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(�)-Epigallocatechin Gallate Suppresses Proliferation of Vascular
Smooth Muscle Cells Induced by High Glucose by Inhibition of PKC
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ABSTRACT: Proliferation of vascular smooth muscle cells (VSMCs) plays an important role in the development and progression
of diabetes-related vascular complications. (�)-Epigallocatechin gallate (EGCG), the major catechin derived from green tea, is able
to exert antidiabetes effects in animal models. However, it is not known whether or not EGCG inhibits VSMC proliferation induced
by high glucose. This study tested the hypothesis that EGCGmight have an inhibitory effect on VSMC proliferation induced by high
glucose. VSMC proliferation was determined by [3H]-thymidine incorporation and uptake of 3-(4,5-dimethylthiazol-2-yl)-
diphenyltetrazolium bromide (MTT). Extracellular signal-regulated kinase (ERK) 1/2 phosphorylation was determined by
immunoblotting, and ERK 1/2 activity was detected by measuring the ability to phosphorylate its substrate Elk-1. Glucose
increased VSMC proliferation in a concentration-dependent manner, which was reduced in the presence of EGCG. VSMC
proliferation mediated by high glucose (30 mM) was involved in protein kinase C (PKC) and ERK1/2 signalings, because its effect
was blocked by PKC inhibitor (PKC inhibitor 19�31) and ERK1/2 inhibitor (PD98059). Pretreatment of VSMCs with EGCG
significantly inhibited the stimulatory effect of high glucose on PKC and ERK1/2 activation, followed by attenuation of its
downstream transcription factor Elk-1 phosphorylation. Taken together, these results suggest that EGCG could suppress VSMC
proliferation induced by high glucose by inhibition of PKC and ERK1/2 signalings in VSMCs, which indicates that EGCGmight be
a possible medicine to reduce vascular complications in diabetes.
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’ INTRODUCTION

The prevalence of diabetes has increased dramatically world-
wide. Diabetes is associated with increased incidence of athero-
sclerotic disease, which is the major cause of morbidity and
mortality in people with diabetes. Hyperglycemia is a key clinical
manifestation in diabetic patients and is believed to be one of the
major causes of diabetes-associated vascular complications such
as atherosclerosis and restenosis.1,2 Vascular smooth muscle cells
(VSMCs) are a major constituent of blood vessel walls respon-
sible for the maintenance of vascular tone. It is recognized that
the proliferation of VSMCs is a key event in the formation of
atherosclerotic lesions. High glucose increases the proliferation
of VSMCs;3,4 accelerated VSMC proliferation and accumulation
in atherosclerotic lesions has also been observed in diabetic
animal models,5,6 suggesting that abnormal VSMC proliferation
plays an important role in the progression of diabetes-associated
vascular complications.

Numerous studies have focused on natural products derived
from plant resources, which display potent therapeutic effect and
have been extensively utilized in the treatment of vascular
disorders such as atherosclerosis. Teas, produced from the leaves
of the plant Camellia sinensis, are widely consumed beverages
throughout the world. Among the consumed teas, green tea is the
best studied for health benefits. Green tea containsmany biologically
active polyphenolicflavonoid, commonly knownas tea polyphenols.7

The major components of tea polyphenols are the catechins,
a family that includes (�)-epicatechin, (�)-epigallocatechin,

(�)-epicatechin-3-gallate, and (�)- epigallocatechin-3-gallate
(EGCG). As the principal constituent, EGCG is a major bioactive
polyphenol present in green tea and has received attention as a
prospective dietary intervention in cardiovascular diseases.8,9

In recent years, studies have paid more attention to the
benefits of EGCG in diabetes and its complications. EGCG, as
a natural dietary supplement with a potent antidiabetes property,
delays the onset of type 1 diabetes in spontaneous nonobese
diabetic mice, reduces the increase of blood glucose levels and
ameliorates the decrease of islet mass induced by low doses of
streptozotocin.10,11 Additionally, experimental studies have also
confirmed that EGCG alleviates the development of diabetic
nephropathy and attenuates insulin signaling and expressions of
pro-inflammatory cytokines induced by high glucose.12�14 To
determine if EGCG has an inhibitory effect on VSMC prolifera-
tion induced by high glucose, we studied the effect of EGCG or
vehicle on VSMC proliferation in a high-glucosemedium. EGCG
reduced proliferation of A10 cells induced by high glucose, via
inhibition of PKC, ERK1/2, and nuclear transcription factor Elk-1.
Our results put forward the possibility that EGCG is a potential
natural inhibitor of abnormal proliferation of VSMCs under
high-glucose circumstances.
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’MATERIALS AND METHODS

Cell Culture. Embryonic thoracic aortic smooth muscle cells15,16

(passage 10�20) from normotensive Berlin-Druckrey IX (A10; CRL
1476, American Type Culture Collection, Manassas, VA) were
cultured at 37 �C in a 95% air/5% CO2 atmosphere in Dulbecco’s
modified eagle medium (DMEM). The confluent VSMCs were
incubated for 24 h in serum-free DMEM and then were exposed to
normal glucose (5.5 mM) or high glucose (30 mM) for the indicated
times; VSMCs were pretreated with EGCG for 30 min prior to the
treatment of glucose.
[3H]-Thymidine Incorporation. Cell proliferation was deter-

mined by measuring the incorporation of [3H]-thymidine into DNA
of cells cultured in 24-well plates.17,18 After induction of quiescence, the
cells were stimulated with high glucose (30 mM) or normal glucose
concentration (5.5 mM) in the presence or absence of EGCG for the
indicated times. Thereafter, [3H]-thymidine (1 μCi/mL) was added to
the growth medium of each well 6 h prior to the measurements. At the
end of incubation, the medium was removed and the cells were treated
with 0.25 mL of 0.05% trypsin�0.53 mmol/L EDTA for 5 min and
diluted to 10 mL with a balanced electrolyte solution. The cells were
then treated with 10% trichloroacetic acid to precipitate acid-insoluble
materials from which the DNA was extracted with 0.1 N NaOH. The
DNA was collected on a Whatman GF/B filter and washed twice with
5 mL of ice-cold PBS. The filter was then cut and shaken in 3.5 mL of
scintillation fluid for 24 h before counting in a liquid scintillation counter
(Beckman LS6500). Data are presented as [3H]-thymidine uptake per
microgram of protein. The protein refers to the total protein of the cell
sample.
MTT Assay. The number of viable cells in each well was also

estimated by the uptake of the tetrazolium salt, 3-(4,5-dimethylthiazol-2-
yl)-diphenyltetrazolium bromide (MTT). MTT, selectively taken up by
mitochondria, is converted to a dark-blue product by living, but not by
dead, cells. After the induction of quiescence in 96-well plastic culture
dishes at the density of 1� 103 cells/well, the cells were incubated with
the indicated drugs for 24 h. Subsequently, 20 μL of MTT (2.5 g/L) was
added to each well, and the incubation was continued for an additional
4 h at 37 �C. Thereafter, 150 μL of DMSO was added to each well, and
an absorbance at 490 nm was read on a microplate reader (model 680,
Bio-Rad).19,20

Immunoblotting. A10 cells were treated with vehicle (dH2O),
high glucose, and/or EGCG at the indicated concentrations and times.
The cells were lysed in a lysis buffer, sonicated, placed on ice for 1 h, and
centrifuged at 16000g for 30 min. The supernatants were stored
at �70 �C until use. After the protein concentrations had been
measured, the supernatants were mixed with Laemmli sample buffer,
boiled for 5 min, subjected to electrophoresis, and then transferred
electrophoretically onto nitrocellulose membranes. The transblots were
blocked overnight with 5% nonfat dry milk in PBS-T buffer (0.05%
Tween 20 in 10 mM phosphate-buffered saline) at 4 �C with constant
shaking and then incubated with the ERK1/2 (1:1000) or phosphory-
lated ERK1/2 antibody (1:1000) in 5% nonfat dry milk in PBS-T buffer
for 1 h at room temperature. The primary antibody binding was then
probed by a peroxidase-labeled goat anti-rabbit IgG antiserum. The
signal was detected using chemiluminescence and developed on X-ray
film. The density of the bands was quantified by densitometry using
Quantiscan, as reported previously.21,22

ERK1/2 Activity Assay. To evaluate ERK1/2 activity, we mea-
sured the ability of ERK1/2 to phosphorylate its substrate Elk-1 by using
a commercially available kit (ERK1/2 Assay Kit; Cell Signaling Tech-
nology, Beverly, MA).23 Briefly, quiescent VSMCs were preincubated
for 30 min with various concentrations of EGCG and then stimulated
with high glucose (30 mM) for 10 min. Cells were lysed in ice-cold lysis
buffer (20 mmol/L Tris-HCl, pH 7.4; 2 mmol/L EDTA, pH 8.0;

2 mmol/L EGTA; 100 mmol/L NaCl; 10 μg/mL leupeptin; 10 μg/mL
aprotinin; 2 mmol/L phenylmethanesulfonyl fluoride; 1% NP-40). Cell
lysates were immunoprecipitated with immobilized phospho-ERK1/2
(Thr202/Tyr204) monoclonal antibody, and then an in vitro kinase
assay was performed using Elk-1 protein as substrate peptide. Phos-
phorylated Elk-1 was then detected by immunoblotting using phospho-
Elk-1 (Ser383) antibody.
Materials. Antibodies (ERK1/2 and phospho-ERK1/2) were rabbit

anti-rat antibodies and purchased from Cell Signaling Technology.
EGCG, MTT, PKC activator phorbol 12-myristate13-acetate (PMA),
ERK1/2 inhibitor PD 98059, and PKC inhibitor peptide 19�31 were
from Sigma (St. Louis, MO). [3H]-thymidine was from Atomic Energy
Research Establishment of China (Beijing, China). All other chemicals
for various buffers were of the highest purity available and purchased
from Sigma or Gibco (Gibco, Grand Island, NY).
Statistical Analysis. The data are expressed as the mean ( SEM.

Comparison within groups wasmade by ANOVA for repeatedmeasures,
and comparison among groups was made by ANOVA with Duncan’s
test. A value of P < 0.05 was considered to be significant.

’RESULTS

Effect of High Glucose on the Proliferation of VSMCs. To
determine the effect of high glucose on the proliferation of
VSMCs, A10 cells were treated with glucose at various concen-
trations (15, 30, and 50 mM) for 24 h. Glucose increased
proliferation of VSMCs in a concentration-dependent manner
(Figure 1A). To exclude the possible role of osmolarity in the
proliferation of VSMCs mediated by glucose, we treated the
VSMCs with D-mannitol and L-glucose (30 mM); neither D-
mannitol nor L-glucose had any effect on VSMC proliferation
(Figure 1B).
Inhibitory Effect of EGCG on Proliferation of VSMCs

Mediated by High Glucose. To investigate whether EGCG
inhibits the proliferation of VSMCs induced by high glucose, A10
cells were incubated with high glucose (30 mM) and/or EGCG
for 24 h. EGCG had a tendency to reduce proliferation of
VSMCs. The significance was found in 30 and 50 μM concen-
tration (Figure 2A). Although EGCG at 10 μM concentration
had no effect on VSMC proliferation, it significantly reduced
VSMC proliferation induced by high glucose, and the inhibitory
effect of EGCGonVSMCproliferationmediated by high glucose
was in a concentration-dependent manner (Figure 2B). As
compared with the inhibitory effect in Figure 2A, EGCG at 30
and 50 μM concentration further decreased VSMC proliferation
induced by high glucose (Figure 2B). The inhibitory effect of
EGCG, determined by [3H]-thymidine incorporation, was con-
firmed by MTT method (Figure 2C).
Role of PKC on the Effect of EGCG on VSMC Proliferation

Induced byHighGlucose.The role of PKC on the effect of high
glucose-induced VSMC proliferation was examined, and it was
found that PKC inhibitor peptide 19�31 (10�6M), by itself, had
no effect, but inhibited the stimulatory effect of high glucose
(30 mM) on the proliferation of VSMCs (Figure 3A). To further
confirm the stimulatory effect of PKC on VSMC proliferation,
A10 cells were treated with PKC activator, PMA. PMA increased
VSMC proliferation in a concentration-dependent manner
(10�8�10�6 M) (Figure 3B). As with the inhibitory effect of
EGCG on VSMC proliferation induced by high glucose, EGCG
also inhibited proliferation of VSMCs induced by PMA
(Figure 3C).
Role of ERK1/2 on the Effect of EGCG on VSMC Prolifera-

tion Induced by High Glucose. The role of ERK1/2 on the
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effect of VSMC proliferation induced by high glucose was
examined; it was found that PD98059 (10�5 M), an ERK1/2
inhibitor, by itself had no effect, but inhibited the stimulatory
effect of high glucose (30 mM) on the proliferation of VSMCs
(Figure 4A). High glucose increased ERK1/2 phosphorylation,
which was evident at 5 min, reached peak value at 10 min, and
recovered to normal level at 40 min (Figure 4B). EGCG reduced
the stimulatory effect of high glucose (30 mM/10 min) on
ERK1/2 phosphorylation in a concentration-dependent manner
(10�50 μM) (Figure 4C).
Activated ERK1/2 has been shown to phosphorylate cytosolic

proteins or translocate those proteins to the nucleus to phos-
phorylate transcription factors and thereby activate gene expres-
sion of cell-related proteins and regulate cell growth and
differentiation.24 Transcription factor Elk-1 phosphorylation
induced by high glucose was also tested by immunoblotting.
The level of Elk-1 phosphorylation was increased by high glucose
(30 mM) stimulation for 10 min. However, in the presence of
EGCG, the stimulatory effect of high glucose on phosphoryaltion
of Elk-1 was reduced (Figure 4D).

Figure 1. Effect of high glucose, D-mannitol, or L-glucose on prolifera-
tion of VSMCs. (A) Effect of high glucose on proliferation of VSMCs.
A10 cells were treated with high glucose (15�50 mM) for 24 h, and
VSMC proliferation was determined by [3H]-thymidine incorporation.
Results are expressed as cpm/μg protein (n = 5; /,P < 0.05 vs control,
ANOVA, Duncan’s test). (B) Effect of high glucose, D-mannitol, or L-
glucose on proliferation of VSMCs. A10 cells were treated with high
glucose (30 mM), D-mannitol (30 mM), or L-glucose (30 mM) for 24 h,
and VSMC proliferation was determined by [3H]-thymidine incorpora-
tion. Results are expressed as cpm/μg protein (n = 5; /, P < 0.05 vs
control, ANOVA, Duncan’s test).

Figure 2. Effect of EGCG on proliferation of VSMCs induced by
high glucose. (A) Effect of EGCG on the proliferation of VSMCs.
A10 cells were treated with EGCG (10�50 μM) for 24 h. VSMC
proliferation was determined by [3H]-thymidine incorporation.
Results are expressed as cpm/μg protein (n = 8; /, P < 0.05 vs
control, ANOVA, Duncan’s test). (B_ Effect of EGCG on prolifera-
tion of VSMCs induced by high glucose. A10 cells were treated with
high glucose (HG, 30 mM) with or without EGCG (10�50 μM)
treatment for 24 h. VSMC proliferation was determined by [3H]-
thymidine incorporation. Results are expressed as cpm/μg protein
(n = 4; /, P < 0.05 vs control; #, P < 0.05 vs high glucose alone,
ANOVA, Duncan’s test). (C) Effect of EGCG on proliferation of
VSMCs induced by high glucose. A10 cells were treated with high
glucose (HG, 30 mM) with or without EGCG (10�50 μM)
treatment for 24 h. Results are expressed as MTT optical density
(n = 6; /, P < 0.01 vs control; #, P < 0.05 vs high glucose alone,
ANOVA, Duncan’s test).
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’DISCUSSION

Vascular complications are the most common complications
in diabetes, and chronic hyperglycemia seems to be an important
factor in this process. Accumulating evidence has demonstrated
that persistent hyperglycemia could lead to the accelerated
VSMC growth and cell cycle progression, which are believed
to play a central role in the development of atherosclerosis.3�6,25

Similar to other studies,3,4 we confirmed the stimulatory
effect of high glucose on VSMC proliferation in the present
study (Figure 1). How to inhibit abnormal VSMC prolifera-
tion induced by high glucose is an important issue to prevent
cardiovascular complications and to improve vascular injury
in patients with diabetes.

In recent years, phytochemicals have offered promising new
options for the development of more effective therapeutic strategies
for cardiovascular diseases and diabetes. Several flavonoids, includ-
ing green tea catechins, which are ubiquitously present in foods of
plant origin, are believed to play important roles in the cardio-
vascular system.8,9,26 Epidemiological studies have suggested that
consumption of green tea might prevent the incidence of various
cardiovascular diseases, including atherosclerosis.27 EGCG, the
major constituent found in green tea leaves, is known to exert a
variety of cardiovascular beneficial effects. EGCG increases the
antioxidant capacity in local vascular tissue and systemic circula-
tion, reduces progressive atherosclerotic lesions in the apolipo-
protein E-null mice, restrains invasive activity of cultured human
VSMC, represses VSMC adhesion and migration in rat, and
inhibits angiotensin II-stimulated VSMC proliferation.28�31

Furthermore, the protective effects of EGCG in diabetes also
are evident. In vitro and in vivo studies show evidence that
treatment with EGCG ameliorates vascular reactivity in diabetic
rats, improves the survival rate of isolated islets, reduces the loss
of functional islet mass, alleviates diabetic nephropathy, and
enhances glucose tolerance in diabetic rodents.12,32�34 In vitro
studies show that EGCG attenuates some high glucose-induced
harmful effects, such as the down-regulation of the cardiac gap
junction, insulin signaling blockade, embryonic vasculopathy,
and expression of pro-inflammatory cytokines.13,14,35,36 Our
present study shows that high glucose increases VSMC prolifera-
tion. However, in the presence of EGCG, the VSMC prolifera-
tion induced by high glucose is inhibited (Figure 2B,C). It should
be noted that the direct inhibitory effect of EGCG is evident
only at 30 and 50 μM concentrations; at lower concentration,
EGCG has no effect on basal VSMC proliferation, but the
inhibitory effect on VSMC proliferation induced by high glucose
is remarkable.

In the control cells, we used a glucose concentration of 5 mM,
which is within the normal blood glucose concentration in humans.
Whereas we agree that a 30 mM glucose concentration is higher
than the usual nonfasting glucose level in diabetic patients, this
could be the glucose concentration in some uncontrolled diabetic
patients. Moreover, this relatively high glucose concentration is
used in many published papers, for example, 20�30 mM for
vascular smooth muscle cells,37�40 20�40 mM for endothelial
cells,41,42 30 mM for cardiomyocytes and hepatocytes,43,44 and
even higher levels, >100 mM, for peritoneal mesothelial cells.45

Although EGCG has been reported to have a potent anti-
diabetes property,10,11 the plasma concentrations of EGCG were
not published in those papers. Pharmacokinetic studies in humans
indicate that the peak plasma concentration after a single oral
dose of EGCG is <1.0 μM, although tissue concentrations may

Figure 3. Role of PKC on the inhibitory effect of EGCG on
proliferation of VSMCs induced by high glucose. (A) Role of PKC
on the effect of VSMC proliferation induced by high-glucose. A10
cells were treated with high glucose (HG, 30 mM) for 24 h in the
presence of PKC inhibitor (PKC inhibitor peptide 19�31; 10�6 M,
PKCI). VSMC proliferation was determined by [3H]-thymidine
incorporation, and results are expressed as cpm/μg protein (n = 4;
/, P < 0.05 vs others, ANOVA, Duncan’s test). (B) Effect of PKC on
the proliferation of VSMCs. A10 cells were treated with PKC
activator, PMA (10�8�10�6 M) for 24 h. VSMC proliferation was
determined by [3H]-thymidine incorporation. Results are expressed
as cpm/μg protein (n = 6; /, P < 0.05 vs control, ANOVA, Duncan’s
test). (C) Effect of EGCG on proliferation of VSMCs induced by
PMA. A10 cells were treated with PMA (10�6 M) with or without
EGCG (10�50 μM) treatment for 24 h. VSMC proliferation was
determined by [3H]-thymidine incorporation. Results are expressed
as cpm/μg protein (n = 3; /, P < 0.01 vs control; #, P < 0.05 vs high
glucose alone, ANOVA, Duncan’s test).
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bemuch higher than systemic concentrations.46,47 In rodents, the
tissue concentration of EGCG in the lung can be 3 times that of
the plasma.48 Ingestion of 1200mg of EGCG resulted in a plasma
concentration of 5.6 μM,49 which could result in a lung con-
centration of 16.8 μM.Whether or not higher concentrations can
be achieved remains to be determined. In a concentration
response study, we found that 30 and 50 μM EGCG inhibited
the proliferative effect of high glucose. The concentrations of

EGCG in most published papers are within this range, for
example, 20 and 50 μM in a proliferation study in VSMCs,31

10�50 μM in a hypertrophy study in VSMCs,50 and two
signaling study.51,52 Some studies have used even higher con-
centration, >100 μM.53,54

PKC and ERK are two key regulatory kinases involved in
the regulation of cellular proliferation. There is evidence that
the PKC-ERK1/2 pathway is involved in the pathogenesis of

Figure 4. Role of ERK1/2 or Elk-1 on the inhibitory effect of EGCG on proliferation of VSMCs induced by high glucose. (A) Role of ERK1/2 on the
effect of VSMC proliferation induced by high glucose. A10 cells were treated with high glucose (HG, 30 mM) for 24 h in the presence of ERK1/2
inhibitor, PD98059 (PD, 10�5M). VSMC proliferation was determined by [3H]-thymidine incorporation. Results are expressed as cpm/μg protein (n =
4; /. P < 0.05 vs others, ANOVA, Duncan’s test). (B) Effect of high glucose on the ERK1/2 phosphorylation in A10 cells. A10 cells were treated with high
glucose (30mM) for different periods (5�60min). ERK1/2 and ERK1/2 phosphorylations were determined by immunoblotting. Results are expressed
as the ratio of ERK1/2 phosphorylation and ERK1/2 expression (n = 3; /, P < 0.05 vs control, ANOVA, Duncan’s test). (C) Effect of EGCG on the
stimulatory effect of high glucose on ERK1/2 phosphorylation in A10 cells. A10 cells were treated with high glucose (HG, 30 mM) for 10 min with or
without the presence of EGCG (10�50 μM). ERK1/2 and ERK1/2 phosphorylations were determined by immunoblotting. Results are expressed as the
ratio of ERK1/2 phosphorylation and ERK1/2 expression (n = 4; /, P < 0.05 vs control; #, P < 0.05 vs high glucose alone, ANOVA, Duncan’s test). (D)
Effect of EGCG on the stimulatory effect of high glucose on Elk-1 phosphorylation in A10 cells. A10 cells were treated with high glucose (HG, 30 mM)
for 10 min with or without the presence of EGCG (10�50 μM). Elk-1 phosphorylation was determined by immunoblotting. Results are expressed as
percent changes of control (n = 3; /, P < 0.01 vs control; #, P < 0.05 vs high glucose alone, ANOVA, Duncan’s test).
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complications in diabetes. For example, PKC inhibitors attenuate
a number of vascular abnormalities associated with diabetes in
animal models.55,56 ERK1/2, activated by glucose, takes part in
stimulation of rat vascular chymase activation, increasing angio-
tensin II and reactive oxygen species production.57,58 Moreover,
similar to our findings, there is evidence showing that high
glucose stimulates VSMC proliferation via PKC-ERK1/2 path-
way. Due to the importance of PKC-ERK1/2 pathway in the
proliferation of VSMCs, we hypothesize that the inhibitory effect
of EGCG on VSMC proliferation might be via interaction with
those signalings. In the present study, we found that, in the
presence of EGCG, the stimulatory effects of high glucose on
ERK1/2 and Elk-1 phosphorylations are reduced (Figure 4C,D).
As a nuclear transcription factor, Elk-1 phosphorylation will
trigger a lot of nuclear transcription factor, such as NF-kB, and
increase VSMC proliferation.59 Therefore, reduced ERK1/2 and
Elk-1 phosphorylation by EGCG leads to inhibition of VSMC
proliferation induced by high glucose.

In summary, our study has identified for the first time that EGCG
inhibits proliferation of VSMCs induced by high glucose through
the inhibitory effect on PKC-ERK1/2 signal pathway activated by
high glucose (Figure 5), which indicates that EGCG might be a
possible medicine to reduce vascular complication in diabetes.
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