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The increased proliferation and migration of vascular smooth muscle cells (VSMCs) are key events in the develop-
ment of atherosclerotic lesions. Baicalin, an herb-derived flavonoid compound, has been previously shown to induce 
apoptosis and growth inhibition in cancer cells through multiple pathways. However, the potential role of baicalin in 
regulation of VSMC proliferation and prevention of cardiovascular diseases remains unexplored. In this study, we 
show that pretreatment with baicalin has a dose-dependent inhibitory effect on PDGF-BB-stimulated VSMC pro-
liferation, accompanied with the reduction of proliferating cell nuclear antigen (PCNA) expression. We also show 
that baicalin-induced growth inhibition is associated with a decrease in cyclin E-CDK2 activation and increase in 
p27 level in PDGF-stimulated VSMCs, which appears to be at least partly mediated by blockade of PDGF recep-
tor β (PDGFRβ)-extracellular signal-regulated kinase 1/2 (ERK1/2) signaling. In addition, baicalin was also found 
to inhibit adhesion molecule expression and cell migration induced by PDGF-BB in VSMCs. Furthermore, using an 
animal carotid arterial balloon-injury model, we found that baicalin significantly inhibited neointimal hyperplasia. 
Taken together, our results reveal a novel function of baicalin in inducing growth arrest of PDGF-stimulated VSMCs 
and suppressing neointimal hyperplasia after balloon injury, and suggest that the underlying mechanism involves the 
inhibition of cyclin E-CDK2 activation and the increase in p27 accumulation via blockade of the PDGFRβ-ERK1/2 
signaling cascade.
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Introduction

The increased proliferation and migration of vascu-
lar smooth muscle cells (VSMCs) are key events in the 

development of atherosclerosis and restenosis. Both of 
these events can be induced by cytokines and growth fac-
tors, such as platelet-derived growth factor (PDGF) [1]. 
PDGF initiates a multitude of biological effects through 
the activation of intracellular signal transduction path-
ways that contribute to VSMC proliferation, migration, 
and collagen synthesis [2]. The cell cycle is a common 
convergent point for the mitogenic signaling cascades. 
Progression through several major checkpoints in the cell 
cycle is controlled by multiple protein kinases, each of 
which contains a regulatory cyclin component and a cata-
lytic cyclin-dependent kinase (CDK) [3]. The expression 
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levels of each component, their phosphorylation status, 
and the presence of specific CDK inhibitors regulate the 
activity of these kinases. p27kip1 (p27) is a negative regu-
lator of the protein kinase CDK2/cyclin E, and can block 

the cell cycle at G0/G1 phase [4]. The levels of p27 are 
high in the G0/G1 phases of cell cycle. Upon mitogenic 
stimulation, p27 is rapidly degraded, thus allowing the 
action of CDK2/cyclin E to promote cell proliferation 
[5]. ERK1/2 signaling is necessary for the degradation or 
downregulation of p27, and is also crucial in mediating 
VSMC proliferation in response to a multitude of mito-
genic stimuli and vascular injury [6, 7]. Therefore, agents 
that can regulate the cell cycle processes in VSMCs may 
have a role in the prevention and treatment of atheroscle-
rosis and restenosis after angioplasty.

Scutellaria baicalensis has been shown to harbor a 
broad spectrum of biological activities, including antiin-
flammatory, antioxidant and antiproliferation activities, 
based on its long history in clinical applications. Baic-

Figure 1 Chemical structure of baicalin and baicalein.

Figure 2 Baicalin inhibits proliferation of VSMCs induced by PDGF-BB. (A) MTT assays. VSMCs were pretreated by various 
concentrations of baicalin or baicalein for indicated time periods, and then stimulated with PDGF-BB for 24 h (n = 5). (B, C) 
Flow cytometric analysis (n = 5). (D) Western blotting. The graphs represent the relative level of the proteins in four indepen-
dent experiments. (E) RT-PCR. β-Actin was used as an internal control. VSMCs were pretreated by indicated concentrations 
of baicalin for 24 h followed by 24 h of PDGF-BB stimulation. (B-E) *P < 0.05, compared with PDGF-BB.
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alin and baicalein are flavonoids derived from the root 
of Scutellaria baicalensis Georgi (Figure 1). It has been 
reported that baicalein, which has the same backbone 
structure as baicalin, shows a stronger cardioprotective 
effect and can inhibit the proliferation of cancer cells via 
induction of apoptosis [8-11]. A recent study showed that 
baicalin pretreatment reduced the hyperthermia, intracra-
nial hypertension, and increase of nitric oxide metabolite 
levels during heatstroke; baicalin also suppressed the 
heatstroke-induced increase in IL-1β and TNF-α levels 
[12]. Baicalin may thus protect against cerebrovascular 
dysfunction and brain inflammation in heatstroke [13]. 
Although baicalin has been also found to induce apop-
tosis and to inhibit inflammation through multiple path-
ways, little is known about the role of baicalin in regulat-
ing VSMC proliferation and prevention of restenosis. In 
this study, we show that baicalin has an inhibitory effect 
on PDGF-BB-stimulated proliferation and migration of 
VSMCs, and prevents neointimal hyperplasia induced 
by balloon injury. We also show that baicalin-induced 
growth inhibition is associated with the inhibition of 
cyclin E-CDK2 activation and an increase of p27 levels 
in PDGF-stimulated VSMCs. This effect of baicalin is 
mediated, at least partly, through blockade of the PDGF 
receptor β (PDGFRβ)-extracellular signal-regulated ki-
nase 1/2 (ERK1/2) signaling cascade.

Results

Baicalin inhibits PDGF-BB-induced proliferation of 
VSMCs

Baicalin has been demonstrated as an active antitu-
mor compound that leads to cell cycle arrest and growth 
suppression in cancer cells [8, 9]. We first examined the 
effect of baicalin on PDGF-BB-induced proliferation of 
VSMCs using the MTT assay. VSMCs were pretreated 
with different concentrations (1-60 µM) of baicalin fol-
lowed by stimulation with PDGF-BB (10 ng/ml) for 24 
h. Baicalin inhibited the PDGF-BB-induced proliferation 
of VSMCs in a concentration-dependent manner (Fig-
ure 2A). The IC50 value (concentration needed for 50% 
growth inhibition) of baicalin was about 16.39 µM under 
the present experimental conditions. Higher concentra-
tions of baicalin (40 and 60 µM) almost completely 
blocked the cell proliferation induced by PDGF-BB 
(Figure 2A). When quiescent cells were treated with ba-
icalin (40 µM) for 24-72 h in the absence of PDGF-BB, 
no significant difference was observed in the viability of 
VSMCs as compared with the untreated cells, suggesting 
that baicalin is not cytotoxic at the concentrations tested 
(Figure 2A). To determine the effect of baicalin on cell 
cycle progression, VSMCs were pretreated with 5-40 

µM baicalin before PDGF-BB stimulation for 24 h, and 
then subjected to flow cytometry analysis. Baicalin (10-40 
µM) significantly increased the fraction of G0-G1 phase 
cells, but decreased the numbers of G2-M and S phase 
cells in VSMCs (P < 0.05) (Figure 2B). Treatment with 
20 µM baicalin for 24 h increased the fraction of G0-
G1 phase cells by ~15% compared with PDGF-BB alone 
(Figure 2C). Inhibition of cell proliferation by baicalin 
was verified by its ability to reduce proliferating cell 
nuclear antigen (PCNA) expression and to elevate p27 
levels in a concentration-dependent manner, coinciding 
with cell cycle arrest (Figure 2D). Treatment with 40 µM 
baicalin resulted in an ~twofold increase in the p27 pro-
tein level relative to that of PDGF-BB alone, whereas a 
slight induction of p27 mRNA level by baicalin was also 
observed (Figure 2D and 2E). However, the expression 
of p21 protein was not markedly altered by baicalin. To-
gether, these data show that baicalin inhibits PDGF-BB-
induced proliferation of VSMCs, which is accompanied 
by increased p27 expression.

Baicalin inhibits cyclin E-CDK2 activation and p27 
phosphorylation in VSMCs

Cell cycle progression is controlled by cyclins and 
CDKs. To determine the expression of cyclins and CDKs 
in baicalin-treated VSMCs, the lysates of VSMCs were 
analyzed by western blotting. Treatment with baicalin 
(5-40 µM) reduced PDGF-BB-induced expression of 
cyclin E and CDK2 in a concentration-dependent man-
ner with complete inhibition at 20 µM (Figure 3A). 
However, the levels of cyclin D1, CDK4 and CDK6 
proteins were not affected by baicalin treatment. Cyclin 
E is known to play a role in the G0/G1 transition. Coin-
ciding with the onset of cell cycle arrest, the increased 
cyclin E level after 24-48 h of PDGF-BB stimulation 
was reduced in baicalin-pretreated VSMCs (Figure 3B). 
Cyclins and CDKs regulate phosphorylation of several 
substrates, including p27. Specifically, the active cyclin 
E-CDK2 complex has been shown to regulate p27 pro-
tein level through phosphorylation on Thr187 [14]. This 
phosphorylation is a prerequisite for the proteasome-
dependent degradation of p27 [15]. Therefore, the ob-
served baicalin-induced increase in p27 protein levels 
may have resulted from the downregulation of cyclin 
E-CDK2 activation. To confirm this, we performed co-
immunoprecipitation using anti-cyclin E and anti-CDK2 
antibodies. Cyclin E-CDK2 complex formation induced 
by PDGF-BB was concentration-dependently reduced by 
pretreatment of baicalin in VSMCs (Figure 3C). To ad-
dress whether there is a causal relationship between the 
reduction of cyclin E-CDK2 complexes and the upregu-
lation of p27, the phosphorylation of p27 was detected 



www.cell-research.com | Cell Research

Li-Hua Dong et al.
1255

npg

using an anti-phospho-p27 antibody under the same 
conditions. As expected, the reduction of phosphorylated 
p27, as a result of baicalin treatment, was linked to the 
downregulation of cyclin E-CDK2 complex formation 
(Figure 3C). Thus, baicalin may increase p27 protein 
stability by inhibiting its phosphorylation. To test the in-
volvement of p27 in baicalin-induced growth arrest, we 
examined the effects of p27 knockdown by specific small 
interfering RNA (siRNA). Our results showed that p27 
knockdown impaired the growth suppression induced by 
baicalin (Figure 3D). Taken together, pretreatment of ba-
icalin inhibits cyclin E-CDK2 activation and upregulates 
p27 protein levels in PDGF-BB-stimulated VSMCs.

Baicalin inhibits PDGFRβ-ERK signaling cascade acti-
vated by PDGF-BB in VSMCs

To further delineate the cellular and molecular mecha-
nisms underlying baicalin-induced VSMC growth inhibi-

tion, we evaluated the effect of baicalin on the mitogen-
activated protein kinase (MAPK) signaling cascades. 
After pretreatment with baicalin, VSMCs were stimu-
lated with PDGF-BB for 30 min, and the phosphoryla-
tion status of ERK, c-Jun NH2-terminal kinase (JNK), 
p38 MAPK, and Akt was measured by western blot 
analysis using antibodies that identify the active (phos-
phorylated) forms of these kinases. Baicalin markedly 
inhibited MEK-ERK1/2 activation by PDGF-BB in a 
concentration-dependent manner in VSMCs, which was 
associated with a reduction of PDGFRβ phosphoryla-
tion, while there were no changes in the phosphorylated 
forms of JNK, p38 and Akt (Figure 4A). To elucidate the 
mechanism by which baicalin inhibits PDGFRβ phos-
phorylation induced by PDGF-BB, cells were treated 
simultaneously with both PDGF-BB (10 ng/ml) and 
baicalin (20 µM) or with a pre-mixture of both at the 
same concentrations. Under such conditions, no changes 

Figure 3 Baicalin inhibits expression and activation of cyclin E and CDK2 in VSMCs. (A) Western blotting. VSMCs were 
pretreated by baicalin at indicated concentration for 24 h, and then stimulated with PDGF-BB for additional 24 h. β-Actin was 
used as an internal control. The graphs represent the relative level of these proteins for four independent experiments. *P < 0.05, 
compared with PDGF-BB. (B) Western blotting. VSMCs were stimulated with PDGF-BB for indicated time periods with or 
without baicalin (20 μM) pretreatment. (C) Cross co-immunoprecipitation (IP) and western blotting (WB). VSMCs were stimu-
lated with PDGF-BB for 3 h following baicalin pretreatment. (D) Western blotting (upper) and MTT assay (below). VSMCs 
were transfected with siRNA for 20 h, and then stimulated with PDGF-BB for 24 h with or without baicalin pretreatment. Se-
rum-free was used as positive control. *P < 0.05, compared with si-Control.
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were observed in PDGFRβ phosphorylation compared to 
PDGF-BB-stimulated cells (Figure 4B). We thus specu-
late that baicalin pretreatment may result in the impaired 

response capacity of PDGFRβ to stimuli. To confirm this 
possibility, the phosphorylation of ERK1/2 and p27, as 
well as cyclin E-CDK2 complex formation was exam-

Figure 4 Baicalin inhibits PDGFRβ-ERK1/2 signaling cascade activated by PDGF-BB in VSMCs. (A) Western blotting. 
VSMCs were stimulated with PDGF-BB for 30 min following pretreatment with baicalin at the indicated concentration. β-Actin 
was used as an internal control. The graphs represent the relative activity of these kinases for four independent experiments. 
*P < 0.05, compared with PDGF-BB. (B) Western blotting (WB), co-immunoprecipitation (IP) and MTT assay. VSMCs were 
stimulated with PDGF-BB for 30 min (for PDGFR and ERK1/2), 3 h (for p27 and IP), and 24 h (for cell viability) with treatment 
by baicalin in indicated manners. *P < 0.05, compared with PDGF-BB. (C) Western blotting. VSMCs were stimulated with 
PDGF-BB for indicated time periods with or without pretreatment by baicalin (20 μM). (D) Western blotting (WB), co-immuno-
precipitation (IP), and MTT assay. VSMCs were stimulated with PDGF-BB as in B following treatment by PD98059 (20 μM) or 
transfection by pCMV-MEK1 for 24 h, with or without baicalin pretreatment. *P < 0.05, compared with PDGF-BB.
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ined under the same experimental conditions. The reduc-
tion of phosphorylated p27 and cyclin E-CDK2 complex 
formation was only found in baicalin-pretreated VSMCs 
following 3 h of PDGF-BB stimulation, paralleled with 
the inhibition of PDGFRβ-ERK1/2 signaling cascade 
and cell proliferation (Figure 4B). In addition, the in-
hibitory effect of baicalin on ERK1/2 activation down-
stream of PDGFR signaling was further supported by 
parallel changes in phosphorylation levels of PDGFRβ 
and ERK1/2 after PDGF-BB stimulation with or with-
out baicalin pretreatment. The phosphorylated forms of 
PDGFRβ and ERK1/2 were decreased in a time-depen-
dent manner, starting from 5 min of PDGF-BB treat-
ment, in baicalin-pretreated VSMCs, with no changes 
of the total proteins, demonstrating an actual decrease 
in phosphorylation levels, indicative of reduced activity 
(Figure 4C). Because treatment with PD98059, a spe-
cific inhibitor of ERK1/2, reduced p27 phosphorylation 
and cell proliferation, which was similar to the effects 
of baicalin (Figure 4D), the inhibition of ERK activation 
may be an alternative mechanism for suppression of p27 
phosphorylation by baicalin. To test this, VSMCs were 
transfected with a constitutively active MEK expression 
plasmid (pCMV-MEK1), and then treated with baicalin 
and PDGF-BB. We found that increase of ERK1/2 activ-
ity impaired the inhibitory effect of baicalin on p27 phos-
phorylation in VSMCs, and the growth inhibition by ba-
icalin was abolished under such conditions (Figure 4D). 
Further, the relationship between ERK1/2 activation and 
cyclin E-CDK2 complex formation was examined by co-
immunoprecipitation under the same conditions. Treat-
ment of baicalin and/or PD98059 resulted in reduction of 

cyclin E-CDK2 complex formation along with inhibition 
of ERK1/2 activation, while the opposite change was 
found upon ERK1/2 activation by the overexpression of 
a constitutively active MEK (Figure 4D). These results 
suggest that reduced cyclin E-CDK2 activity is likely an 
event downstream of the blockade of ERK1/2 pathway 
by baicalin.

Baicalin inhibits adhesion molecule expression and 
VSMC migration induced by PDGF-BB

PDGF initiates a multitude of biological effects 
through the activation of intracellular signal transduction 
pathways that contribute to both VSMC proliferation and 
migration. We examined the effect of baicalin on PDGF-
BB-induced VSMC migration by the cell monolayer 
wounding assay that represents chemokinesis. Treatment 
with PDGF-BB for 12 h increased the basal migration of 
VSMCs by ~fourfold. Compared with PDGF-BB alone, 
baicalin pretreatment caused a 60% reduction of cell 
migration, but no change was found in VSMCs treated 
simultaneously with both PDGF-BB and baicalin or with 
a pre-mixture of PDGF-BB and baicalin (Figure 5A). 
Then, we examined the effect of baicalin on several mi-
gration regulatory proteins, including osteopontin (OPN), 
intercellular adhesion molecule 1 (ICAM-1), vascular 
cell adhesion molecule 1 (VCAM-1) and matrix metal-
loprotease 2 (MMP-2). Baicalin pretreatment inhibited 
the upregulation of OPN, ICAM-1, VCAM-1 and MMP-
2 proteins by PDGF-BB in a concentration-dependent 
manner (Figure 5B). A measure of 20 µM baicalin re-
sulted in an ~40% decrease in the levels of these proteins 
compared to that in PDGF-BB-treated cells, and a 60% 

Figure 5 Baicalin inhibits adhesion molecule expression and migration induced by PDGF-BB in VSMCs. (A) Migration as-
say. VSMCs were stimulated with PDGF-BB for 12 h with or without treatment by baicalin in indicated manners. *P < 0.05, 
compared with PDGF-BB. (B) Western blotting (WB) and Zymograph. β-Actin was used as an internal control. VSMCs were 
stimulated with PDGF-BB for 24 h following baicalin pretreatment at indicated concentration. The graphs represent the rela-
tive level of these proteins for four independent experiments. *P < 0.05, compared with PDGF-BB. (C) Apoptosis analysis by 
flow cytometry (black) and caspase-3 activity assay (white). VSMCs were stimulated with PDGF-BB for 24 h with or without 
treatment by baicalin in indicated manners.
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decrease was observed with 40 µM baicalin (Figure 
5B). Consistent with the decrease in MMP-2 protein 
levels, zymography assay showed that baicalin (20 µM) 
decreased MMP-2 activity by 70%, compared with that 
induced by PDGF-BB alone (Figure 5B). These findings 
suggest that baicalin inhibits the migration of VSMCs 
induced by PDGF-BB via suppressing the expression of 
migration-related proteins in these cells. Flow cytometry 
analysis showed no effect of baicalin on apoptosis of 
PDGF-BB-stimulated VSMCs, which was verified by no 
change in caspase-3 activity (Figure 5C).

Baicalin inhibits neointimal hyperplasia
To investigate the role of baicalin in regulating VSMC 

proliferation in vivo, rat carotid arteries were harvested 
on day 28 after balloon injury, and an increased intima-
to-media (I/M) thickness ratio of carotid arteries was 
observed (Figure 6A). Administration with baicalin (70 
mg/kg/day) significantly reduced I/M thickness ratio by 
over 55% compared with injured controls (Figure 6A), 
and inhibited the injury-induced increase in PCNA ex-
pression in neointima of carotid arteries, which was ac-
companied with an increase in p27 expression and atten-
uation of neointimal hyperplasia (Figure 6B). However, 
lower doses of baicalin (≤ 35 mg/kg/day) showed only a 
slight inhibitory effect on neointimal hyperplasia, which 
did not reach statistic significance (data not shown). 
These results suggest that baicalin exhibits an inhibitory 
effect on cell proliferation in vivo, and may be an effec-
tive agent for prevention of restenosis after angioplasty.

Discussion

PDGF-BB plays an important role in vascular remod-
eling during cellular and extracellular responses to injury 
[16, 17]. It has been suggested that different signaling 
pathways mediated by PDGFRβ regulate the proliferative 
and the migratory responses to PDGF-BB, with MAPK 
regulating proliferation and Akt regulating migration 
[18]. In this study, we show that baicalin has potent and 
concentration-dependent inhibitory effects on PDGF-
BB-stimulated VSMC proliferation and migration with-
out inducing apoptosis (IC50 of 16.39 µM for the induc-
tion of G0-G1-phase arrest), and that it does not affect 
the viability of quiescent VSMCs. Baicalin pretreatment 
inhibits PDGFRβ phosphorylation in a concentration-
dependent manner and this inhibitory effect is associated 
with the inhibition of downstream ERK1/2 signaling 
events triggered by the receptor, including the reduction 
of p27 phosphorylation and cyclin E-CDK2 complex for-
mation. As treatment with the specific ERK1/2 inhibitor, 
PD98059, reveals a similar effect as baicalin, the inhibi-

tion of ERK1/2 activation is likely a major mechanism of 
growth suppression by baicalin. Nevertheless, the inhibi-
tion of tyrosine phosphorylation of PDGFRβ by baicalin 
did not occur when VSMCs were treated simultaneously 
with both PDGF-BB and baicalin or with a pre-mixture 
of the two agents, suggesting that pretreatment of ba-
icalin likely acts by impairing the response capacity of 
PDGFRβ to PDGF-BB stimulation. Baicalin belongs to 
a class of polyphenols. Previous studies have shown that 
polyphenols inhibit PDGFRβ autophosphorylation [19-
22]. Although the mechanisms underlying the inhibitory 
effect of these polyphenols remain to be established, 
previous studies suggested that some of these molecules 
may inhibit the activation of receptor tyrosine kinase by 
competing with adenosine triphosphate for binding to 
the kinase domain of the receptor, resulting in impaired 
activation of key signaling intermediates [23, 24]. We 
speculate that such a mechanism could also be involved 
in the inhibitory effect of baicalin toward PDGFRβ. In 

Figure 6 Baicalin inhibits neointimal hyperplasia. The sections 
of rat carotid arteries were prepared on day 28 after balloon in-
jury. (A) H and E staining (upper) and I/M thickness ratio analy-
sis (below). The bar indicates 200 μm. *P < 0.05, compared 
with injured group (n = 6). (B) Immunohistochemistry analysis. 
The graphs represent the integrated optical density per cell of 
intima. Representative positive signals (brown) are indicated 
by arrows. The bar indicates 50 μm. *P < 0.05, compared with 
injured group (n = 6).
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addition, the involvement of ERK1/2 was further sup-
ported by the fact that transient expression of a consti-
tutively active mutant of MEK abolished the inhibitory 
effect of baicalin on cell proliferation, which was ac-
companied with an increase in cyclin E-CDK2 activation 
and reduction of p27 level. However, baicalin failed to 
attenuate PDGF-stimulated phosphorylation of JNK, p38 
MAPK, and Akt. Our results suggest that blockade of the 
PDGFRβ-ERK1/2 pathway is involved in baicalin-in-
duced proliferation suppression in PDGF-BB-stimulated 
VSMCs. It is currently unknown how baicalin enters the 
cell and/or reacts with the compartment where the ki-
nases are localized. Also, baicalin may have no effect on 
kinase activities in quiescent cells and only interfere with 
the ATP-binding site when the enzyme translocates upon 
activation [25]. 

Using RNAi-mediated knockdown, we have found 
that the increase in p27 accumulation is involved in sup-
pression of proliferation induced by baicalin in VSMCs. 
Recent studies have suggested a physiological role of p27 
as a regulator of VSMC growth during the pathogenesis 
of cardiovascular diseases [26]. We focused on the regu-
latory mechanism of p27 induction by baicalin and found 
that baicalin-induced upregulation of p27 is associated 
not only with the blockade of PDGFRβ-ERK1/2 signal-
ing but also with the reduction of cyclin E-CDK2 activa-
tion in VSMCs. Treatment of baicalin and/or PD98059 
results in reduction of p27 phosphorylation along with 
inhibition of ERK1/2 activation, while the opposite 
change is found upon ERK1/2 activation by the overex-
pression of a constitutively active MEK. In addition, we 
show that the expression and activation of CDK2 and cy-
clin E markedly decrease in baicalin-pretreated VSMCs, 
which is associated with p27 accumulation and cell cycle 
arrest. The reduction of phosphorylated p27 as a result of 
baicalin treatment is linked to the downregulation of cy-
clin E-CDK2 complex formation. Cyclin E-CDK2 may 
phosphorylate p27 and result in its elimination [27]. It 
is now clear that the level of p27 protein is mainly con-
trolled by its rate of degradation rather than by changes 
in transcription or translation [28]. Thus, two possibili-
ties could account for the inhibition of p27 phosphoryla-
tion by baicalin observed in this study. Suppression of 
ERK1/2 activation may directly result in reduced p27 
phosphorylation, and/or do so indirectly via inhibiting 
cyclin E-CDK2 activation. Previous study showed that 
baicalin had antiproliferation effects on hepatocytes via 
TGF-β1 secretion from Kupffer cells, which was related 
to the activation of NF-κB and PKC pathways [29]. In 
cancer cell lines, baicalin induced apoptosis and prolif-
eration retardation, which may be related to the activa-
tion of p38 MAPK and Akt [8]. Our data indicate that 

baicalin may increase p27 protein stability by inhibiting 
its phosphorylation and degradation, which is required 
for baicalin-induced growth arrest in VSMCs.

There is much evidence that enhanced proliferation 
and migration of VSMCs is a fundamental feature of 
the pathogenesis of atherosclerosis and other vascular 
proliferative disorders. Thus, prevention of pathologi-
cal VSMC proliferation still remains as a major clinical 
challenge, which underscores the need for new therapeu-
tic strategies. In the present study, we have also shown 
using an animal arterial balloon-injury model character-
ized by PDGF receptor upregulation [16] that baicalin 
(70 mg/kg/day) significantly inhibits neointimal forma-
tion, accompanied with reduction of cell proliferation 
after vascular injury in rats. These results substantiate 
our in vitro findings and strongly support the notion that 
baicalin confers protection against injury-induced patho-
logical vascular remodeling. Lower dose of baicalin (≤ 
35 mg/kg/day), however, did not significantly inhibit the 
injury-induced neointima formation. Pharmacokinetics 
study showed that the major forms in the serum are their 
conjugated metabolites after oral administration of the 
polyphenols, including baicalin and baicalein, indicat-
ing a high level of biotransformation [30]. Moreover, the 
bioavailability of baicalin is relatively low among poly-
phenols. Our findings point to the possibility that lower 
inhibitory effect of baicalin on cell proliferation in vivo 
may result from its high level of biotransformation and/
or low bioavailability. Because the principle metabolites 
in vivo possess completely different physicochemical 
properties from the free form [30], it is hard to directly 
infer the in vivo effects of this compound from its in vitro 
activities. The bioavailability and bioactivity of baicalin 
would be an important issue to consider for any future 
clinical applications.

In summary, baicalin induces growth arrest in PDGF-
BB-stimulated VSMCs, and prevents neointimal hyper-
plasia after balloon injury. This process is associated 
with inhibition of cyclin E-CDK2 activation, and subse-
quent increase in p27 accumulation via blockade of the 
PDGFRβ-ERK1/2 signaling cascade.

Materials and Methods

Reagents
Recombinant human PDGF-BB was purchased from R&D 

Systems Inc. Baicalin and baicalein was purchased from Sigma Co 
and dissolved in DMSO, and the concentration of DMSO was < 
0.8% in the control and drug-containing medium.

VSMC culture and treatment
VSMCs were obtained from thoracic aorta of male Sprague-

Dawley rats weighing between 100 and 200 g, as described [7]. All 
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of the experiments were performed using 3-5 passages of VSMCs. 
Before isolating, VSMCs were pretreated by different concentra-
tions of baicalin for 24 h and then stimulated with PDGF-BB (10 
ng/ml) for indicated time periods. This study was performed via a 
protocol approved by the Institutional Animal Care and Use Com-
mittee of Hebei Medical University in accordance with the Guide 
for the Care and Use of Laboratory Animals.

Cell proliferation assay
VSMCs were seeded onto 96-well plates (2 × 103 cells per 

well) and pretreated with various concentrations of baicalin or ba-
icalein for 24 h before stimulation with or without PDGF-BB (10 
ng/ml). Proliferation was measured using MTT assay [31].

Fluorescence-activated cell sorting analysis
VSMCs were collected after 24 h of treatment with or without 

of PDGF-BB (10 ng/ml) and various concentrations of baicalin, 
fixed in 70% ethanol, washed twice with PBS, and stained with a 
50 µg/ml propidium iodide solution containing 0.1% Triton X-100, 
0.1 mM EDTA, and 50 µg/ml RNase A. Fluorescence was mea-
sured and analyzed using a FACSCalibur flow cytometer (Becton 
Dickinson Immunocytometry Systems).

Cell migration assay
The cell migration was measured using a monolayer wounding 

protocol in which cells migrated from a confluent area into an area 
that was mechanically denuded of cells [31]. Three different fields 
of migration were photographed with a video camera system using 
Scion Image software at the intersection of the previously marked 
line and wound edge before and after treatment with PDGF-BB 
(10 ng/ml) for 12 h in the presence or absence of baicalin (20 µM). 
The migration activity was expressed as the number of cells mi-
grating into the wound in each field.

Cell transfection
The constitutively active ERK kinase MEK1 plasmid (pCMV-

MEK1) was kindly provided by Kun-Liang Guan (Moore’s Cancer 
Center, CA, USA). VSMCs were transfected with pCMV and 
pCMV-MEK1 using Lipofectamine 2000 (Invitrogen) according 
to the manufacturer’s instructions. After transfection for 24 h, 
VSMCs were stimulated with PDGF-BB and then treated with ba-
icalin (20 µM) for 24 h.

siRNA transfection
The siRNA duplex targeting rat p27 mRNA (5′-UUG CCG 

AGA UAU GGA AGA ATT-3′) was synthesized from TaKaRa. 
Scrambled siRNA (si-Control) served as a negative control. 
The siRNA was transiently transfected into VSMCs using Lipo-
fectamine 2000 reagent (Invitrogen) according to the manufactur-
er’s protocol. At 20 h after transfection, the VSMCs were treated 
with baicalin and PDGF-BB as above mentioned.

Western blot analysis
Lysates from VSMCs were prepared as previously described 

[6]. Equal amounts of protein (60-100 µg) were separated by 
10% SDS-PAGE and electrotransferred to a PVDF membrane. 
Membranes were blocked, and then incubated with anti-cyclin 
D1 (1:300), anti-cyclin E (1:400), anti-CDK2 (1:300), anti-CDK4 
(1:300), anti-CDK6 (1:300), anti-PCNA (1:300), anti-p21 (1:300), 

anti-p27 (1:300), anti-phospho-p27 (1:300), anti-phospho-JNK 
(Tyr183/185; 1:300), anti-p38 MAPK (1:300), anti-phospho-p38 
MAPK (Thr180/Tyr182; 1:300), anti-MEK1/2 (1:300), anti-
phospho-MEK1/2 (Ser217/221; 1:400), anti-ERK1/2 (1:300), anti-
phospho-ERK1/2 (Tyr204; 1:300), anti-phospho-Akt (1:300), 
anti-PDGFRβ, anti-phospho-PDGFRβ (Tyr751; 1:300), anti-OPN 
(1:300), anti-ICAM-1 (1:300), anti-VCAM-1 (1:300), anti-MMP-2 
(1:300), and anti-β-actin (1:300) antibodies (Santa Cruz Biotech-
nology) overnight, and then with the horseradish peroxidase-
conjugated secondary antibody (Santa Cruz Biotechnology) (1:10 
000) for 2 h. The blot was detected with the enhanced chemilu-
minescence detection system (Santa Cruz Biotechnology). The 
experiments were replicated four times.

Co-immunoprecipitation assay
VSMCs were harvested after PDGF-BB treatment for 3 h with 

or without baicalin pretreatment. Cells were lysed in a buffer com-
posed of 50 mM Tris-HCl (pH 7.6), 150 mM NaCl, 1% NP-40, 10 
mM sodium phosphate, 10 mM NaF, 1 mM sodium orthovanadate, 
2 mM phenylmethylsulfonyl fluoride, 10 µg/ml aprotinin, 10 µg/
ml leupeptin, and 10 µg/ml pepstatin. After centrifugation, 50 µg 
of the clarified cell lysate was incubated with 15 µl of protein G 
plus/protein A-agarose (Santa Cruz Biotechnology) and 1 µg of 
anti-CDK2, anti-cyclin E antibodies. After 24 h incubation, the 
immune complexes were centrifuged and washed four times with 
ice-cold lysis buffer. The immunoprecipitated protein was further 
analyzed by western blot as described above.

Caspase activity assays
Caspase-3 activity was analyzed according to the manufac-

turer’s instructions with the caspase colorimetric assay kit (Pro-
mega Co). Cells were harvested, lysed in lysis buffer for 30 min, 
and vibrated for 10 s at 4 °C. After centrifugation, the supernatant 
was collected and the protein concentration was determined. Each 
sample (50 µl) was incubated with caspase-3 substrate (5 µl) and 
2× reaction buffer (50 µl) at 37 °C for 4 h and measured by chro-
matography at 405 nm wavelength.

Balloon injury and morphometric analysis of neointima for-
mation

Balloon denudation of the left common carotid artery of male 
Sprague-Dawley rats was performed, as described [32]. Baicalin 
was freshly dissolved in 10% polyglycol-400 and orally admin-
istered at doses of 17.5, 35, and 70 mg/kg/day by gastric gavage 
from 3 days before balloon injury to 28 days after the injury (n = 
6 per group). The arteries were collected at day 28 after balloon 
injury, and embedded in paraffin to prepare cross sections. 
Neointima thickening was assessed using the I/M thickness 
ratio measured from haematoxylin- and eosin-stained arterial 
cross sections with a computer-based Image-Pro Morpho-
metric System in a double-blind manner. Four discontinuous 
sections from each vessel were measured in a Sprague-Dawley 
rat, whereas six rats were used in each experimental group.

Immunohistochemistry analysis
Standard immunohistochemical techniques were used with anti-

PCNA (1:100) and anti-p27 (1:100) antibodies and a biotinylated 
anti-mouse secondary antibody (1:100) on perfusion-fixed, paraf-
fin-embedded tissues. Slides were treated with avidin-biotin block 
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and exposed to diaminobenzidine black chromogen with nuclear 
fast red counterstain. Slides were coverslipped for analysis under 
light microscopy. Staining intensities were determined by mea-
surement of the integrated optical density with light microscopy 
using a computer-based Image-Pro Morphometric System 
by two independent observers in a double-blind manner.

Zymography
MMP-2 activity in the medium was analyzed by non-reducing 

SDS-PAGE in 10% gels containing 0.1% gelatin [33]. Samples 
were denatured at room temperature in an equal volume of 0.25 
M Tris-HCl (pH 6.8), 20% glycerol, 2% SDS, and 10 µg/ml bro-
mophenol blue. After electrophoresis, MMP-2 was renatured by 
rinsing the gel in 2.5% Triton X-100 at room temperature for 30 
min, and then activated in reaction buffer (50 mM Tris-HCl (pH 7.6) 
containing 0.2 M NaCl, 5 mM CaCl2, and 0.02% Brij 35) at 37 °C 
for 18 h. The gels were stained for 90 min with 0.5% Coomassie 
brilliant blue R250 and destained with 10% acetic acid in 40% 
methanol. MMP-2 activity was evident as a clear band against the 
blue background of stained gelatin.

Data statistics
Data are presented as means ± SEM. ANOVA and paired or un-

paired t-test were performed for statistical analysis as appropriate. 
P < 0.05 was considered statistically significant.
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