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Matrine inhibits vascular smooth muscle cell
proliferation by modulating the expression of cell
cycle regulatory genes
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Aim: To investigate the effect of matrine on proliferation of vascular smooth muscle cells (VSMCs) and elucidate the underlying mecha-
nisms.

Methods: Rat aortic VSMCs were cultured in medium supplemented with 10% fetal bovine serum and treated with various concentra-
tions (0, 5, 10, 15, and 20 mg/L) of matrine for 72 h. VSMCs proliferation and cell cycle profiling were assessed using a methylene
blue incorporation assay and flow cytometry, respectively. The underlying protein signaling mechanisms were determined using West-
ern blot analysis of the expression levels of cell cycle regulatory genes, including p53, p21, p27, cyclin D1, cyclin E, cyclin-dependent
kinase 2 and 4 (cdk2, cdk4), and phosphorylated Rb. The involvement of p21 and p27 pathways was further determined using small
interfering RNA (siRNA) knockdown.

Results: Matrine inhibited VSMC proliferation in a dose-dependent manner by promoting G, arrest. The G, arrest was accompanied by
up-regulation of p53 and p21 protein levels, and down-regulation of cyclin D1/cdk4, cyclin E/cdk2 and phosphorylated Rb protein lev-
els. Matrine did not affect p27 expression. Furthermore, the anti-proliferative effect of matrine was abolished by silencing of p21, but

not by silencing of p27.

Conclusion: Our data indicate that matrine has an inhibitory effect on VSMC proliferation via up-regulation of the p53/p21 signaling

pathway and modulation of other cell cycle regulatory genes.
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Introduction
Intimal hyperplasia following angioplasty and stenting
remains a major obstacle limiting the success of clinical vas-
cular interventions. It probably arises due to activation and
tumor-like transformation of normally quiescent medial vas-
cular smooth muscle cells (VSMCs). Transformed VSMCs
migrate from the medium into the intima, where they prolifer-
ate and promote intimal hyperplasial ?. Therefore, identifica-
tion of new therapies and pharmacological targets aimed at
reducing VSMCs proliferation is of great clinical significance.
Matrine (C;5H»N,0O) is a major components of Radix Sopho-
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rae Flavescentis® *.

It has a wide range of pharmacological
applications including anti-hepatitis®, anti-cancer'®, and anti-
inflammatory properties, with no obvious toxicity or side
effects. Matrine’s anti-cancer effect has been observed in
various cancer cells, including leukemia, cervical, gastric and
lung cancers”™. The anti-cancer properties of matrine may
stem from inhibitory effects on cell proliferation, as well as
induction of apoptosis, perhaps via modulation of apoptosis
and proliferation regulating genes, such as p53, c-myc, E2F-1,
Apaf-1, Rb, and Bcl-2 family members'-".

Matrine has also been shown to affect the cardiovascu-
lar system, with demonstrated effects on hypotension and
bradycardia™. Matrine promotes G, cell cycle arrest and
induces apoptosis in cardiac fibroblasts. However, whether
and how matrine affects VSMCs are poorly understood. The

P53, p21, and p27 cell cycle regulating proteins regulate VSMC
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proliferation. Previous studies demonstrated that statins cause
G, arrest in VSMCs by increasing p27 expression and reduc-

05161 Alternatively, rapamycin inhibits

ing cyclin E expression
VSMC proliferation by inducing a p21-mediated G, arrest!"”),
Cyclin-dependent kinase 2 and 4 (cdk2 and cdk4) and their
respective partners, cyclin E and cyclin D, play pivotal roles
in cell cycle progression™. Cyclin D1/cdk4 and cyclin E/
cdk2 mediate phosphorylation of retinoblastoma (Rb) protein.
Expression of cyclin D1 seems to be regulated by extracellular
mitogens, while expression of cyclin E is controlled by autono-

mous mechanisms!™” 2°!,

However, cyclin E is thought to pro-
mote Rb phosphorylation by cyclin D-cdk4 complexes®!. A
study in cyclin E knockout mice demonstrates that it is essen-
tial for cell cycle re-entry.

The aim of this study was to determine the effect of matrine
on VSMC proliferation and cell cycle progression by modulat-

ing the expression of cell cycle regulatory genes.

Materials and methods

Materials

Matrine (purity, >99%) was obtained from the National Insti-
tute for the Control of Pharmaceutical and Biological Products
(Beijing, China). Rapamycin and all antibodies were pur-
chased from Sigma (St Louis, MO, USA). Dulbecco’s modified
Eagle’s medium (DMEM), heat-inactivated fetal bovine serum
(FBS) and penicillin/streptomycin were obtained from Gibco
Life Technologies Inc (Rockville, MD, USA). The siRNA con-
struction kit was purchased from Ambion (Cambridgeshire,
UK). The p27 siRNA was purchased from Santa Cruz Biotech-
nology Inc (Paso Robles, CA, USA). All experimental proce-
dures were approved by the Guangdong Academy of Medical
Sciences Research Committee and were in accordance with
National Institutes of Health guidelines.

Cell culture

Rat aortic VSMCs were isolated from the intimal-medial layer
of the aorta as described previously® >
tas from 2-month-old male Sprague-Dawley rats were used for

. Briefly, thoracic aor-

explant cultures. Explants were cultured in DMEM supple-
mented with 10% (v/v) FBS and 1% (v/v) penicillin/streptomy-
cin at 37 °C in 5% CO,. VSMCs purity was evaluated by mor-
phological analysis and immunocytochemical staining with a
monoclonal antibody against smooth muscle a-actin. Prior to
treatment, cells were grown to ~75% confluence and incubated
in a serum-free medium for 24 h to induce quiescence. VSMCs
from passages 4-6 were used in this study.

Rapamycin was used as a positive control because it is
known to exert an antiproliferative effect on VSMCs, and its
effects on the expression of cell cycle genes are well docu-
mented!"” 22,

Cell proliferation analysis

VSMC proliferation was assessed by using methylene blue
incorporation assay in 96-well microculture plates, as pre-
viously described™. Briefly, VSMC monolayer cells were

suspended in 0.02% EDTA/0.02% trypsin, calcium- and
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magnesium-free phosphate-buffered saline (PBS), spun down
and resuspended in DMEM medium. Cells (6x10°/100 uL/
well) were transferred into 96-well culture plates and cultured
in DMEM medium supplemented with 10% FBS and then
treated with various concentrations (0, 5, 10, 15, and 20 mg/
L) of matrine or rapamycin (100 ng/L, with rapamycin act-
ing as positive control) for 72 h. Cells were then fixed in 10%
formaldehyde saline for 30 min, and then incubated with 1 %
(w/v) methylene blue in 0.01 mol/L borate buffer (pH 8.5) for
30 min. The remaining dye was washed off by serially dip-
ping the plate into each of four tanks of 0.01 mol/L borate buf-
fer (pH 8.5). To elute the dye, 100 pL of 1:1 (v/v) ethanol and
0.1 mol/L HCl were added to each well. The plates were then
gently shaken and absorbance measurements at 650 nm (Ags)
were collected for each well using a microplate photometer
(Flow Laboratories Ltd, Irvine, Scotland). The photometer was
blanked on the first column of control wells containing elution
solvent alone. The percent changes in A were calculated and
compared.

Cell cycle analysis

VSMCs were cultured and treated as described for prolifera-
tion assays. Following 72 h of treatment with matrine (0, 5, 10,
15, and 20 mg/L) or rapamycin (100 ng/L, as positive control),
VSMCs were harvested with 0.02% EDTA/0.02% trypsin in
calcium- and magnesium-free PBS, fixed in 70 % ethanol for
1 h, and treated with 100 pg/mL RNase A for 1 h at 37 °C.
Then, cells (5x10° cells/100 pL) were stained with 25 pug/mL
propidium iodide (PI) (Jingmei Biotech Co Ltd, Shenzhen,
China) for 15 min at room temperature in the dark. Cell cycle
distribution was analyzed by flow cytometry (FACS Calibur
system, Becton& Dickinson; San Jose, CA, USA) as previ-
ously described®. The number of cells in Go/G;, S, and G,/M
phases was expressed as a percentage of total cells.

Western blotting

VSMCs that were cultured and treated with matrine as
described above were used for Western blot analysis. Pro-
tein concentrations in the cell lysates were determined using
a Bicinchoninic acid kit (Sigma). Proteins (30 pg/lane) were
fractionated via 10%-12% (w/v) sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) and then trans-
ferred to polyvinylidene difluoride membranes (Bio-Rad Lab-
oratories, Milan, Italy). The membranes were incubated over-
night with primary antibodies (1:400 dilutions) for p53, p21,
p27, cyclin D1, cyclin E, cdk2, cdk4, phosphorylated Rb, or
anti-B-actin (1:1000 dilutions) for 1 h. After washing with PBS
containing 0.1% (v/v) Tween 20, membranes were incubated
with corresponding horseradish peroxidase conjugated sec-
ondary antibodies (1:1000 dilutions) for 1 h, followed by expo-
sure using enhanced chemiluminescence detection reagents
(Roche Applied Science). Western blots were scanned and
quantified using Quantity One software (Bio-Rad Laborato-
ries). Protein levels were normalized relative to B-actin pro-
tein levels. Fold changes in protein levels were calculated and
compared.



Transfection of p21 or p27 siRNA

The siRNA for p21 (5-GACCAUGUGGACCUGUCAC-3’, anti-
sense) was synthesized in vitro using the siRNA construction
kit (Ambion, Cambridgeshire, UK) as previously reported.
Cells were plated at 60% confluency in six-well culture dishes
1 day prior to transfection. Immediately before transfec-
tion, cells were washed with PBS. Transfection was carried
out using Genesilencer (PeqLab, Germany) according to the
manufacturer’s protocol. Briefly, 1000 ng of p21 or p27 target
siRNA (Santa Cruz Biotechnology Inc, Paso Robles, USA) was
diluted in a mixture of 25 pL siRNA diluent and 15 uL serum-
free medium, and incubated for 5 min at room temperature.
The siRNA solution was added to the Genesilencer and incu-
bated for 5 min at room temperature before the entire solution
was added to the cells. Twelve hrs after transfection, the cells
were treated with matrine (20 mg/L) for 72 h, and subjected to
proliferation and western blot analyses, as described above.

Statistical analysis

The data were expressed as meanststandard error of the
mean (SEM) and subjected to statistical analysis using the
software package SPSS 12.0 (SPSS Inc, Chicago, IL). One-way
or two-way ANOVA was used for the analysis of variance
and followed by the Spearman method to evaluate differences
between groups. Differences were significant when P<0.05.

Results

VSMCs were isolated from rat aortas

Rat aortic VSMCs were isolated from aortic explants. The
purity of VSMCs was assessed via immunostaining for smooth
muscle a-actin (Figure 1A). Primary cultures consisting of
<95% VSMCs were discarded. Cellular viability was deter-
mined by trypan blue exclusion.

Matrine inhibits VSMCs proliferation

VSMCs proliferation was assessed using the colorimetric assay
of methylene blue incorporation. We found that treatment
with matrine inhibited VSMCs proliferation in a concentra-
tion-dependent manner (Figure 1B). Cell number was signifi-
cantly lower in 10 mg/L of matrine, and was further decreased
in 20 mg/L of matrine, similar to the proliferation inhibition
observed following treatment with 100 ng/L of rapamycin.
The variation within a plate was 3.5%. The coefficient of varia-
tion between plates was 2.5%.

Matrine treatment leads to G, arrest in VSMCs

Cultured VSMCs were treated with matrine and PI stained
for flow-cytometric analysis. The DNA content histograms
revealed that matrine led to a G, phase halt in a dose- depen-
dent manner (Figure 2A). Figure 2B summarizes the effect
of matrine on the proportion of G; phase VSMCs at different
concentrations. After treatment with 20 mg/L of matrine, the
proportion of G; phase cells was increased from 84.8%+1.3%
to 96.6%+0.8% (n=5/group, P<0.05) and the proportion of S
phase cells decreased from 9.9%+1.2% to 1.5%*0.9% (n=5/
group, P<0.05). Treatment with matrine at a 20 mg/L conce-

www.chinaphar.com
Zhu P et al

1331

120
100
80
60
40
20

Absorbance at 650 nm D

ﬂﬂl

Matrine (mg/L)

Ranamvcin (ng/L)

Figure 1. (A) Characterization of cultured rat aortic VSMCs (3th passage,
400x) by immunohistochemical staining with anti-a-smooth muscle
actin monoclonal antibody; (B) Effect of matrine on VSMC proliferation
in microwell plates. VSMCs were treated with various concentrations of
matrine (0, 5, 10, 15, and 20 mg/L) for 72 h. Rapamycin (100 ng/L) was
as a positive control. Cell growth was determined by colorimetric assay
of methylene blue incorporation. The changes in percentage of control (O
mg/L matrine) were calculated. Data are expressed as mean+SEM. n=5/
group, One-way ANOVA. °p<0.05, °P<0.01 vs control.

tration induced G; cell arrest similar to that induced by treat-
ment of 100 ng/L rapamycin.

Matrine upregulates p53 and p21 protein levels, but does not
affect p27 protein level

To explore the mechanism by which matrine inhibites VSMCs
proliferation, we examined protein levels of p53, p21, and p27
using Western blot analysis. As seen in Figure 3, matrine led
to a dose-dependent increase in the expression of p53 and p21.
At 20 mg/L, matrine induced increases in p53 and p21 pro-
teins similar to those observed following 100 ng/L rapamycin
treatment. Unlike rapamecin, matrine (5-20 mg/L) did not
significantly alter the level of p27 protein in VSMCs.

Inhibition of p21, but not p27, rescued matrine-induced prolifera-
tion in VSMCs

To determine the roles of p21 and p27 in mediating the anti-
proliferation effect of matrine on VSMCs, we transfected the
cells with p21 or p27 siRNA 12 h before the cells were treated
with matrine (20 mg/L). As seen in Figure 4A, both p21 and
p27 siRNAs specifically down-regulated target gene expres-
sion in VSMCs by 65%-75%. Additionally, siRNA-mediated
down-regulation of p21 abolished the inhibitory effect of
matrine on VSMC proliferation. Silencing p27 had no signifi-
cant influence on the inhibitory effect of matrine (Figure 4B).

Effect of matrine on protein expression levels of cyclin D1, cyclin E,
cdk2, cd4, and phosphorylated Rb

To further investigate the mechanism by which matrine leads
to G, arrest in VSMCs, we examined levels of cell cycle regu-
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latory proteins, including cyclin D1, cyclin E, cdk2, cd4, and
phosphorylated Rb. As seen in Figure 5, matrine decreased
levels of cyclin D1, cyclin E, cdk2, and cdk4 and phospho-
rylated Rb in a dose-dependent fashion. Matrine (20 mg/L)
treatment induced increases in protein levels similar to those
observed following rapamycin (100 ng/L) treatment.

Discussion

To investigate the role of matrine in VSMC proliferation and
determine underlying mechanisms, we studied the effect of
matrine on 10% FBS-stimulated VSMC proliferation, cell cycle
progression, and expression of cell cycle regulatory genes. We
found that matrine inhibited VSMC proliferation and reduced
cell cycle progression by promoting a G1 phase block. These
effects are accompanied by increased levels of p53 and p21,
and down-regulation of cyclin D1, cyclin E, cdk 2, cdk4, and
phosphorylated Rb protein.

VSMCs cultured in 10% FBS medium are commonly used as
an in vitro model to study neointimal proliferation. Under this
culture condition, VSMCs undergo tumor-like transformation
and proliferation. In previous studies” ™", several tumor cell
lines, such as leukemia K562 and hepatocellular carcinoma
H22 cells, were incubated with matrine (100-900 mg/L) for 48
h to 4 days. In these cell lines, matrine was able to inhibit cell
growth and increase p53 and p21 mRNA expression levels.
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We treated cells with lower doses (10-20 mg/L) of matrine
because we reasoned that VSMCs would not be as malignant
as tumor cells and would therefore be more sensitive to treat-
ment. As we expected, our results show that matrine inhibits
the proliferation in transformed VSMCs at these relatively low
doses. We also found that matrine elicits its anti-proliferative
effect on VSMCs by inducing G, phase arrest. In this study,
rapamycin was used as a positive control because it has
demonstrated anti-proliferative properties in a variety of cell
types. Rapamycin inhibits a multifunctional serine-threonine
kinase, the mammalian target of rapamycin (mTOR)***!. Fur-
thermore, our data showed that matrine (20 mg/L) treatment
was similar to rapamycin (100 ng/L) treatment because both
inhibited VSMC proliferation and induced G, arrest’””. These
observations demonstrate that matrine is effective in inhibiting
VSMC proliferation.

Previous studies demonstrated that statins promote G,
arrest in VSMCs by increasing cellular p27 levels and reducing

[15,16]

cyclin E expression'™"". In contrast, rapamycin inhibits VSMC

proliferation by halting cells in G; by up-regulation of p21

protein”!

. To explore the mechanism by which matrine inhib-
its proliferation and causes G, arrest in VSMCs, we first exam-
ined protein levels of p53, p21, and p27 in VSMCs following
treatment with various concentrations of matrine (0-20 mg/L).

Then, we determined the role of p21 and p27 pathways using
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Figure 3. Effect of matrine on the expression of p53, p21, and p27
proteins in cultured VSMCs examined with Western blot. The levels of
cell cycle-related proteins in cultured rat aortic VSMCs were investigated
after treatments with various doses of matrine (O, 5, 10, 15, and 20 mg/
L) for 72 h. Rapamycin (100 ng/L) was as a positive control. (A) p53; (B)
p21; (C) p27. Results were normalized by the respective level of B-actin.
The changes in percentage of treatment control (O mg/L matrine) were
calculated. Data are expressed as mean+SEM. n=5/group, One-way
ANOVA. °P<0.05, °P<0.01 vs treatment control.

siRNA knockdown to decrease p21 and p27 expression. We
found that matrine dose-dependently up-regulated p53 and
p21 expression in VSMCs, but it did not affect the expression
of p271" %1 SiRNA transfection targeting p21 abolished the
inhibitory effect of matrine on VSMC proliferation, whereas,
down-regulation of p27 had no influence on matrine’s effect.
Expression of p21 can be regulated by both p53 dependent and
independent mechanisms™ . In this study, we found that
matrine treatment lead to increased p21 protein levels along
with increased p53 levels in VSMCs. Therefore, the effect of
matrine on p21 expression in VSMCs could be downstream
of p53/p21 signaling. As mentioned previously, matrine has
effects on multiple cellular functions, including anti-infection,
anti-inflammation, anti-cancer activities. Matrine’s anti-prolif-
erative effect on VSMCs deserves further attention.

Mitogen stimulated cell cycle progression in mammalian
cells requires the expression and activation of cyclin and cdk
complexes™. These events are initiated by induction of cyclin
D1, followed by induction of cyclin E, activation of cdk 4 and
cdk2, and phosphorylation of Rb gene products. Mitogenic
activation of cyclin D1/cdk4 and cyclin E/cdk2 during G,
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Figure 4. Role of p21 and p27 pathways in the inhibitory effect of matrine
on VSMC proliferation. (A) siRNA treatment on p21 and p27 expression.
Expression of p21 or p27 proteins in cultured rat aortic VSMCs were
determined by Western blot after siRNAs transfection followed by matrine
(20 mg/L) treatment for 72 h. Results were normalized by the respective
level of B-actin. The changes in percentage of basal (O mg/L matrine
and O ng siRNA) were calculated; (B) Effect of silencing p21 or p27 on
matrine’s anti-proliferative effect on cultured VSMCs. Cell growth was
determined by colorimetric assay of methylene blue incorporation after
respective siRNAs transfection followed with matrine (20 mg/L) for 72
h. The changes in percentage of basal (0 mg/L matrine and O ng siRNA)
were calculated. Data are expressed as mean+SEM. n= 5/group, two-
way ANOVA. °P<0.01 vs basal or treatment control (SiRNA control).

results in phosphorylation of the Rb protein®. Phospho-
rylated Rb functions as a gatekeeper for the G;-S transition
by binding and sequestering E2F, a transcription factor that
induces the expression of a battery of genes that are necessary
for S phase (DNA synthesis). In its unphosphorylated state,
Rb binds and sequesters E2F to prevent transcriptional acti-
vation of target genes. In this study, we found that matrine
decreased levels of cylin D1, cyclinE , cdk2, cdk4 and phospho-
rylated Rb in VSMCs in a pronounced manner. These find-
ings are similar to findings from positive controls (rapamycin)
and are consistent with previous reports!”), including a study
showing that up-regulation of cyclin E is absolutely required
for cell cycle progression in VSMCs cultured in 10% FBS™.
Since p53/p21 is a negative regulator of cyclins and cdks™),
our data showing that matrine decreases cyclin D1 and E lev-
els indicate that p53 and p21 may act downstream of matrine
to affect cyclins and cdks. P27 is also a negative regulator that
inhibits cyclins/cdks and Rb phosphorylation, and conse-
quently results in G, arrest™. Since p27 level did not change
following matrine treatment, we do not expect that p27 par-
ticipate in matrine’s anti-proliferative effect in VSMCs.

Acta Pharmacologica Sinica
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Figure 5. Effect of matrine on the expression of cell cycle regulating
proteins in cultured VSMCs examined with Western blot. The levels of
cell cycle-related proteins in cultured rat aortic VSMCs were investigated
after treatment with various doses of matrine (0, 5, 10, 15 and 20 mg/L)
for 72 h. Rapamycin (100 ng/L) was as a positive control. (A) cyclin D1;
(B) cyclin E; (C) cdk2; (D) cdk4; (E) Phos-Rb. Results were normalized by
the respective level of B-actin. The changes in percentage of treatment
control (O mg/L matrine) were calculated. Data are expressed as
mean+SEM. n =5/group, One-way ANOVA. °P<0.05, °P<0.01 vs treatment
control.

In summary, we demonstrated that matrine was a potent
inhibitor of VSMC proliferation. Matrine leads to increases in
p53 and p21 protein levels, and decreases in cdk2, cdk4, cyclin

Acta Pharmacologica Sinica

D1, and cyclin E protein levels. However, whether matrine
inhibits intimal hyperplasia must still be investigated in in
vivo. Additionally, our data do not exclude the possibility that
the matrine may exert its effects on VSMCs via affecting other
cell cycle proteins such as E2F-1%), or other mechanisms that
regulate VSMC proliferation.
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