration, which was effec-
tively reversed by the administration of ligustrazine.

NO has been found to have a role in the regulation of 
the vascular system. For instance, it may inhibit platelet 
aggregation, leukocyte chemotaxis, as well as endothelial 
cell apoptosis (20,21). In addition, NO has been revealed to 
suppress VSMC proliferation in vitro (22). NO may prevent 
the development of intimal hyperplasia following vascular 
injury (23). In addition, it has also been well-established 
that NO may stimulate the formation of cGMP, which also 
has a suppressive effect on VSMC proliferation (24). The 
present findings demonstrated that ligustrazine significantly 
inhibited PDGF-BB-induced downregulation of NO and 
cGMP production. These finding suggest that ligustrazine 
suppresses PDGF-BB-stimulated VSMC proliferation, 
partially at least, through regulating NO/cGMP-dependent 
mechanisms.

It has been well-documented that the ERK and the P38 
MAPK signaling pathway in VSMCs is activated in response 
to treatment with PDGF-BB (1). In addition, the signaling is 
closely involved in the regulation of cell proliferation and 
migration (25). In addition, ERK and P38 MAPK signaling 
has been demonstrated to have a key regulatory role in 
vascular remodeling (26). Therefore, the present study further 
examined the activity of ERK and P38 MAPK signaling. The 
data revealed that ligustrazine inhibited PDGF-BB-induced 
ERK and P38 MAPK signaling activation, suggesting that 
the inhibitory role of ligustrazine in PDGF-BB induced 
VSMC proliferation and migration is through its repressive 
effect on the activation of the ERK and P38 MAPK signaling 
pathway.

In conclusion, the present study, for the first time to the 
best of our knowledge, demonstrated that ligustrazine down-
regulated PDGF-BB-stimulated proliferation and migration 
in VSMCs, partially at least, via its suppressive effects on 
PDGF-BB-induced ERK and P38 MAPK signaling activation 
and the expression of cell cycle related proteins. Accordingly, 
ligustrazine shows potential for the prevention and treatment 
of arteriosclerosis and restenosis following PCI.
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