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Vascular smooth muscle cell (SMC) proliferation plays an important role in the pathogenesis
of atherosclerosis and post-angioplasty restenosis. Berberine is a well-known component of
the Chinese herb medicine Huanglian (Coptis chinensis), and is capable of inhibiting SMC
contraction and proliferation, yet the exact mechanism is unknown. We therefore inves-
tigated the effect of berberine on SMC growth after mechanic injury in vitro. DNA synthesis
and cell proliferation assay were performed to show that berberine inhibited serum-
stimulated rat aortic SMC growth in a concentration-dependent manner. Mechanical injury
with sterile pipette tip stimulated the regrowth of SMCs. Treatment with berberine pre-
vented the regrowth and migration of SMCs into the denuded trauma zone. Western blot
analysis showed that activation of the MEK1/2 (mitogen-activated protein kinase kinase 1/
2), extracellular signal-regulated kinase (ERK), and up-regulation of early growth response
gene (Egr-1), c-Fos and Cyclin D1 were observed sequentially after mechanic injury in vitro.
Semi-quantitative reverse-transcription PCR assay further confirmed the increase of Egr-1,
c-Fos, platelet-derived growth factor (PDGF) and Cyclin D1 expression in a transcriptional
level. However, berberine significantly attenuated MEK/ERK activation and downstream
target (Egr-1, c-Fos, Cyclin D1 and PDGF-A) expression after mechanic injury in vitro. Our
study showed that berberine blocked injury-induced SMC regrowth by inactivation of ERK/
Egr-1 signaling pathway thereby preventing early signaling induced by injury in vitro. The
anti-proliferative properties of berberine may be useful in treating disorders due to inap-
propriate SMC growth.
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1. Introduction

Percutaneous coronary intervention has made remarkable
progress in the past 20 years and has become an important
treatment for coronary artery disease. However, restenosis
after angioplasty is still a major limitation [1-3]. Restenosis
occurs in approximately 30-40% of patients after balloon
angioplasty and in between 20 and 30% of patients following
coronary stenting [4,5]. A dominant cellular event in the re-
narrowing of the lumen after angioplasty is vascular smooth
muscle cell (SMC) proliferation. Injury induces medial and
then intima cell cycle reentry, following a wave of immediate
early gene expression [1,6]. Cells undergo either cell prolifera-
tion, migration or both, with subsequent synthesis of extra-
cellular matrix and collagen resulting in neointimal formation
[1-3].

Early growth response factor 1 (Egr-1), an 80-82-kDa zinc
finger transcription factor, has a low basal level in the normal
vessel wall, but has been shown to rapidly and transiently
express in SMCs and endothelial cells in response to arterial
injury [7,8]. Once activated, Egr-1 regulates the expression of
several genes, including monocyte chemotactic protein-1
(MCP-1), platelet-derived growth factor (PDGF) A and B
[7,9,10], and Cyclin D1 [11,12]. Previous studies showed that
mechanical injury-induced up-regulation of Egr-1 is through
activation of extracellular signal-regulated kinase (ERK), a key
transducer of extracellular signals that promote cell growth
and movement, which are critical for the initiation and
progression of vascular lesions [13]. Activation of ERK is
among the earliest of biochemical changes detected after
arterial injury [14]. Activation of ERK has also been observed in
atherosclerotic lesions from cholesterol-fed rabbits [15]. ERK
transmits mitogenic signals by translocation to the nucleus
where many of its substrates, including transcription factors,
Egr-1, c-Fos and Elk-1 are activated [16-18]. Since Egr-1 induces
the expression of multiple genes implicated in pathogenesis of
atherosclerosis and restenosis after angioplasty [11,12,19],
indicating that blocking of ERK/Egr-1 signaling pathway might
be an important therapeutic strategy in reducing the incidence
of restenosis after angioplasty.

The inability to limit neointimal development in humans
likely relates to its complex nature, which involves inflam-
matory cells and their mediators, angiogenesis, and SMC
growth and migration. Therefore, more interventional
approaches must be considered for the management of
human neointimal formation. Berberine is a well-known
component of the Chinese herb medicine Huanglian (Coptis
chinensis), and has a varied pharmacological properties,
including antibiotic, anti-tumor, and anti-motility [20,21].
Extracts of berberine-containing plants have been used for
many centuries in the treatment of diarrhea, probably
through inhibition of mucosal chloride secretion. Recently,
berberine was shown to be a promising new lipid-lowering
drug that effectively reduced serum low-density lipoprotein
(LDL) cholesterol levels in both hamsters and human
patients [20]. A report from Ko et al. demonstrated that
berberine has vasorelaxant and anti-proliferative effects on
vascular SMCs [21]. In addition, Jantova et al. had disclosed
that berberine could cause G1/0 arrest in cancer cell lines
[22]. Recently, Lee et al. reported that berberine could inhibit

SMC growth and inhibit Akt activation after angiotensin II
stimulation [23]. However, activation of ERK is among the
earliest of biochemical changes detected after arterial injury
and is strongly related with subsequent early response
transcription factors and growth factors expression [14,24].
Up to date, little is known about the cellular and molecular
mechanisms of berberine-mediated anti-proliferative effects
in vascular cells after mechanical injury and no work has
been done to investigate the effect of berberine on the MEK/
ERK pathway and the subsequent transcription factor and
growth factor changes. In this study, we attempted to
explore the possible anti-proliferative effect of berberine
on vascular SMCs after mechanical injury and its molecular
events. Herein, we show that berberine potently inhibited
serum-stimulated SMC proliferation and prevented the
regrowth of SMCs after mechanic injury in vitro. Such
regrowth inhibition was accompanied by reduced transcrip-
tional activation of Egr-1 and c-Fos through an MEK/ERK-
dependent pathway. Our study clearly establishes a role for
berberine in limiting vascular SMC regrowth in vitro and
provides a basis for further studies of this bioactive agent
in vivo.

2. Methods
2.1. Materials

The berberine (Fig. 1), DAPI (4,6-diamindino-2-phenylindole),
type I elastase and collagenase were purchased from Sigma
(St. Louis, MO). Anti-Egr-1, anti-c-Fos, anti-phospho-ERK, and
anti-a-actin were purchased from Santa Cruz (Santa Cruz, CA).
Anti-ERK antibody was obtained from CalBiochem (San Diego,
CA). Anti-Cyclin D1 antibody was purchased from BD Pharmin-
gen (Franklin Lakes, NJ). U0126, anti-MEK1/2 (mitogen-activated
protein kinase kinase), and anti-phospho-MEK1/2 antibody
were obtained from cell signaling (Beverly, MA).

2.2. Vascular smooth muscle cell culture

Rat aortic SMCs were isolated from thoracic aortas of 2-3-
month-old Sprague-Dawley rats as described elsewhere [25].
The identification of SMCs was confirmed by their morphology
and by detecting their immunoreactivity for smooth muscle
cell a-actin (Fig. 2). In addition, negative control with
endothelium CD31 staining was used to assure the purity of
the SMC culture in this study. In some of the experiments, cells
in about 80% confluency were rendered quiescent with 1% FBS
in DMEM for 24 h during pretreatment with berberine before
mechanical injury stimulation.

2.3. DAPI staining

Cells were incubated without or with berberine (100, 200 and
300 pM) for 48 h. After treatment, cells were rinsed twice with
PBS and fixed in 2% paraformaldehyde for 30 min, permea-
bilized with 0.1% Triton X-100/PBS for another 30 min at room
temperature, and then washed with PBS and incubated with
DAPI (1 pg/ml) at 37 °C for 20 min. Stained cells were visualized
using a fluorescence microscope.
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Fig. 1 - The chemical structure of berberine.

2.4. LDH assay

Lactate dehydrogenase (LDH) activity was assayed by an
enzymatic method (Roche Molecular Biochemicals, Basel,
Switzerland) in the culture medium and in cell lysates after
treatment with 1% Triton to assess the cytotoxic effect of
various concentrations of berberine (0, 50, 100, 200, 300, and
400 pM). Results are expressed as the percentage of LDH
leakage, which was calculated as LDH in the media divided by
LDH in the media plus cell-contained LDH [26].

2.5.  Cell proliferation assay

Cell proliferation was determined by direct cell counting and
up-take of [PH]thymidine. SMCs were cultured in 12-well
plates at a density of 1 x 10°cells/well for 24h and then
incubated with various concentrations of berberine (25, 50,
100, 200, 300 pM) for indicated time periods. Cells were
trypsinized and cell numbers were determined by trypan blue
dye exclusion method using hemocytometer. For [*H]thymi-
dine incorporation assay, after drug treatment, SMCs were
incubated in medium containing [*H]thymidine (1 wCi/well)

Fig. 2 - Identification of rat aortic SMCs. Rat aortic SMCs
were isolated and stained with a specific anti-SMC «-actin
primary antibody, and then followed by fluorescence
conjugated secondary antibody. Magnification: 400x.

for 6 h before harvest. The cells were washed three times with
cold phosphate-buffered saline (PBS) to remove unincorpo-
rated label. The cells were then fixed with cold 5% trichlor-
oacetic acid and washed with cold absolute ethanol. Cells were
lysed with 0.1N NaOH at 37°C for 10 min. [*H]thymidine
incorporation into the DNA of SMCs was counted with a B-
scintillation counter (Packard). The data were obtained as
counts per minute per well and the anti-proliferative effect of
berberine was expressed as a percentage of the control.

2.6.  Cell cycle analysis

Cells were treated without or with berberine (120 pM) for 48 h,
and cell cycle distribution was analyzed using flow cytometry.
Briefly, 2 x 10° cells were trypsinized, washed with PBS, and
fixed in 80% ethanol. They were then washed with PBS,
incubated with 100 ng/ml RNase at 37 °C for 30 min, stained
with propidium iodide (50 pg/ml), and analyzed on a FACScan
flow cytometer. The percentage of cells in different phases of
the cell cycle was analyzed using Cell-FIT software (Becton
Dickinson Instruments).

2.7.  In vitro injury model

SMCs were grown to confluence in six-well plates, injury was
performed with a single scratch using a sterile pipette tip, and
cells were then incubated in the absence or presence of
various concentrations of berberine (10, 25, 50, 100, 200 pM).
The rate of wound closure was investigated and photographed
over 72 h period. For simulating balloon or stenting mechanic
injury in the in vitro model, cultured SMCs were injured with a
sterilized fork tips scraping 64 lines in a 100-mm culture dish.
Activation of cell signal molecules, transcriptional factors or
their downstream targets were evaluated by collecting cell
lysates at a designated time frame post-injury.

2.8. Protein preparation and Western blot analysis

Equal amounts of protein samples were separated by SDS-PAGE
gel and blotted onto PVDF membrane (Osmonics). The
membranes were blocked with Tris-buffered saline with 0.1%
Tween-20 and 5% non-fat dry milk at room temperature for 1 h.
Afterward, membranes were incubated at 4 °C with antibodies
raised against MEK1/2 (1:1000), phospho-MEK1/2 (1:1000), ERK1/
2 (1:1000), phospho-ERK1/2 (1:1000), Egr-1 (1:1000), c-Fos (1:1000)
or Cyclin D1 (1:800). SMC a-actin (1:1000) was used as an internal
loading control. Then, the blots were washed and incubated for
1h with horseradish peroxidase-labeled secondary antibody
(1:20000) (Amersham Phamacia, Buckinghamshire, England,
UK). Immunoreactive bands were visualized with a chemilu-
minescence kit (PerkinElmer Life Science, Wellesley, MA) and
quantified by densitometry.

2.9. Reverse transcriptase polymerase chain reaction
(RT-PCR)

Egr-1, c-Fos, PDGF-A, and Cyclin D1 mRNAs were analyzed by
semi-quantitative RT-PCR. Subconfluent SMCs were grown in
100-mm cell culture plates and treated with berberine (120 uM)
for 1 h (Egr-1 and c-Fos), or for 8 h (Cyclin D1 and PDGF-A). Total
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Table 1 - Primers for RT-PCR

Accession no.

Forward primer

Reverse primer

Egr-1 NMO007913 5'-GCA CCC AAC AGT GGC AAC-3'

c-Fos NMO022197 5'-TAG CAA CAT GGA GCT GAA GGC TGA-3'
Cyclin D1 NMO053056 5'-CAT CCG CAA ACA TGC ACA GAC CTT-%
PDGF-A L06894 5'-TTG GAG ACA AAC CTG AGA GCC CAT-3’
GAPDH X02231 5'-TAT GAC AAC TCC CTC AAG AT-3'

5'-GGG ATC ATG GGA ACC TGG-3'

5'-GCT TGG TGT GTT TCA CGC ACA GAT-3'
5'-TTT CTC TTC GCG GAT GCC ACT ACT-3'
5'-TGA CAT ACT CCA CTT TGG CCA CCT-3
5'-AGA TCC ACA ACG GAT ACA TT-3'

RNA was extracted by RNA-Bee™ RNA isolation kit (TEL-TEST,
Friendswood, TX). Two micrograms of total RNA was reverse-
transcribed using 1st-STRAND™ cDNA Synthesis Kit (Clontech,
Mountain View, CA) at 42°C for 3h as described in the
manufacturer’s protocol. Cycle-based PCR was used to semi-
quantitate Egr-1, c-Fos, PDGF-A, and Cyclin D1. Each PCR
reaction contained 1.5 mM MgCl,, 0.2 uM of each primer, Taq
DNA polymerase (Sigma), 5 mM dNTPs and 2 pl ¢cDNA. The
cDNA templates were amplified with strand-specific primers
for Egr-1, c-Fos, Cyclin D1, and PDGF-A, as listed in Table 1.
GAPDH was used as an internal loading control. The following
PCR reaction conditions were performed: denaturing cDNA at
95 °Cfor5 min and submitted to multiple cycles of amplification
(1 cycle: 94 °C, 1 min; 60 °C, 1 min; and 72 °C, 2 min) followed by
a final extension of 7 min at 72 °C in a Bio-Rad icycle (Bio-Rad).
For each combination of primers, the kinetics of PCR amplifica-
tion was studied. The number of cycles corresponding to the
plateau was determined. PCR was performed at an exponential
range. The amplified products were visualized under the
EverGene Image System. The expected sizes of the PCR products
for Egr-1, c-Fos, PDGF-A, Cyclin D1, and GAPDH were 348, 496,
301, 410, and 317 bp, respectively.

2.10.  Statistical analysis

All data are expressed as mean + S.D. Student’s unpaired t-
test was used to compare differences between two groups.
ANOVA was performed when more than two groups were
compared. The mean values of two groups were considered
significantly differentif p < 0.05, 'p < 0.01, p < 0.001. Figures
were obtained from at least three independent experiments
with similar patterns.

3. Results

3.1.  Inhibition of rat aortic SMC growth and DNA
synthesis by berberine

Rat aortic SMCs were grown in 10% FBS containing medium in
the absence or presence of various concentrations of berberine
(10-400 pM) for 48 h. As shown in Fig. 3A, treatment of SMCs
with high concentrations of berberine (400 pM) resulted in
rounding and detaching due to cellular toxicity. SMCs treated
with as low as 300 uM berberine never displayed any signs of
toxicity or apoptosis by morphological investigation (Fig. 3A),
nuclear DAPI staining (Fig. 3B), and LDH assay (Fig. 3C). Thus,
the highest concentration of berberine was set at 300 uM. The
effects of berberine on SMC DNA synthesis and cell growth
were investigated. As shown in Fig. 3D, berberine significantly
inhibited the serum-stimulated [*H]thymidine incorporation

in a concentration-dependent manner. In addition, the effect
of berberine on cell proliferation was measured by direct cell
counting after treatment with various concentrations of
berberine for 48 h. As depicted in Fig. 3E, administration of
berberine caused a concentration-dependent inhibitory effect
on serum-stimulated SMC growth. The 50% growth inhibition
concentration (ICsp) is 105 pM. Moreover, the inhibition of SMC
growth by berberine was related with a G1-phase arrest by cell
cycle analysis as revealed by flow cytometry in Fig. 3F.

3.2.  Berberine prevented SMC regrowth and migration
after mechanical injury

To determine whether berberine could inhibit SMC repair after
mechanical injury, we created a linear injury line at the center
of culture dish and treated them with various concentrations
of berberine. After 72 h of incubation to allow cell proliferation
and migration, the injured monolayers were fixed, and phase
contrast images were digitized for analysis. The relative area
of the wound, covered by proliferating and migrating cells, is
shown in Fig. 4A. Control cultures almost completely regrew
the entire denuded zone within 3 days. However, SMC
regrowth and migration from the wound edge was signifi-
cantly inhibited by berberine in a concentration-dependent
manner (Figs. 4A and B). Treatment with high concentration
(200 pM) berberine prevented additional growth even after 6
days (data not shown). Thus, as well as suppressing the
serum-induced cell proliferation, berberine could also inhibit
the repair response to injury in vitro.

3.3.  Mechanical injury-induced Egr-1 and c-Fos up-
regulation was MEK/ERK dependent

Previous reports indicated that transcription factors Egr-1 and
c-Fos play a key regulatory role in SMC proliferation and repair
following injury [27]. As shown in Fig. 5A, mechanical injured
SMCs caused a time-dependent induction of Egr-1 and c-Fos
proteins, being evident at 60 min, peaking at 90 min, and
declining thereafter. Determination of Egr-1 and c-Fos protein
induction was done by quantification of optical densities from
autoradiograms of three experiments. Results showed that
exposure of SMCs to mechanical injury produced seven- and
three-fold changes in Egr-1 and c-Fos protein levels at 90 min
post-injury, respectively.

Several studies reported that ERK-dependent expression of
Egr-1 and c-Fos in response to mechanical injury were
observed in both in vivo and in vitro cultured endothelial
cells and SMCs [24,27-30]. We therefore tested the effect of
mechanical injury on ERK phosphorylation and activation in
SMCs. ERK activation was measured using a phosphospecific
anti-ERK antibody, which specifically recognizes ERK after
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Fig. 3 - Berberine inhibited rat aortic SMC growth. Rat aortic SMCs were grown in 5% FBS, DMEM medium with
various concentrations of berberine for 2 days: (A) Cell morphology was microphotographed using an Olympus IX70
phase-contrast microscope. Magnification: 200x. (B) DAPI staining and (C) LDH assay were performed as described

in Section 2. (D) DNA synthesis was analyzed by [H]thymidine incorporation method. (E) Cell number was directly
counted by trypan blue dye exclusion method. Data shown in (C), (D) and (E), are presented as mean = S.D. of at least
nine replicates from three separate experiments. (F) Distribution of cell cycle with or without berberine treatment

by flow cytometry.
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Fig. 4 - Berberine inhibited SMC regrowth and migration after mechanical injury. SMCs were grown to 80% confluency. We
created a linear injury line at center of cultured monolayer by scraping with a sterile pipette tip. The cells were then
maintained in 1% FBS-DMEM with various concentrations of berberine for 3 days. (A) Cell morphology was
microphotographed. Magnification: 100x. (B) The closure of denuded area was calculated as described in Section 2.

catalytic activation by phosphorylation (Tyr204). As shown in
Fig. 5B, monolayer injury resulted in detectable increase in
phosphor-ERK by 5min, peaking at 10 min, and returning
nearly to baseline by 20 min. To define upstream signaling
events, we tested the possibility that MEK1/2 mediates the
activation of ERK by injury. Activation of MEK1/2 was detected
by immunoblotting using anti-phosphospecific MEK1/2 anti-
body. Activation of MEK1/2 was observed at 5min after

mechanical injury (Fig. 5B). For further confirmation that MEK
and ERK participated in the regulation of Egr-1 and c-Fos after
injury, pretreatment of rat aortic SMCs with U0126, a specific
cell-permeable inhibitor of MEK1/2, potently inhibited the
wound-induced MEK/ERK activation, as well as the expression
of Egr-1 and c-Fos (Fig. 5C). Neither wounding nor treatment
with U0126 resulted in any change in the level of total ERK
(Fig. 5B and C), suggesting that ERK activity in our model was
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Fig. 5 — Mechanical injury-stimulated Egr-1 and c-Fos
expression was MEK/ERK-dependent. SMCs were diffusely
injured with 64 lines of scraping by sterile fork tips. Cell
lysates were isolated: (A) the levels of Egr-1 and c-Fos

regulated by catalytic phosphorylation by MEK, rather than by
changes in total ERK protein expression. Pretreatment with
SB203580, a specific inhibitor of p38™4F kinase, did not affect
Egr-1 and c-Fos protein levels after injury (data not shown).
Consistent with previous reports from several other groups,
we confirmed that rapid activation and phosphorylation of
ERK mediated mechanical injury-induced Egr-1 and c-Fos up-
regulation in SMC.

3.4.  Berberine inhibited the phosphorylated activation of
MEK/ERK and sequentially reduced the expression of Egr-1, c-
Fos, Cyclin D1, and PDGF-A after mechanical injury

After identification that injury leads to rapid activation of
MEK/ERK-dependent Egr-1 and c-Fos expression pathway, we
undertook experiments to examine the effect of berberine on
endogenous expression of Egr-1 and c-Fos proteins, as well as
the activation of ERK; we exposed growth-quiescent SMCs to
berberine before injuring them with tip. Treatment with
120 uM berberine resulted in a significant reduction in MEK
and ERK activation at 10 min post-injury in SMCs (Fig. 6A).
Likewise, the expression of Egr-1 and c-Fos protein in SMCs
was markedly reduced in the presence of berberine at 90 min
post-injury (Fig. 6B). However, another early response gene
Ets-1 was not activated after injury and treatment with
berberine had no effect on its expression, either. Densito-
metric analysis showed that treatment with 120 pM berberine
caused a significant inhibition of injury-inducible Egr-1 and c-
Fos protein levels by 85 and 65%, respectively. Cyclin D1 is a
downstream molecule regulated by Egr-1 and is a key
molecule that controls the cell cycle entry from G1 to S phase.
Asindicated in Fig. 7A, the level of Cyclin D1 protein increased
significantly 16 h after injury. Treatment of SMCs with 120 uM
berberine could significantly reduce the injury-induced Cyclin
D1 protein level (Fig. 7A). For further confirming our finding,
we did RT-PCR to check the mRNA expression. As depicted in
Fig. 7B, treatment with 120 uM berberine significantly abol-
ished the injury-stimulated Egr-1 and c-Fos mRNA expression.
We next determined whether berberine could affect the mRNA
expression of Egr-1-dependent genes, Cyclin D1 and PDGF-A.
As shown in Fig. 7C, the expression levels of Cyclin D1 and
PDGF-A mRNA increased in SMCs 4 h after mechanical injury.
However, the injury-induced Cyclin D1 and PDGF-A up-
regulation was significantly inhibited by berberine in SMCs.

4, Discussion

Percutaneous coronary intervention (PCI) with balloon or
stenting angioplasty is an important and effective treatment

protein, and (B) the levels of ERK, phosphorylated ERK,
MEK, and phospho-MEK were detected by Western blot
analysis. (C) U0126 blocked injury-induced MEK/ERK
activation as well as Egr-1 and c-Fos expression. SMCs
were treated with a specific MEK inhibitor, U0126 (20 n.M)
30 min prior to mechanical injury. Cell lysates were
isolated; the levels of MEK/ERK, phosphor-MEK/ERK, Egr-1
and c-Fos were measured by Western blot analysis.
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Fig. 6 — Berberine blocked MEK/ERK activation, as well as
Egr-1 and c-Fos expression induced by injury. SMCs were
injured in the absence or in the presence of berberine
(120 pM): (A) 10 min post-injury, the levels of
phosphorylated MEK and ERK were determined; (B) 90 min
post-injury, the levels of Egr-1 and c-Fos proteins were
measured.

for symptomatic coronary artery disease. Its long-term
efficacy, however, is limited by restenosis. Over the past 3
years remarkable progress has been achieved with the
introduction of two kinds of drug eluting stents that were
approved by American Food and Drug Administration. One is
rapamycin (Sirolimus) [31] and the other is paclitaxel (Taxol)
[32] based. With the polymer-based slow releasing of the
therapeutic agents into the vessel wall, they shared common

characteristics in inhibiting the smooth muscle overgrowth
and migration after injury and could decrease neointimal
formation and restenosis. The current clinical trials showed
that the drug eluting stenting could achieve a 5-10% angio-
graphic restenosis rate in comparison with the 20-25% for
traditional bare metal stenting [31,32]. However, the scope of
clinically proven anti-restenosis agents is extremely limited,
and additional new compounds are needed. Berberine has
been used extensively in Orient to treat a variety of diseases. It
is reported to be effective in lowering blood glucose and low-
density lipoprotein cholesterol and inhibiting aldose reduc-
tase [20,33,34], as well as preventing SMC proliferation [21].
However, the precise mechanism involved in berberine-
mediated anti-proliferative effect in vascular cells has not
been well addressed. In this study, we found that *H-
thymidine incorporation and direct cell number counting in
SMCs were reduced by berberine treatment. In addition,
migration was also reduced by berberine in this in vitro
mechanical injury study. We have provided the first evidence
that berberine directly inhibited MEK/ERK activation in
vascular SMCs within minutes of injury, and blocked injury-
induced Egr-1, c-Fos, Cyclin D1 and PDGF-A expression, that
are crucialin the regulation of cell proliferation in SMCs. These
results imply that the initial signaling pathways leading to
such gene activation are compromised by berberine.

Cell proliferation and migration require de novo gene
transcription from transducing extracellular signals to the
nucleus, where multiple genes are regulated to participate in
lesion formation. It has been reported that mechanical injury
induces the activation of ERK, which transmits signals from
the cytosol to the nucleus. Potential nucleus targets of ERK
include the transcription factors ELK-1, Egr-1 and c-Fos, which
are known to regulate cellular growth, differentiation, and
migration [35-38]. Here we found that treatment of SMCs with
berberine reduced the levels of phosphorylated ERK stimu-
lated by injury, in the same concentration range that inhibited
DNA synthesis and regrowth. Recently, Kong et al. demon-
strated that berberine could rapidly and persistently activate
ERK in human hepatoma HepG2 cells, and this berberine-
mediated ERK activation was required for the stabilizing of
LDL receptor mRNA [20,39]. In mouse macrophage, berberine
induced IL-12 production and activation of p38MAF¥ [40]. The
apparent discrepancy between these studies (the effects of
berberine on ERK and p38MAFX activation) may be a cell type-
specific effect (SMCs versus hepatoma cells or macrophages,
rat versus human or mouse). In addition, different experi-
mental parameters and/or conditions used in these studies
could also explain the discrepancy in results.

Egr-1 and c-Fos are transcription factors belonging to a
class of immediate-early genes that are expressed in response
to growth and differentiation signals in a variety of cells and
species, including vascular SMCs. It has been reported that
Egr-1 or c-Fos gene expression is mediated through different
subgroups of mitogen-activated protein kinase (MAPKs),
including ERK, JNK, and p38MAPK pathways [41]. In our study,
treatment with U0126 (a MEK inhibitor) selectively blocked
ERK phosphorylated activation and inhibited the expression of
Egr-1 and c-Fos induced by mechanical injury, indicating that
injury-mediated Erg-1 and c-Fos up-regulation in rat aortic
SMCs was via a MEK/ERK-dependent pathway.
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Fig. 7 - (A) Berberine inhibited the expression of Cyclin D1 protein stimulated by injury. SMCs were treated without
or with mechanical injury in the absence or presence of berberine (120 M) for 16 h. After treatment, cell lysates

were isolated, the levels of Cyclin D1 protein was detected by Western blot analysis using anti-Cyclin D1 antibody.

(B) Berberine blocked the up-regulation of Egr-1 and c-Fos at a transcriptional level. (C) Berberine suppressed Cyclin D1
and PDGF-A expression at a transcriptional level. Total RNA was isolated 30 min post-mechanic injury for detection

of Egr-1/c-Fos or 4 h after injury for analysis of Cyclin D1 and PDGF-A. The levels of mRNA were determination by
RTPCR as described in Section 2. GAPDH used as an internal loading control.

Egr-lisexpressed atlow or undetectable levelsin the normal
rat artery wall [30]. However, it is dramatically induced
following balloon dilatation of the carotid artery [8] or on
denudation of arterial endothelium [7,42]. In injured vascular
cells, Egr-1 is rapidly activated and found to be involved in
profound chemotactic and mitogenic effects, which may
contribute to the structural remodeling that typically occurs
in the pathogenesis of vascular diseases [7,43]. Antisense
oligonucleotides or DNA enzymes targeting Egr-1 inhibited
SMC proliferation after mechanic injury in vitro [6,27,30,44].
These DNA enzymes also block Egr-1 induction and neointima
formation in a rat carotid angioplasty model [30] and after
stenting pig coronary arteries in vivo [6]. These findings indicate
that Egr-1 as a potential target gene for a therapeutic approach
to inhibit neointima formation after angioplasty. In the current
study, we showed that berberine could drastically inhibit
vascular SMC regrowth after injury and its suppressive effect

on Egr-1 and c-Fos expression could bring to light a new
potential compound that could help regulate the vascular SMC
over-growth after injury.

Egr-1 binding elements have been identified in the
promoter of several important genes, including MCP-1,
PDGF-A and B [7,9,10], and Cyclin D1 [11,12]. Although all
these factors may play a role in driving the early cellular
events leading to restenosis, it is generally accepted that PDGF,
appears to play an important role in neointimal proliferation
and development of restenosis [45]. The association between
PDGF and vascular SMC proliferation has been demonstrated
in animal experiments in which the increasing levels of PDGF
after arterial injury correlated with neointimal cellular
proliferation [45]. Besides stimulating cell growth, PDGF also
can induce migration in SMCs, as PDGF is the strongest
reported chemoattractant for vascular SMCs [46]. In this
study, we found that mechanical injury stimulates PDGF-A
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expression in SMCs via a MEK/ERK-dependent Egr-1 pathway.
Treatment with berberine drastically abolished this injury-
stimulated PDGF-A gene expression in SMCs. Moreover,
exposure to berberine also reduced the levels of Cyclin D1,
which is a positive regulator of cell cycle G1 phase.

Recently, Lee et al. reported similar observation that
berberine could inhibit vascular smooth muscle cell growth
and migration after angiotensin II or heparin binding
epidermal growth factor stimulation [23]. They showed the
inhibitory effect of berberine was via decreasing Akt phos-
phorylation in vitro; however, the study did not confirm the
Akt activation or the inhibition of Akt by the berberine in the
balloon injury model. Nor did they explain the contradictory
late re-activation of Akt in the berberine pretreated SMC
experiment. Our study did disclose the rapid MEK/ERK
activation and the inhibitory effect of berberine on this
pathway in the in vitro injury model. Further animal studies to
confirm this finding is indicated in the future.

Concerning the stronginhibitory effect of berberine on SMC
growth, this effect related to the high concentrations of
berberine treatment (>10 pM). This raises the question of
whether the observed strong anti-proliferative effect of
berberine at higher concentrations is exact and of value in
vivo. Further animal and clinical studies may help to elucidate
this question. A previous study also demonstrated that
berberine significantly inhibited proliferation of cultured rat
aortic smooth muscle with concentrations between 10 and
100 pM [21]. In our study, we observed that berberine inhibited
regrowth and migration after injury at a lower dosage than just
suppressing growth without a preceded injury. The possible
explanation is that berberine not only inhibited the transcrip-
tion factors that are related with growth but also suppressed
other pathways that are related with migration. However, this
part needs further study. The cellular and molecular mechan-
isms of anti-proliferative effect of berberine in SMC are still
large unknown, but its elucidation will most probably pave the
way for treatment of restenosis using this drug. In the current
study, we have postulated that at least one mechanism by
which berberine inhibits vascular SMC regrowth following
mechanical injury is through the inactivation of MEK/ERK and
inhibition of Egr-1 and c-Fos expression. Other possible
mechanisms, including the down-regulation of ERK-indepen-
dent cell cycle molecules or the induction of apoptosis, were
not examined in this study. However, we found that berberine
could induce apoptosis in SMC at the concentration higher
than 300 pM.

In conclusion, our findings have provided the first evidence
that a pure compound berberine from traditional Chinese
herbal medicine, Huanglian, could have inhibitory effect on
SMC regrowth in an in vitro injury model. The suppressive
effect may be explained by the observed decrease in the
expression levels of MEK/ERK-dependent transcription factors
Egr-1 and c-Fos, which are related with growth factor
activation and cell cycle re-entry. We then confirmed its
inhibitory effect on Cyclin D1 and PDGF-A (downstream
molecules regulated by Egr-1 or c-Fos). These observations
suggest that berberine may be potentially useful in therapeutic
efforts to control SMC growth in the injured artery wall;
however, the results reported here should be assessed further
in animal studies.
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