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Abstract: Abnormal proliferation and migration of vascular smooth muscle cells (VSMCs) and the stimulation of 
platelet-derived growth factor (PDGF)-BB play major pathological processes involved in the development of car-
diovascular diseases. As a result, the use of anti-proliferative and anti-migratory agents for VSMCs offers promise 
for the treatment of vascular disorders. Myricitrin is a naturally occurring phenolic compound which possesses 
antioxidant and anti-inflammatory activity. In this study, we investigate the inhibitory effect of myricitrin on PDGF-BB-
induced VSMCs proliferation and migration. In accordance with these findings, myricitrin induced the arrest of cell 
cycle progression at G0/G1 phase. Myricitrin also decreased the expressions of G0/G1 specific regulatory proteins 
including cyclin D1, cyclin-dependent kinases (CDK) 4, cyclin E and CDK2, as well as increased the expression of 
p21 in PDGF-BB-induced VSMCs. Moreover, myricitrin inhibited PDGF-BB-induced phosphorylation of PDGFRβ, Akt 
and Erk1/2. These results suggest that myricitrin plays an important role in prevention of VSMCs proliferation and 
migration through the G0/G1 cell cycle arrest by PDGF signaling pathway. Thus, myricitrin is effective in reducing 
atherosclerotic process by blocking proliferation of VSMCs.
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Introduction

Cardiovascular diseases (CVDs), along with 
cancer, are the most common causes of death. 
The primary underlying pathology of CVD is ath-
erosclerosis, a chronic inflammatory disease of 
the vessel wall of large-to medium-sized arter-
ies [1]. Atherosclerotic plaques are complex 
lesions in which repair of tissue injury is as- 
sociated with vascular smooth muscle cells 
(VSMCs) proliferation and migration, connec-
tive tissue formation and calcium deposition 
[2]. VSMCs play a critical role in the develop-
ment of vascular disease. The abnormal prolif-
eration and migration of VSMCs has a pivotal 
role in the progression of vascular occlusion 
diseases, such as atherosclerosis and resteno-
sis [3]. As a result, anti-proliferative and anti-
migratory agents for VSMCs offer promise for 
the treatment of vascular disorders.

Myricitrin, a botanical flavone, is abundantly 
distributed in the root bark of Myrica cerife- 
ra, Ampelopsis grossedentata, Myrica esculen-
ta, Chrysobalanus icaco, Nymphaea lotus, and 
other plants [4, 5]. Many investigations have 
found that myricitrin has numerous pharmaco-
logical effects; for example, it can protect a vari-
ety of cells from in vitro and in vivo injuries and 
antioxidant [6], anti-inflammatory [7], as well  
as a neuroprotective action through the anta- 
gonism of 6-OHDA-induced neurotoxicity [8]. 
Previous studies have shown that myricitrin co- 
uld attenuate endothelial cell apoptosis to pre-
vent atherosclerosis [9]. Myricitrin has been 
shown to protect endothelia cells against ROS-
induced apoptosis and prevent atherosclerosis 
formation in ApoE/mice [10]. All of these find-
ings imply that myricitrin may be used for the 
prevention and treatment of cardiovascular dis-
ease. However, its detailed mechanisms require 
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further study to provide more scientific evi-
dence for the clinical treatment of atheros- 
clerosis.

The proliferation of VSMC can be induced by 
cytokines and growth factors, such as platelet-
derived growth factor (PDGF), tumor necrosis 
factor (TNF)-α and transforming growth factor 
(TGF)-β [11]. PDGF is a major growth factor and 
is known to contribute to the development of 
atherosclerosis through the induction of abnor-
mal VSMCs phenotypes [12]. VSMCs prolifera-
tion induced by PDGF-BB has been considered 
to be crucial for the development of vascu- 
lar diseases [13]. Therefore, the regulatory me- 
chanism of PDGF-BB signaling in inhibition of 
VSMCs proliferation is one of the key pharma-
cological strategies for prevention of athero-
sclerosis. However, the effects of myricitrin on 
VSMCs proliferation have not yet been clarified. 
Thus the aim of this study was to elucidate the 
effects of myricitrin on PDGF-BB-stimulated 
VSMCs proliferation and migration, as well as 
its mechanism.

Materials and methods

Antibodies and reagents

Myricitrin was purchased from purchased from 
Sigma-Aldrich (Taufkirchen, Germany). Mouse 
anti-Erk1/2 monoclonal antibody, mouse anti-
Akt monoclonal antibody, mouse anti-PDGF-Rβ 
monoclonal antibody, mouse anti-p-Erk1/2 mo- 
noclonal antibody, mouse anti-p-Akt monoclo-
nal antibody, mouse anti-cyclin-dependent ki- 
nases (CDK) 2 monoclonal antibody, mouse an- 
ti-CDK4 monoclonal antibody, mouse anti-cy- 
clin D1 monoclonal antibody, mouse anti-cyclin 
E monoclonal antibody and mouse anti-β-actin 
monoclonal antibody were obtained from Ab- 
cam (Cambridge, MA). HRP-conjugated goat an- 
ti-mouse IgG was obtained from Santa Cruz 
Biotechnology (Santa Cruz, CA). The Fluoresce- 
in isothiocyanate (FITC)-Annexin V/Propidium 
iodide (PI) apoptosis assay kit was from Invit- 
rogen (Carlsbad, CA, USA). Dimethyl sulfoxide 
(DMSO), 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphe- 
nyltetrazolium bromide (MTT) and propidium 
iodide (PI) were from Hitachi (Tokyo, Japan). The 
enhanced chemiluminescence Western blot 
detection reagents were from Gibco (Rockville, 
MD).

Cell culture

Animal experiments conformed to the guide-
lines issued by the Institute of Tianjin Hospital 

for Laboratory Animals. The present study was 
performed with approval from by the Animal 
Ethics Committee of the Institute of Tianjin 
Hospital. All surgery was performed under sodi-
um pentobarbital anesthesia (Sigma, St. Louis, 
MO), and all efforts were made to minimize suf-
fering. The VSMCs isolated from Sprague-Da- 
wley rats (Shanghai Laboratory Animal Center, 
the Chinese Academy of Sciences) were pre-
pared as described previously [14], with min- 
or modifications. VSMCs were maintained in 
DMEM medium supplemented with 10% FBS, 1 
mM sodium pyruvate, 2 mM L-glutamine, 100 
mg/L streptomycin and 100 units/L penicillin. 
The cells were kept in a humidified 5% CO2-95% 
air incubator at 37°C and were seeded in com-
plete medium for 24 h. Then, the cells were 
changed to fresh serum-free media containing 
the indicated concentration of myricitrin (10, 
20 and 40 μM). After 24 h, the cells were 
replaced with fresh serum-free media contain-
ing the 20 ng/mL of PDGF-BB for 24 h.

Determination of cell proliferation

VSMCs proliferation was measured using the 
previously described 3-(4,5-dimethylthiazol-2- 
yl)-2,5-diphenyltetr-razolium bromide (MTT) as- 
say. The VSMCs were seeded in 96-well flat-
bottom microtiter plates (Millipore, Boston, MA, 
USA) at a density of 1.0×104 cells per well, and 
VSMCs were treated with various concentration 
of myricitrin for 24 h and then then stimulated 
with 20 ng/mL PDGF-BB for an additional 24 h. 
An MTT solution (5 mg/mL) was added at the 
end of incubation, and the VSMCs were incu-
bated for 4 h at 37°C. The medium was re- 
moved, and dimethyl sulfoxide (DMSO) was 
added to each well. The absorbance value in 
96-well plate was read spectrophotometrically 
at 570 nm on a microtiter plate reader (Gibco, 
Rockville, MD).

Cell migration assay

VSMCs migration was examined by using a 
modified Boyden chamber, as previously des- 
cribed [15]. Briefly, VSMCs (1×104 cells/well) 
were seeded onto the upper surface of an 8-µm 
pore size chamber (Sigma, St. Louis, MO, USA) 
in serum-free medium containing 0.2% bovine 
albumin serum (BSA) and then pretreated with 
myricitrin (40 µM). PDGF (20 ng/mL) was added 
only in the lower chamber, and cells were then 
incubated at 37°C in air containing 5% CO2. 
After 16 h, cells that had not migrated were 



Myricitrin inhibits PDGF-BB stimulated VSMCs proliferation and migration

21717	 Int J Clin Exp Med 2015;8(11):21715-21723

removed from the upper chamber, and the cells 
that had migrated to the lower surface of the 
filter were fixed with methanol for 10 min at 
4°C. Migrated cells were then stained and 

counted from at least five fields for each well, 
using a microscope (100× magnification) [16].

Western blot

The harvested cells were lysed with PRO-
PREP® protein extraction solution (Bio-Rad, 
Hercules, CA, USA). Protein extracts (30 μg of 
total protein/sample) were electrophoresed 
using 10% SDS-PAGE and then transferred to 
the polyvinylidene difluoride (PVDF) membr- 
anes (Sigma, St. Louis, MO, USA). The blotted 
membranes were blocked in 5% non-fat milk for 
1 h and then incubated overnight at 4°C with 
the primary antibodies against Erk1/2, Akt, 
p-Erk1/2, p-Akt, CDK 2, CDK4, cyclin E, cyclin 
D1. After that, the membranes were further 
incubated with the horseradish peroxidase-
linked secondary antibodies for 1 h, followed by 
signal visualization using an electrochemical 
luminescence (ECL) reagent. Images were ac- 
quired using the Image Quant LAS4000 gel 
imager (Hitachi, Tokyo, Japan). Band intensities 
were quantified by using the Multi Gauge v3.0 
software (Hitachi, Tokyo, Japan). The percent-
age of protein expression was calculated acco- 
rding to the values of the control group as 100% 
[16].

Statistical analysis

All data were expressed as mean ± SD, and 
significance of differences was analyzed by 
one-way ANOVA followed by Dunnett’s Multiple 
Comparison test (SPSS 16.0 software). A value 
of P<0.05 were considered statistically signi- 
ficant.

Results

Myricitrin inhibits PDGF-BB-induced VSMCs 
proliferation

We first examined the effect of myricitrin on 
PDGF-BB-induced proliferation of VSMCs using 
the MTT assay. The number of surviving cells is 
directly proportional to the level of formazan 
product. As shown in Figure 1A, the OD570 was 
significantly higher in the PDGF-BB group than 
in the control group (P<0.05). However, a sig-
nificant down-regulation of OD570 was observed 
in the various concentration of myricitrin + 
PDGF-BB groups compared with the PDGF-BB 
group (P<0.05) in a dose dependent manner. 
Moreover, myricitrin treatment in the absence 
of PDGF-BB did not decrease the viability of the 
VSMCs compared with the control group (Figure 

Figure 1. Effects of myricitrin on PDGF-BB-induced 
proliferation of VSMCs. A. Cell proliferation was mea-
sured with the MTT assay. VSMCs were pre-cultured 
in serum-free medium in the presence or absence 
of myricitrin (10, 20 and 40 μM) for 24 h, and then 
stimulated with 20 ng/mL PDGF-BB for a further 
24 h (n=3). B. VSMCs were treated with 10, 20 and 
40 μM of myricitrin in serum-free medium for 24 h 
(n=3). *P<0.05 compared to control group. #P<0.05 
compared to PDGF-BB treatment group.

Figure 2. Effects of myricitrin on PDGF-BB-induced 
migration of VSMCs. Cell migration was measured 
with the transwell assay. Cells were seeded at 1×104 

cells per well in the upper chamber and pretreated 
with myricitrin (40 μM). PDGF (20 ng/mL) was added 
to the lower chamber as a chemoattractant, and mi-
gration was allowed to proceed for 16 h before mea-
surement. All experiments were repeated at least 
three times. *P<0.05 compared to control group. 
#P<0.05 compared to PDGF-BB treatment group.
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1B). These results indicated that myricitrin ap- 
peared to inhibit PDGF-BB-induced VSMCs pro- 
liferation.

Myricitrin inhibits PDGF-BB-induced VSMC 
migration

The transwell Boyden chamber experiment was 
performed to confirm the inhibitory effect of 
myricitrin on VSMCs migration. As shown in 
Figure 2, treatment with PDGF-BB for 24 h 
markedly increased the number of VSMCs that 
migrated through transwell chamber. However, 
myricitrin significantly reduced the number of 
migrated cells by PDGF-BB stimulation. These 

results indicated that myricitrin appeared to 
inhibit PDGF-BB-induced VSMCs migration.

Effects of myricitrin on PDGF-BB-induced cell 
cycle progression

We analyzed the effect of myricitrin treatment 
on the cell cycle stage distribution of PDGF-BB-
stimulated VSMCs using flow cytometry analy-
sis. As shown in Figure 3, Serum-deprivation of 
primary cultured VSMCs for 24 h led to 85.87% 
synchronization in the G0/G1 phase of cell 
cycle progression. Treatment with PDGF-BB ca- 
used an increase in the percentage of cells in- 
to the S phase (from 6.37% to 13.64%) and a 

Figure 3. Effects of myricitrin on PDGF-BB-induced cell cycle progression in VSMCs. A. Cell cycle progression was 
evaluated by flow cytometry. The cells were pre-cultured in the presence or absence of myricitrin in serum-free 
medium for 24 h and then stimulated with 20 ng/mL PDGF-BB. After 24 h, cell cycle progression was evaluated by 
flow cytometry. B. Percentages of cell cycle distribution among different groups are presented as a histogram graph. 
The experiments were repeated three times and the data are shown as means ± SD. *P<0.05 compared to control 
group. #P<0.05 compared to PDGF-BB treatment group.
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decrease of cells in the G0/G1 phase, indicat-
ing that the cell proliferation may be activated 
by PDGF-BB. Treatment with myricitrin reduced 
the cell population in S phase to about 7.93% 
and increased the fraction of G0/G1 phase 
cells in PDGF-BB-treated cells. These results 
indicate that myricitrin induced an arrest at G0/
G1 phase of the cell cycle and inhibited pro-

gression of the cell cycle to later (S, G2, and M) 
phases for the proliferation of VSMCs.

Effects of myricitrin on the expression of cell 
cycle regulatory proteins

It is known that cyclins, cyclin-dependent kinas-
es (CDKs) and their inhibitors regulate cell cycle 

Figure 4. Effects of myricitrin on PDGF-BB-induced cell cycle related-proteins in VSMCs. A. The proteins cyclin D1, 
CDK4, cyclin E and CDK2 were determined using western blotting with corresponding antibodies. β-actin was used 
as an internal control. B-E. Data are expressed as mean ± SD; *P<0.05 compared to control group. #P<0.05 com-
pared to PDGF-BB treatment group. F. The proteins p21 and p27 were determined using western blotting with cor-
responding antibodies. β-actin was used as an internal control. G, H. Data are expressed as mean ± SD; *P<0.05 
compared to control group. #P<0.05 compared to PDGF-BB treatment group.

Figure 5. Myricitrin suppresses PDGFRβ, Akt and Erk1/2 signaling pathways activated by PDGF-BB in VSMCs. A. 
The proteins PDGFRβ, Akt, Erk1/2, p-Akt and p-Erk1/2 were determined using western blotting with corresponding 
antibodies. β-actin was used as an internal control. B-D. Data are expressed as mean ± SD; *P<0.05 compared to 
control group. #P<0.05 compared to PDGF-BB treatment group.
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progression. To clarify whether inhibition by 
myricitrin involves the regulation of cell cycle-
related proteins, the effects of myricitrin treat-
ment on the expression of cell cycle regulatory 
proteins in VSMCs were examined. In the ab- 
sence of myricitrin, the expression levels of 
cyclin D1, CDK4, cyclin E and CDK2 were signifi-
cantly increased by PDGF-BB stimulation com-
pared with the untreated control cells. However, 
pretreatment with myricitrin suppressed the 
PDGF-BB-induced the expression of cyclin D1, 
CDK4, cyclin E and CDK2 (Figure 4A-E). Taken 
together, this observation indicates that myrici-
trin inhibits cell cycle progression from G0/G1 
to S phase by inhibiting the expression of cyclin 
D1, CDK4, cyclin E and CDK2 in PDGF-BB-
stimulated VSMCs.

The effects of myricitrin on the expression of 
CDK inhibitors were further examined. Figure 
4F showed that PDGF-BB markedly decreased 
the expression of p21and p27 in VSMCs. In 
contrast, myricitrin treatments increased the 
expression of p21 in PDGF-BB-stimulated VS- 
MCs. While myricitrin does not effect on the 
p27 expression in PDGF-BB-induced VSMCs. 
Thus, these findings verify that myricitrin medi-
ated cell cycle arrest in the G0/G1 phase of 
PDGF-BB-treated cells through regulation of 
p21.

Effects of myricitrin on PDGFRβ/ERK signaling 
pathway

A previous study showed that the Akt and 
Erk1/2 signaling pathway plays an important 
role in proliferation and migration of PDGF-BB-
stimulated VSMCs [15]. We examined whether 
myricitrin affected on the levels of phosphory-
lated PDGF receptor β (PDGFRβ) and mitog- 
ens downstream of PDGFRβ signaling path-
ways in PDGF-BB-stimulated VSMCs. As sho- 
wn in Figure 5, PDGF-BB increased the levels of 
phosphorylated PDGF-Rβ, Akt and Erk1/2, 
which were inhibited by treatment of myricitrin. 
The level of PDGFRβ, Akt and Erk1/2 protein 
was statistically similar in all groups. Thus, th- 
ese results demonstrated that myricitrin in- 
hibited the PDGF-BB stimulated proliferation 
and migration of VSMCs through blocking of 
PDGFRβ, Akt and Erk1/2 phosphorylation.

Discussion

The major finding of this study is that myricitrin 
inhibits PDGF-BB-induced VSMCs proliferation 

by blocking the autophosphorylation of PDGF-
Rβ and subsequently suppressing PDGF-Rβ-
mediated signaling pathways. Thus, our results 
suggest that myricitrin may be an effective tool 
to control PDGF-Rβ activity and the PDGF-Rβ-
mediated signaling transduction pathway for 
the management of abnormal VSMCs prolifera-
tion and migration in vascular disorders.

The importance of VSMCs proliferation and 
migration in the initial formation of arterial 
plaques and also in advanced stages in the 
process of atherosclerosis has been well docu-
mented [17]. Thus, inhibition of VSMCs prolif-
eration may have a beneficial effect in retard-
ing the development of atherosclerotic disease. 
Among many known growth factors, PDGF is 
important regulators of VSMCs behavior with 
well-defined activities as potent chemoattrac-
tants and potent mitogens [18]. Pharmacological 
inhibition of PDGF signaling reduces VSMCs 
proliferation, migration, and occupancy in the 
neointima [19, 20].

Myricitrin is a naturally occurring flavonoid 
derived from Chinese bayberry bark and fruit as 
well as other medicinal plants, which has been 
reported to have anti-inflammatory, anti-oxida-
tive and antinociceptive effect [21]. Therefore, 
the aim in the present study is to investigate 
the protective effect of myricitrin in the devel-
opment of atherosclerosis. However, the under-
lying signaling pathway involved in this process 
remains largely unclear.

In the present study, we evaluated the effects 
of myricitrin on the inhibition of PDGF-BB-in- 
duced proliferation, migration and cell cycle 
arrest in VSMCs, along with its mechanism of 
action. Our studies showed that myricitrin could 
both inhibit PDGF-BB-induced VSMCs prolifera-
tion and migration. Furthermore, we showed 
that PDGF-BB led to changes in the proportion 
of cells in the G0/G1 stages of the cell cycle in 
VSMCs. However, this change was reversed by 
treatment with myricitrin. The G1 phase of the 
cell cycle is a major point of control for cell pro-
liferation in mammalian cells [22] and the cyclin 
D/CDK 4 and cyclin E/CDK 2 complexes are 
important for the G1-S phase transition [23]. 
We found that myricitrin inhibited up-regula- 
tion of cyclin D1/CDK4 and cyclinE/CDK2. Ad- 
ditionally, myricitrin induced p21expression in 
PDGF-BB-stimulated VSMCs. Thus, our results 
indicate that the anti-proliferative actions of 
myricitrin in PDGF-BB-stimulated VSMCs are 
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mediated through inhibiting the expression of 
both cyclin D1/CDK4 and cyclin E/CDK2 as well 
as inducing the expression of p21, leading to a 
G0/G1 cell cycle arrest.

A previous study showed that the Erk-MAPK 
and Akt pathway regulated cell proliferation 
and cell migration in response to growth fac-
tors and cytokines [24]. In this study, Akt and 
Erk1/2 kinase phosphorylation were increased 
by PDGF-BB, and myricitrin inhibited PDGF-BB-
induced phosphorylation of Akt and Erk1/2. 
These results indicate that inhibiting PDGF-BB-
induced activation of PDGF signaling pathway 
may have contributed to the inhibition of VSMCs 
proliferation and migration exerted by myrici- 
trin.

In conclusion, the present study showed myrici-
trin inhibited PDGF-BB-induced VSMCs prolif-
eration and migration, which are critical in ath-
erosclerotic. Moreover, these protective effects 
were shown to be associated with the cell cycle 
arrest, the downregulated activity of the PDGF 
signaling pathway. Our findings may provide 
new clues regarding the potential function of 
myricitrin to prevent or treat vascular disea- 
ses.
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