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A cumulative evidence indicates that consumption of tea catechin, flavan-3-ol derived from green
tea leaves, lowers the risk of cardiovascular diseases. However, a precise mechanism for this
cardiovascular action has not yet been fully understood. In the present study, we investigated the effects
of different green tea catechins, such as epigallocatechin-3 gallate (EGCG), epigallocatechin (EGC),
epicatechin-3 gallate (ECG), and epicatechin (EC), on angiotensin II (Ang II)-induced hypertrophy in
primary cultured rat aortic vascular smooth muscle cell (VSMC). [’H]-leucine incorporation was used
to assess VSMC hypertrophy, protein kinase assay, and western blot analysis were used to assess
mitogen-activated protein kinase (MAPK) activity, and RT-PCR was used to assess c-jun or c-fos
transcription. Ang II increased [’H]-leucine incorporation into VSMC. However, EGCG and ECG, but
not EGC or EC, inhibited [*H]-leucine incorporation increased by Ang II. Ang II increased phos-
phorylation of ¢-Jun, extracellular-signal regulated kinase (ERK) 1/2 and p38 MAPK in VSMC, however,
EGCG and ECG , but not EGC or EC, attenuated c-Jun phosphorylation increased by Ang II. ERK 1/2
and p38 MAPK phosphorylation induced by Ang Il were not affected by any catechins. Ang IT increased
cjun and c-fos mRNA expression in VSMC, however, EGCG inhibited c-jun but not c-fos mRNA
expression induced by Ang I1. ECG, EGC and EC did not affect c-jun or c-fos mRNA expression induced
by Ang II. Our findings indicate that the galloyl group in the position 3 of the catechin structure of
EGCG or ECG is essential for inhibiting VSMC hypertrophy induced by Ang II via the specific inhibition
of JNK signaling pathway, which may explain the beneficial effects of green tea catechin on the

pathogenesis of cardiovascular diseases observed in several epidemiological studies.

Key Words: Angiotensin II, VSMC, Hypertrophy, Catechin, JNK

INTRODUCTION

Growth (hypertrophy and hyperplasia) of vascular
smooth muscle cell (VSMC) is an important component in
the initiation and progression of cardiovascular diseases
such as atherosclerosis, restenosis and hypertension (Taka-
hashi et al, 1997). VSMC hypertrophy represents an in-
crease in cell size without a change in cell number (Berk
et al, 1989). The increased mass of VSMC in chronic hyper-
tension models is principally due to VSMC hypertrophy
(Owens and Schwartz 1982; Owens & Schwartz 1983; Black
et al, 1988).

Angiotensin IT (Ang II), the main peptide of the
renin-angiotensin system, stimulates cellular hypertrophy
in cultured vascular smooth muscle (Berk et al, 1989;
Geisterfer et al, 1988; Zheng et al, 2004). Signal transduc-
tion pathways underlying Ang II-induced growth response
involve the activation of mitogen-activated protein kinases
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(MAPKSs). Of these MAPKs, extracellular signal-regulated
kinase (ERK 1/2), p38 MAPK and c-Jun N-terminal kinase
(JNK) have been shown to be implicated in the hyper-
trophic responses of VSMC to Ang II (Servant et al, 1996;
Ushio-Fukai et al, 1998; Yoshizumi et al, 2001; Zheng et
al, 2004). Moreover, the survival kinase Akt/PKB and its
downstream p70°F play a role in Ang Il-induced VSMC
hypertrophy (Giasson & Meloche, 1995; Eguchi et al, 1999;
Takahashi et al, 1999; Ushio-Fukai et al, 1999; Hixon et
al, 2000). Activator protein-1 (AP-1) is the transcription
factor participating in the regulation of hypertrophy related
gene expression and composed of c-Jun and c-Fos hetero-
dimer (Rivera & Greenberg, 1990). Ang II increases the
expression of c-jun and ¢-fos in VSMC (McKay et al, 1998;
Zheng et al, 2004). In addition, Ang II controls AP-1
transcriptional activity by phosphorylating ser-63 and
ser-73 of c-Jun N-terminal residues (Pluverer et al, 1991;
Kallunki et al, 1996). Thus, AP-1 as well as ERK1/2, p38

ABBREVIATIONS: EGCG, epigallocatechin-3 gallate; EGC, epigal-
locatechin; ECG, epicatechin-3 gallate; EC, epicatechin; VSMC,
vascular smooth muscle cell; Ang II, angiotensin II; MAPK,
mitogen-activated protein kinase.
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Fig. 1. Chemical structures of epigallocatechin-3 gallate (EGCG), epicatechin-3 gallate (ECG),

epigallocatechin (EGC), and epicatechin (EC).

MAPK, JNK, Akt/PKB and the p70** play pivotal roles in
Ang IT-induced VSMC protein synthesis and cellular hyper-
trophy.

Epidemiological studies suggest that consumption of
green tea is associated with reduced risk of cardiovascular
diseases (Imai & Nakachi, 1995). Green tea consists mainly
of catechins such as 2-(,4-dihydroxyphenyl)-3,4- dihydro-
2H-1-benzopyran-3,5,7-triol (catechin), epicatechin (EC),
epigallocatechin-3 gallate (EGCQG), epicatechin-3 gallate
(ECG), epigallocatechin (EGC), and catechin-3 gallate (CG)
(Fig. 1). Of these catechins, EGCG, the most active
catechin, has extensively been studied because of its diverse
pharmacological effects. It has been reported that EGCG
has anti-carcinogenic, anti-mutagenic, anti-oxidative, anti-
inflammatory, anti-thrombogenic and anti-viral effects (Ya-
mane et al, 1995; Santana-Rios et al, 2001; Kang et al,
2001; Benelli et al, 2002; Nagai et al, 2002; Yamaguchi et
al, 2002). We have previously demonstrated that EGCG
specifically suppressed Ang Il-increased JNK activity
followed by inhibition of VSMC hypertrophy (Zheng et al,
2004).

In the present study, we compared the effects of ECG,
EGC, and EC on hypertrophy and on the intracellular
signal transduction pathway of Ang II with those of EGCG
in rat aortic VSMC.

METHODS
Reagents

The following drugs were used: anti-actin, -smooth mus-
cle antibody (Sigma, USA); human Ang II, EGCG, EGC,
ECG, EC (Sigma); JNK/SAPK assay kit, phospho-p38
MAPK (Thr 180/Thr 182) and p38 MAPK antibodies (Cell
Signaling, USA); monoclonal anti-phospho MAPK and anti-
MAPK 1/2 (ERK 1/2-CT) antibodies (Upstate, USA); and 1-
[4,5-°H] leucine, horseradish peroxidase (HRP)-conjugated

secondary antibody, rainbow protein molecular weight
markers, enhanced chemiluminescence (ECL) reagent kits
and ECL X-ray Hyperfilm (Amersham, UK). The protein
assay kits were obtained from Bio-Rad (USA). All other
chemicals obtained from commercial sources were of
reagent grade.

Culture of rat aortic smooth muscle cells

The Chungbuk National University Animal Care and Use
Committee (ACUC) approved all procedures. The thoracic
aortae were retrieved from adult male rats (Sprague-
Dawley, weighing 250 g, purchased from Dae Han Biolink,
Korea) and were soaked in a collagenase mixture, and the
adventitia and intima were removed. The remaining tis-
sues, containing only smooth muscle and associated extra-
cellular matrix, were minced in dissection medium (Ham's
F12 medium containing penicillin 300 U/ml and strep-
tomycin 300 ¢g/ml), then collected and placed in two 30-mm
culture dishes with Dulbecco's modified Eagle medium
(DMEM) containing 20% fetal bovine serum (FBS), 100
U/ml penicillin and 100 x#g/ml streptomycin. Vascular
smooth muscle cells (VSMCs) were allowed to grow to
confluence for 7~10 days. Cells from the second to the
ninth passages were used in all the experiments. VSMCs
were identified by the positive staining with anti-actin,
-smooth muscle antibody using immunofluorescence micro-

scopy.

Measurement of [°H] leucine incorporation

Aliquots of 2x10° cells were subcultured in 30-mm
dishes. After 48 h of starvation with DMEM containing
0.1% FBS, cells were treated with drugs to be tested for
30 min before stimulation with 100 nM Ang II for 24 h.
Cells were incubated with 1 xzCi/ml [*HJleucine during the
last 8 h prior to harvest. After washing once with ice-cold
PBS, cells were treated with 5% trichloroacetic acid for 20
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min and then washed twice with ice-cold PBS. Finally, cells
were solubilized in 300 x1 of 1 N NaOH plus 0.1% SDS and
neutralized with 150 41 of 2 N HCLl Radioactivity was
measured by a liquid scintillation counter (Beckman LS
3801, USA).

Assay of JNK/Stress-activated protein kinase (SAPK)
activity

JNK/SAPK kinase assay was conducted as described in
the JNK/SAPK assay kit (Cell Signaling, USA). After
treating the growth-arrested VSMCs with drugs for the
indicated times, cells were lysed and sonicated, followed by
centrifugation at 14,000 rpm for 15 min at 4°C to retrieve
the supernatant. Protein concentration was measured by
the method of Bradford. Equal amount of protein (300 xg)
was used to 'pull down' SAPK with 2 xg of c-Jun (1~89)
fusion protein beads overnight. C-Jun (1~89) fusion pro-
tein beads contain high affinity binding sites for JNK/
SAPK, just N-terminal to the two phosphorylation sites, ser
63 and ser 73. The beads were then washed with 1 lysis
buffer (20 mM Tris pH 7.4, 150 mM NaCl, 1 mM EDTA,
1 mM EGTA, 1% Triton X-100, 25 mM sodium pyro-
phosphate, 1 mM J -glycerolphosphate, 1 mM NasVOy, 1 ng/
ml leupeptin, with 1 mM phenylmethylsulphonylfluoride
protease inhibitor added just before use), and then with 1 x
kinase buffer (26 mM Tris pH 7.5, 5 mM f-glycerol-
phosphate, 2 mM DTT, 0.1 mM NasVO4 0.1 mM MgCly)
to remove non-specifically bound protein. The kinase reac-
tion was carried out in the presence of cold ATP, followed
by Western blot analysis using an antibody (1 : 1000) speci-
fic for JNK/SAPK-induced phosphorylation of ¢-Jun at ser
63, a site important for c-Jun-dependent transcriptional
activity.

Western blot analysis of ERK 1/2 and p38 MAPK
activities

VSMCs were starved for 48 h and treated with drugs to
be tested for desired times. Cells were then lysed and
sonicated, followed by centrifugation at 14,000 rpm for 15
min at 4°C to obtain the supernatant. Protein concentration
was measured by the method of Bradford. Equal amount
of protein (20 xg) was run on 10% SDS-PAGE, and the
proteins were blotted onto polyvinylidene difluoride mem-
brane. Then the membrane was incubated with anti-
phospho ERK 1/2, anti-total ERK 1/2 antibody, anti-
phospho p38 MAPK or anti-total p38 MAPK antibody. The
antigen-antibody complexes were visualized with the use
of appropriate secondary antibodies and the enhanced
chemiluminescence (ECL) reagent kits, as recommended by
the manufacturer.

Reverse transcription-polymerase chain reaction
(RT-PCR)

The expression levels of c-jun and c-fos mRNA were
analysed by RT-PCR. Quiescent cells were treated with
drugs, and total RNA was isolated from each sample using
RNAzol B (TEL-TEST, USA) according to the manufac-
turer's instruction. First-strand ¢cDNA was synthesized
from 2pg of total RNA by using 200 units of reverse
transcriptase, superscript II RNaseH (Invitrogen, USA).
PCR was performed in 50 gl of reaction mixture containing
reverse transcription (RT) product, primers, dNTPs, MgCl,

and Taq polymerase in 1Xreaction buffer. The primer
sequences for c-jun, c-fos, and S-actin (control marker) and
the sizes of the amplified products were as follows:

c-jun (amplified PCR fragment: 1098 bp)

sense primer: 5-GAAGTGACCGACTGTTCTATGACT-3';

anti-sense primer: 5-CGCAACCAGTCAAGTTCTCAAGTT-3,

c-fos (amplified PCR fragment: 1164 bp)

sense primer: 5'-CCACGACCATGATGTTCTCGGGTT-3";

anti-sense primer: 5-CTTCTCTGACTGCTCACAGGGCTA-3';

B-actin (amplified PCR fragment: 285 bp)

sense primer: 5-TCATGAAGTGTGACGTTGACATCCGT-3';

anti-sense primer: 5'-CTTAGAAGCATTTGCGGTGCACG
TTG-3.

The PCR products (20 «1) were resolved on 0.8% agarose
gels by electrophoresis, and the bands were visualized by
ethidium bromide (ET-Br) staining under UV illumination.

Data analysis
Data are summarized as mean+ SEM. Student's t-test

was used to determine statistical differences. Differences
were considered significant at P<0.05.

RESULTS

Effects of different catechins on Ang Il-induced VSMC
hypertrophy

To observe the phenotypic modulation of catechins on Ang
II-stimulated hypertrophy in vitro, VSMC was pretreated
with each catechin at the indicated concentrations for 30
min and then stimulated with 100 nM Ang IT for 24 h. As
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Fig. 2. Effect of EGCG, ECG, EGC, and EC on [*H]-leucine incor-
poration into VSMC. After 48 hours of starvation with 0.1% FBS,
cells were pretreated with 50 ¢ M each of catechin for 30 min before
stimulation with or without 100 nM Ang II for 24 hours. Data
represent the percentage of PHj-leucine incorporation after
treatment with or without each catechin, compared with control.
Values are means—SEM. **P<0.01 compared with control; ¥*P<
0.01 compared with the values obtained during Ang II stimulation
alone (n=3).
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shown in Fig. 2, stimulation with 100 nM Ang II caused
a significant increase of [’H]-leucine incorporation into
VSMC, compared with control. Pretreatment with 50 M
EGCG, however, dose-dependently inhibited the increase of
[*H]-leucine incorporation. Pretreatment with 50 xM ECG
also inhibited the increase of ["H]-leucine incorporation. In
contrast, pretreatment of the cell with 50 uM EGC or EC
did not increase [°H]-leucine incorporation (Fig. 2). These
results indicate that EGCG and ECG with a galloyl group
in the position 3 of the catechin structure decrease VSMC
hypertrophy. In contrast, EGC and EC without galloyl
group in the position 3 of the catechin structure do not
decrease VSMC hypertrophy.

Effects of different catechins on JNK, ERK 1/2, and
p38 MAPK activation induced by Ang II in VSMC

Next, we determined whether catechins modulate
MAPKSs (JNK, ERK 1/2, and p38 MAPK) activity in VSMC.
Thus, cells were pretreated with 50 yM each of EGCG,
ECG, EGC and EC for 30 min, and then stimulated with
100 nM Ang II for 10 min for JNK activation and for 5
min for ERK 1/2 and p38 MAPK activation. JNK activity
was measured by phosphorylation of ¢-Jun, a downstream
substrate of JNK, and ERK 1/2 and p38 MAPK activities
were measured by phosphorylation of ERK 1/2 and p38
MAPK, respectively. As shown in Fig. 3, EGCG and ECG
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Fig. 3. Effect of EGCG, ECG, EGC, and EC on Ang II-induced JNK
activation in VSMC. Cells were pretreated with 50 xM EGCG, ECG,
EGC or EC for 30 min, and then stimulated with 100 nM Ang II
for 10 min for JNK activation. Activities of JNK were measured
by kinase assay as described in the Methods section, and repre-
sentative blots are shown. Averaged data was quantified by densi-
tometry and expressed as percentage increase in phosphorylation
observed in unstimulated cells, which was defined as 100%
(control). Values are means+SEM. **P<0.01 compared with
control; "P<0.05 compared with the values obtained during Ang
II stimulation alone (n=3).
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Fig. 4. Effect of EGCG, ECG, EGC, and EC on Ang II-induced MAPKs (ERK 1/2 and p38 MAPK) activation in VSMC.
Cells were pretreated with 50 yM each of EGCG, ECG, EGC or EC for 30 min, and then stimulated with 100 nM Ang
II for 5 min for ERK 1/2 and p38 MAPK activation. Activities of ERK 1/2 and p38 MAPK were measured by Western
blot analysis as described in the Methods section, and representative blots are shown. No significant differences in the
amounts of total ERK 1/2 and p38 MAPK were observed. Averaged data were quantified by densitometry and expressed
as percentage increase in phosphorylation observed in unstimulated cells, which was defined as 100% (control). Values
are means+SEM. *P<0.05, **P<0.01 compared with control (n=3).
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inhibited Ang II-stimulated increase of c-Jun phosphoryla-
tion. However, EGC and EC did not affect c-Jun phosphor-
yvlation. EGCG, ECG, EGC and EC did not affect ERK 1/2
or p38 MAPK phosphorylation (Fig. 4). These results cor-
respond with those of VSMC hypertrophy, suggesting that
inhibitory effects of EGCG and ECG on Ang Il-induced
hypertrophy in VSMC may be partly mediated by inhibition
of JNK activity, without influencing ERK 1/2 and p38
MAPK activities.

Effects of different catechins on c-fos and c-jun mRNA
expression induced by Ang II in VSMC

The AP-1 transcription factor is composed of c-Jun and
c-Fos homo/heterodimers and plays an important role in the
JNK signaling pathway. Therefore, we hypothesized that
EGCG and ECG might inhibit Ang II-induced VSMC hyper-
trophy through JNK signaling pathway, and examined
whether EGCG and ECG affect the amount of Ang II-
induced AP-1 transcription factor. Therefore, cells were
pretreated with each catechin at indicated concentrations,
then stimulated with 100 nM Ang II for 30 min, and induc-
tion of c-fos and ¢-jun mRNA expression were analyzed by
RT-PCR. As seen in Fig. 5, an increase of c-jun mRNA
expression induced by Ang II was attenuated by 50 M
EGCG, whereas 50 4 M ECG, EGC and EC did not affect
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c-jun mRNA expression. On the other hand, however, c-fos
mRNA expression induced by Ang II was not affected by
50 M EGCG, ECG, EGC and EC. These results suggest
that the inhibitory effect of EGCG on Ang II-induced VSMC
hypertrophy may be partly mediated through down-regula-
tion of c-jun.

DISCUSSION

Vascular growth (hyperplasia and hypertrophy) is a cru-
cial determinant of cardiovascular diseases such as athero-
sclerosis, hypertension and restenosis. Ang II, the dominant
effector of the renin-angiotensin system, induces hyper-
trophy in VSMC (Berk et al, 1989), and plays an important
role in various cardiovascular diseases associated with
VSMC growth (Berk & Corson, 1997). Accordingly, inhi-
bition of VSMC growth by Ang II is prerequisite for
prevention of cardiovascular diseases.

Flavonoids are ubiquitously present in foods of plant
origin and are believed to ameliorate vascular disorders
(Middleton et al, 2000). Consumption of green tea might
prevent the incidence of atherosclerosis in humans (Tijburg
et al, 1997). We have previously demonstrated that flavan-
3-01 compound, EGCG, selectively inhibited the platelet-
derived growth factor (PDGF)-BB-induced intracellular
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Fig. 5. Effect of EGCG, ECG, EGC, and EC on Ang IT-induced c-jun and c-fos mRNA expression in VSMC. C-jun and
c-fos mRNA expression were analyzed by RT-PCR as described in the Methods section. PCR products were resolved by
0.8% agarose gel electrophoresis and visualized by ET-Br staining, and the bands were then photographed under UV
illumination. Averaged data were quantified by densitometry and expressed as percentage increase in c-jun or c-fos mRNA
expression observed in unstimulated cells, which was defined as 100% (control). Values are means +SEM. *P<0.05, ** P<
0.01 compared with control; *P<0.05 compared with values obtained during Ang 11 stimulated alone (n=3).
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signaling transduction pathway and proliferation in VSMC
(Ahn et al, 1999; Sachinidis et al, 2002; Weber et al, 2004).
Moreover, EGCG selectively inhibited c¢-Jun N-terminal
kinase activation, which resulted in the suppression of
VSMC hypertrophy (Zheng et al, 2004). EGC, ECG, and EC
are structural analogues of EGCG, which are isolated from
green tea. In this study, we compared the effect of other
catechins on Ang II-induced VSMC hypertrophy with that
of EGCG.

In our results, Ang II significantly increased [*H]-leucine
incorporation into VSMC, and pretreatment of VSMC with
EGCG or ECG remarkably inhibited the Ang II-induced
[’H]-leucine incorporation in a dose-dependent manner
(Fig. 2). On the other hand, structural analogue of EGCG,
EGC or EC did not inhibit the Ang I-induced [H]-leucine
incorporation (Fig. 2). EGCG, ECG, EGC, and EC did not
bring any changes in cell number either (data not shown).
Therefore, both EGCG and ECG which containing the
galloyl group in the position 3 of the catechin structure can
attenuate the protein synthesis increased by Ang II,
thereby preventing VSMC hypertrophy.

Because the MAPK families, including JNK, ERK 1/2 and
p38 MAPK, have been implicated in VSMC hypertrophy
(Servant et al, 1996; Ushio-Fukai et al, 1998; Yoshizumi
et al, 2001; Zheng et al, 2004), we attempted to clarify the
effect of Ang IT on MAPKs activity in VSMC. One hundred
nM Ang IT increased c-Jun phosphorylation (Fig. 3) as well
as ERK1/2 and p38 MAPK phosphorylation in VSMC (Fig.
4), in agreement with the results of Yoshizumi et al, 2002.
As shown in Fig. 2, 50 M EGCG and ECG significantly
inhibited c-Jun phosphorylation induced by Ang II in
VSMC, whereas 50 uM EGC or EC did not affect it. EGCG
has recently been shown to inhibit JNK activity in basic
fibroblast growth factor (bFGF)-stimulated VSMC (Hwang
et al, 2002). In the present study, 50 M EGCG, ECG, EGC
or EC could not affect ERK 1/2 and p38 MAPK phos-
phorylation induced by Ang II in VSMC (Fig. 4). Therefore,
the regulation of JNK activity seems to be important for
EGCG and ECG to inhibit VSMC hypertrophy.

AP-1, consisting of either Jun homodimers or Jun/Fos
heterodimers, binds to the TPA response element to mod-
ulate various gene expressions, including those mediating
growth, inflammation, and differentiation (Karin 1995).
Ang II has been shown to induce AP-1 activation in VSMC
(Takeuchi et al, 1990). MAPKSs contribute to the increase
of AP-1 activity and abundance (Gille et al, 1992; Smeal
et al, 1994; Musti et al, 1997). In this study, we investigated
the effect of catechin on the c-jun and c-fos gene transcrip-
tion induced by Ang II in VSMC. One hundred nM Ang
II increased both c-jun and c-fos mRNA expressions in
VSMC (Fig. 5), and 50 «uM EGCG dose-dependently inhibited
c-jun mRNA expression without influencing c-fos mRNA
expression. On the other hand, 50 4M EGC, ECG, and EC
did not affect c-jun or c¢- fos mRNA expression induced by
Ang II (Fig. 5). Therefore, the mechanism(s) by which
EGCG inhibits VSMC hypertrophy induced by Ang II
appear to involve suppression of not only JNK activity but
also c-jun transcription, which affects AP-1 activity and
abundance. In contrast to EGCG, ECG did not affect c-jun
transcription, but inhibited only JNK activity.

Ang IT increases H:0O: and p38 MAPK activity, which
plays a role in VSMC hypertrophy (Ushio-Fukai et al,
1998). Moreover, Akt/PKB activation, following generation
of reactive oxygen species (ROS), plays a role in VSMC
hypertrophy induced by Ang IT (Ushio-Fukai et al, 1999).

On the other hand, EGCG and EGC have been shown to
exhibit ROS scavenging activity (Nakagawa and Yokozawa
2002), and EGCG was found to be more effective radical
scavenger than EGC in aqueous phase (Salah et al, 1995).
Therefore, the inhibition of VSMC hypertrophy by EGCG
and ECG may result from their anti-oxidant activity.
However, EGC and EC did not inhibit VSMC hypertrophy
even at 50 M concentration, although EGCG and ECG
significantly inhibited VSMC hypertrophy induced by Ang
11. Therefore, the mechanism(s) other than anti-oxidant acti-
vity might also contributes to the inhibitory effect of EGCG
and ECG on Ang II-induced VSMC hypertrophy.

In conclusion, EGCG and ECG specifically inhibited
VSMC hypertrophy induced by Ang II, and this inhibitory
effect may partly result from the inhibition of JNK
activation. However, EGC and EC did not affect the MAPK
signal transduction pathway and VSMC hypertrophy
induced by Ang II. Therefore, the galloyl group in the
position 3 of the catechin structure may be important for
the inhibition of VSMC hypertrophy. Finally, these findings
may partly explain the preventive effects of green tea
catechin on cardiovascular diseases observed in epidemio-
logical studies.
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