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Green tea polyphenol epigallocatechin-3-gallate enhances
5-fluorouracil-induced cell growth inhibition of

hepatocellular carcinoma cells
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Aim: 5-Fluorouracil (5-FU) is one of the most commonly used
chemotherapeutic drugs. Resistance to 5-FU is a major cause
of chemotherapy failure in advanced-stage hepatocellular
carcinoma (HCC). Green tea polyphenol Epigallocatechin-3-
gallate (EGCG) plays a critical role in growth inhibition and
apoptotic induction in HCC cell lines. The aim of this study is
to investigate whether EGCG can enhance 5-FU-induced cell
growth inhibition and to explore its potential mechanisms.
Methods: 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) assay was used to evaluate cell growth.
Western blotting analysis was performed to detect the
proteins expression in Hep3B cells. Small interfering RNA
was used to suppress cyclooxygenase-2 (COX-2) expression.
Furthermore, enzyme linked immunosorbent assay was
used to test the prostaglandin E, (PGE,) production in cell
cultures.

Results: Epigallocatechin-3-gallate augmented the anti-
tumor effect of 5-FU in Hep3B cells. Significant difference was

observed between the treated groups and the control group
(P <0.05). EGCG (its concentrations at over 5 umol/L) com-
bined with 5-FU presented a synergic effect. Furthermore, the
combination of EGCG and 5-FU abrogated the COX-2 overex-
pression and PGE, secretion induced by 5-FU. The upregula-
tion of COX-2 expression decreased the phosphorylation of
Akt (Thr*%) expression. These appeared to be followed by the
AMPK hyperactivation.

Conclusion: Epigallocatechin-3-gallate sensitizes HCC cells
to 5-FU antitumor activity, and the combination of EGCG and
5-FU exhibits synergism in chemo-resistant cancer cells. The
results suggest potential novel therapies for the treatment of
advanced-stage liver cancer.
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INTRODUCTION

PIGALLOCATECHIN-3-GALLATE (EGCG), one of

polyphenol, is the main active ingredient from
green tea, accounting for 10-15% of the total green tea.
It is an aqueous extract, which has a potent antioxidative
effect, and plays a considerable role in preventing oxi-
dative stress-related diseases including tumors, fibrosis
and cirrhosis, and cardiovascular problems."” Accord-
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ingly, EGCG is highlighted nowadays as a potential
cancer-chemopreventive agent. EGCG suppresses cell
growth of HCC, and induces apoptosis HCC possibly
through a certain signaling pathways or altering the
expression of regulatory proteins.** However, much
remains to be learnt about EGCG as an antitumor agent.

Hepatocellular carcinoma (HCC) is one of the most
common malignant tumors in China with high mortal-
ity and is a great threat to the health and life of human
beings. It is the second leading cause of cancer death in
China and its annual incidence increases worldwide.>¢
Most patients are already at the advanced stage once the
diagnosis is confirmed and have lost the opportunity of
surgical operation. Traditional systemic chemotherapy
for liver cancer has a low curative rate with many toxic
side effects, and is therefore not widely accepted by
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clinical practitioners. Recently, the application of new
chemotherapeutic drugs and the new combination of
regimens have been proved to be effective against
advanced-stage HCC, especially with portal tumor
thrombi.” Unfortunately, inherent or acquired drug
resistance remains a major obstacle to chemotherapy.®
Therefore, exploring the alternative modalities of com-
bination chemotherapy for advanced HCC is desirable.

Fluorouracil (5-FU) is an inhibitor of deoxynucleo-
side triphosphate de novo synthesis and is widely used
to treat some tumors, including colorectal, gastric, and
pancreatic cancer etc. in clinical practice.” Moreover,
5-FU is also commonly used in advanced-stage HCC
chemotherapy either alone or in combination with
other agents. However, cancer cells develop drug resis-
tance over time, which is an obstacle for effective che-
motherapy targeting advanced liver cancer.'” Thus, it is
necessary to explore novel chemotherapeutic regimens
to overcome drug resistance and to understand their
molecular mechanisms in the process of liver cancer
therapy.

The aim of this study is to investigate the effects of the
combination of EGCG and 5-FU on HCC cells and to
reveal the underlying mechanisms.

METHODS

Reagents

PIGALLOCATECHIN-3-GALLATE (EGCG), 5-FU,

5-aminoimidazole-4-carboxamide-1-B-d-ribofura-
noside (AICAR), and LY294002 were purchased from
Sigma Chemical Company (St Louis, MO, USA). These
reagents were dissolved in dimethyl sulfoxide (DMSO)
and the final concentration of DMSO was maintained
at 0.1%. Rabbit polyclonal antibody Phosphor-Acetyl-
CoA Carboxylase-Ser” (p-ACC, 280 kDa) was obtained
from Cell Signaling Technology. Rabbit polyclonal
anti-human COX-2, Akt, phospho-Akt (Thr 308) pri-
mary antibodies, and horseradish peroxidase conjugated
sheep anti-rabbit secondary antibodies were purcha-
sed from Santa Cruz Biotechnology (Santa Cruz, CA,
USA).

Cell culture

Human HCC HEP3B were kindly donated by Professor
Qian Wang (Surgery Laboratory at the First Affiliated
Hospital of Sun Yat-sen University, Guangzhou, China).
The cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM, Gibco BRL, Grand Island, NY,
USA) containing 10% (v/v) fetal bovine serum (FBS)
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(Bio-Whittaker, Walkersville, MD, USA), penicillin
(100 U/mL) and streptomycin (100 mg/L). The cells
were maintained at 37°C in an incubator with a
humidified atmosphere of 5% CO..

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl
tetrazoliumbromide (MTT) assay for
cell viability

Exponentially growing cells were diluted to a concentra-
tion of 2.5x 10" cells/ymL with DMEM, planted in
96-well plates (Corning Inc, Corning, NY, USA) with
200 pL/well. After being treated with drugs and incu-
bated for 48 h (triplicate wells for each sample), the cells
were exposed to 20 uL/well MTT (5 g/L, Amresco, Solon,
OH, USA). The medium was then removed after being
incubated for 4 h, and DMSO (200 pL/well) was added
to dissolve the formazan product. Finally, the plate
was read in an enzyme-linked immunity implement
(Bio-Rad 2550, Hercules, CA, USA) at 570 nm. Cell
viability and growth inhibition were calculated as
described below: cell viability rate = A570 value of the
drug treated group/A570 value of the control untreated
group x 100%; growth inhibition rate =1 — cell viabil-
ity. The interaction between two drugs was judged
according to a method describe by Jin."" Briefly, a q-value
was obtained by comparing the dose-effect curves of the
growth inhibition rates by treatment with two drugs
combined to the growth inhibition rates by a single drug
treatment. That is, ¢ = Ea.s/(Ea + Es — Ea X Eg). Two drugs
have additive effects if 0.85 << 1.15, are synergic if
¢ > 1.15, and are antagonistic if g < 0.85.

Western-blotting analysis

Cells were rinsed twice with ice-cold phosphate-
buffered saline (PBS) buffer and scraped with lysis
buffer and protease inhibitor cocktail (Boehringer Man-
nheim, Lewes, UK) for 30 min at 4°C. The supernatant
was saved by centrifugation at 15 000 g for 20 min. The
protein concentration was determined with Coomassie
Brilliant Blue G-250. Cell extracts (50 ug/lane) were
separated via sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and electrotransferred
to polyvinylidine fluoride (PVDF) membranes (Immo-
bilon, Bedford, MA, USA). After being blocked in
20 mmol/L Tris-HCI, pH 7.6 (containing 150 mmol/L
NaCl, 0.1% Tween-20, and 5% non-fat dry milk), mem-
branes were incubated with primary antibodies (used as
a sample loading control) overnight at 4°C and then
incubated with horseradish peroxidase-conjugated
secondary antibody. Blots were developed using an
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enhanced chemiluminescence detection system (ECL,
Amersham Pharmacia Biotech) according to the manu-
facturer’s instructions.

Gene silencing by small interfering RNA

The siRNA targeting human COX-2 and nonspecific
control siRNA were designed and synthesized by
RiboBio(Guangzhou RiboBio Co. Ltd, China). Cells
were plated onto 6-well plates, maintained in antibiotic
medium for 24 h, and grown to about 50% confluence.
COX-2 siRNA or control siRNA were transfected with
the Lipofectamine 2000 reagent (Invitrogen, Madison,
WI, USA). In short, oligomer-fectamine reagent was
diluted at 1: 50 in OptiMEMI reduced serum medium
(Gibco, PaloAlto, Calif, USA), mixed gently and incu-
bated for 5 min at room temperature. Subsequently, a
mixture of siRNA was added and incubated for 20 min.
The mixture was diluted by adding medium to each
well, and the final concentration of siRNA in each well
was set as 100 nmol/L. The cells were then incubated for
48 h until processed.

PGE; secretion measurement by ELISA assay

After cell treatment at the indicated methods for 24 h,
the supernatants in cell culture media were gathered by
centrifuging and then stored at —70°C. The amount of
PGE, secretion was measured by enzyme linked immu-
nosorbent assay (ELISA) assay kit (Jingmei Biotech Co.
Ltd, Shenzhen, China) according to the manufacturer’s
protocol. PGE, standards were diluted with appropriate
media. The sample was added to wells, then PGE, con-
jugate was also added into all wells except the blank.
Finally, monoclonal antibody against PGE, was admin-
istered to the indicated wells. After incubation for 18 h
at 4°C, the plates were washed four times and color
reaction was developed by tetramethylbenzidine sub-
strate. 30 min later, the reaction was quenched by the
addition of 1 M sulfuric acid. Optical density was tested
at 450 nm in enzyme-linked immunity implement (Bio-
Rad 2550, Hercules, CA, USA).

Statistical analysis

Experimental data were expressed as mean + standard
deviation (SD) of at least three separate experiments.
Differences between groups were assessed with one-way
analysis of variance (ANOvA) and Student-Newman-
Keuls g-test using SPSS 11.0 for windows (SPSS Inc,
Chicago, IL, USA). P-values less than 0.05 were
considered statistically significant.
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RESULTS

EGCG enhanced cell growth inhibition of
Hep3B cells induced by 5-FU

O INVESTIGATE THE effect of EGCG on 5-FU-

inhibited HCC cell growth, Hep3B cells were treated
with EGCG in the presence or absence of 5-FU. After
Hep3B cells were treated with 5, 10, 25, and 50 umol/L
EGCG for 48 h, the viability of cells was (92.94
2.26)% (83.95 +2.78)% (47.32 + 3.18)%, and (25.40 +
3.06)%, respectively. Significant difference was obser-
ved between the individual EGCG-treated group and
the control group (P<0.05). The cell viability in
30 umol/L 5-FU alone was (71.35 £ 3.42)%. After we
co-administered 5-FU with EGCG, the cell viability
decreased dramatically to be (63.21 +5.98)% (49.12
3.15)% (14.21 £2.66)%, and (5.21 £ 1.34)%, respec-
tively (Fig. 1). The corresponding g values were 1.09,
1.27,1.30, and 1.16. These data indicate that a combina-
tion of 5 umol/L EGCG and 30 umol/L 5-FU presents
additive effect, and the effects on the other concentra-
tions (over 5 umol/L) of EGCG combined with 5-FU are
synergic.

Combination of EGCG and 5-FU modulated
COX-2 expression and phosphorylation of
AMPK and Akt

AMP-activated protein kinase (AMPK) is a metabolite-
sensitized protein kinase, and plays an important cellu-
lar homeostasis and protective role under metabolic
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Figure 1 The cell death effect of the combination of
epigallocatechin-3-gallate (EGCG) and 5-Fluorouracil (5-FU)
on Hep3B cells. Hep3B cells were treated with varying concen-
trations of EGCG in the presence or absence of 5-FU (30 umol/
L). Cell viability was determined by MTT assay. Data are
expressed as the mean + standard deviation (SD) of three inde-
pendent experiments. *P < 0.05 vs control group (treated with
0.1% dimethylsulfoxide [DMSO]).
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Figure 2 The effect of epigallocatechin-3-gallate (EGCG) com-
bined with 5-Fu modulated COX-2 expression and phospho-
rylation of ACC and Akt. Cellular protein was isolated from
Hep3B cells that were cultured with 5-Fluorouracil (5-FU)
(30 umol/L) with or without EGCG (25 umol/L) at the indi-
cated periods. Western blotting analysis was used to detect
COX-2 expression and phospho-ACC and phospho-Akt.
Results are representative of three independent experiments.

stress conditions in various cell types.'” The AMPK acti-
vation is observed indirectly by the phosphorylation of
acetyl-CoA carboxylase (p-ACC, Ser 79), which is the
best characterization of phosphorylation site under the
activation of AMPK."® Moreover, previous studies have
demonstrated that COX-2 expression and Akt activation
are involved in chemo-resistant cancer cells."*"> To
examine the modulation of 5-FU alone or combined
with EGCG on COX-2 expression and phosphorylation
of ACC and Akt, western blotting analysis was applied to
detect these protein expressions. The 5-FU treatment
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alone group increased COX-2 expression and the phos-
phorylation of Akt (Thr**®), and p-ACC expression levels
did not change. However, the combination of EGCG
and 5-FU almost completely abrogated COX-2 and
phosphor-Akt (Thr**®) expression, and increased dra-
matically the phosphorylation level of ACC. Total Akt
expression was not altered (Fig. 2).

AMPK activation by the combination of
EGCG and 5-FU abrogated 5-FU-induced
COX-2 expression and the production
of PGE;

AICAR, an AMPK activator, was administered to pre-
treat for 30 min before Hep3B cells was treated with
5-FU alone for 24 h, western blotting analysis was per-
formed to detect the proteins expression efficiency. The
5-FU treatment induced COX-2 overexpression, com-
pared with the control group (0.1% DMSO). AICAR
increased the phosphorylation level of ACC and
accompanied with the activation of AMPK. We further
observed that 5-FU-induced COX-2 overexpression was
abrogated by AMPK activation in the combination of
5-FU and EGCG or AICAR (Fig. 3a). PGE, is the predomi-
nant COX-2 product in cancer cells.’® We also measured
the amount of PGE, in the supernatants of various treat-
ments by enzyme immunoassay. 5-FU alone promoted
significantly the secretion of PGE,, compared with the
control group (0.1% DMSO) (P < 0.05). Whereas, sig-
nificant decrease of PGE, production was observed
by the treatment of AICAR, and 5-FU combined with
EGCG or AICAR (P < 0.05). Therefore, the AMPK activa-
tion by AICAR or EGCG caused a significant reduction
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Figure 3 AMPK activation by the combination of epigallocatechin-3-gallate (EGCG) and 5-Fluorouracil (5-FU) abolished 5-FU
induced COX-2 expression and PGE, secretion. Cellular protein was isolated from Hep3B cells that were cultured with 0.1%
dimethylsulfoxide (DMSO), 5-FU (30 umol/L), AICAR (5 mmol/L), 5-FU (30 umol/L) plus EGCG (25 pumol/L), and 5-FU
(30 umol/L) plus AICAR (5 mmol/L) for 24 h, respectively. Western blotting analysis was used to detect COX-2 expression and
phospho-ACC (a). Enzyme linked immunosorbent assay (ELISA) assay was used to measure the amount of PGE, production in the
supernatant of the culture media (b). Results are representative of three independent experiments. *P < 0.05 vs. control group,

Cont, cells treated with 0.1% DMSO.
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of PGE, production in culture media (Fig. 3b). These
results indicate clearly that AMPK activation by the com-
bination of EGCG and 5-FU abrogated 5-FU-induced
COX-2 expression and the production of PGE,.

Combination of EGCG and 5-FU reduced
the phosphorylation of Akt via
the downregulation of COX-2 expression

To further confirm the relationship between COX-2 over-
expression and Akt activation in Hep3B cells treated with
5-FU alone or the coadministration, Hep3B cells were
transfected with COX-2 siRNA or scramble siRNA (non-
specific control siRNA), and endogenous COX-2 protein
was completely eliminated (data not shown).'” Then,
cells were treated with 5-FU in the presence or absence of
EGCG for 24 h. Since the knockout of COX-2 in Hep3B
cells, the phenomenon that 5-FU alone treatment group
increased COX-2 expression was not observed. Mean-
while, the phosphorylation of Akt (Thr’®) was also not
observed. Whereas no changes were observed in the
control siRNA group. The reduced COX-2 expression by
COX-2 siRNA or EGCG was simultaneously accompa-
nied with the lower phosphorylation level of Akt (Thr*®),
indicating Akt activation through the upregulation of
COX-2 expression (Fig. 4a). To evaluate the role of Akt
in Hep3B cell growth, LY294002, a specific inhibitor of
the PI3K/Akt pathway, was used to block the activation of
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Akt. Cells were incubated in the medium containing
20 umol/L, or 40 umol/L LY294002 with or without
5-FU (30 umol/L) for 48 h, cell viability decreased sig-
nificantly, compared with the control group (P < 0.05),
suggesting that the inhibition of Hep3B cell growth
induced by the combination of EGCG and 5-FU was
mainly via the inactivation of Akt pathway (Fig. 4b).
These results indicate the combination of EGCG and
5-FU suppresses COX-2 expression and Akt activation.

DISCUSSION

HEMOTHERAPY IS ONE of the most effective ways

to treat various cancers and has also been proved to
be effective against advanced-staged HCC, especially for
patients with non-resected HCC. Transcatheter hepatic
arterial chemoemblolization (TACE) and local chemo-
therapeutic drugs perfusion via portal vein have been
regarded as two highly effective palliative methods and
are applied widely in clinical practice.'®" The biggest
challenge for chemotherapy is the development of drug-
resistance. Multiple factors are implicated in increas-
ing resistance to chemotherapeutic agents, including
reduction of intracellular drug accumulation, and DNA
damage repair by the modulation of proliferative or
anti-apoptotic proteins, etc.?* 5-FU causes cell injury
by inhibiting thymidylate synthesis. It has become a
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Figure 4 The combination of epigallocatechin-3-gallate (EGCG) and 5-Fluorouracil (5-FU) reduced the phosphorylation of Akt by
the downregulation of COX-2 expression. After Hep3B cells were transfected with control or COX-2 siRNA for 48 h, then cells were
exposed to 5-FU (30 umol/L) in the presence or absence of EGCG (25 umol/L) for 24 h. Western blotting analysis was used to
detect the proteins expression of COX-2, phospho-Akt (Thr*®®), and Akt (a). LY294002, a specific inhibitor of the PI3K/Akt pathway,
was used to block the activation of Akt. The cell viabilities were determined by MTT assay (b). Data are expressed as the
mean * standard deviation (SD) of three independent experiments. *P < 0.05 vs. control group, Cont, cells treated with 0.1%
DMSO; LY-20, 20 umol/L LY294002; LY-40, 40 pmol/L LY294002.
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mainstay of treatment for advanced-stage HCC. Resis-
tance to 5-FU coming from cancer cells delays the
evolution of HCC chemotherapy.®' There is so far no
effective single agent or polychemotherapeutic regimen
for the treatment of resistant HCC. Therefore, it is nec-
essary to find a new agent that enhances the effect of
5-FU on anticancer therapy.

Epigallocatechin-3-gallate is the major biologically
active component of green tea and has a potent antioxi-
dative effect.?? It has been reported that EGCG suppresses
cell growth and induces apoptosis of human HCC in
vitro and in wvivo, possibly through many signaling
pathways.”*?* However, the anticancer effects of EGCG
on HCC have been poorly understood until now. We
observed that EGCG enhanced inhibitory effect on
Hep3B cell growth induced by 5-Fu, and a combination
of EGCG and 5-FU presents a synergic effect. The modu-
latory failure of cell proliferative and apoptotic proteins
are involved in increasing chemotherapeutic agents resis-
tant to cancer treatment.”” The synergism coming from
the combination of EGCG and 5-FU will be the basis to
overcome drug resistance in HCC treatment. Recent evi-
dence has also shown that the natural compound EGCG
augments the antitumor activity of doxorubicin for
chemoresistant liver cancer.?

The chemosensitizing effect of EGCG in the present
study may occur directly or indirectly involving the
modulation of cell survival proteins. COX-2 is an induc-
ible enzyme by various factors, including cytokines,
growth factors, and tumor promoters.' It is known that
overexpression of COX-2 is associated with tumor cell
proliferation, cell apoptotic escape, and tumor angio-
genesis.”” It has also been proposed that COX-2 expres-
sion is increased in chemo-resistant cancer cells,”® and
its higher levels are identified in HCC, increasing PGE,
production and cell growth.”” Whereas COX-2 inhibitor
enhances cell apoptosis in HCC cell lines.***' non-
steroidal anti-inflammatory drugs (NSAIDs) are also
shown to reduce the risk of sporadic colorectal, breast,
prostate, and lung cancers.’*** In the present study, the
5-FU alone treatment group increased COX-2 expres-
sion, and the combination of EGCG and 5-FU almost
completely abrogated COX-2 induced by 5-FU alone,
which provided some important evidence for the syner-
gic effect of the combined administration. There is
emerging evidence that EGCG has been involved in
chemotherapeutic effects by its anti-proliferation and
apoptosis induction activities of cancer cells.*

AMPK is a metabolic sensor and plays an essential
role as energy-sensor in adenosine triphosphate (ATP)-
deprived conditions.*® So, AMPK is known to play an
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important protective role under metabolic stressed con-
ditions. This state is activated by a green tea polyphenol
(EGCG) and shuts down the ATP-consuming metabolic
pathways.*® Moreover, AMPK has been proved to be
involved in stress-induced apoptosis, and also be poten-
tial targets for cancer chemotherapy against hepatocel-
lular carcinoma.’” In the present study, the combination
of EGCG and 5-FU increased the phosphorylation
level of ACC, which is the best characterization of the
AMPK activation. Under this state, COX-2 expression
was downregulated, and PGE, production was reduced.
These molecular events were also observed in AMPK
activated conditions induced by AICAR(AMPK activa-
tor). These results indicate clearly that AMPK activation
by the combination of EGCG and 5-FU abrogated 5-FU-
induced COX-2 expression and the secretion of PGE,.
Also, EGCG that acts as an anti-cancer agent in the
combination treatment is explored to be synergism.
Hwang et al.*® have found that apoptotic effect of EGCG
in HT-29 colon cancer cells is mediated via AMPK signal
pathway. Previous reports have demonstrated that Akt
plays a crucial role in tumorigenesis and cancer progres-
sion by stimulating cell proliferation and inhibiting
apoptosis. Akt activation needs translocation to the
plasma membrance and phosphorylation at Thr308 and
Ser 473.3°%° We documented in the present study that
COX-2 overexpression accompanied with Akt phospho-
rylation at Thr308 was induced by 5-FU, promoting
cell growth. COX-2 downregulation by COX-2 siRNA or
EGCG resulted in Akt inactivation, preventing HCC
cell growth. After the Akt activation was blocked by
LY294002, the cell death effect was also observed. So,
EGCG and LY294002 had similar effects on HCC cell
death in the presence or absence of 5-FU, indicating that
their underlying mechanism in blocking cell growth
may be similar. These results were consistent with the
report of Leng et al.*' Therefore, Akt inactivation in these
molecular events was required for the synergic effect of
EGCG combined with 5-FU.

In summary, the present study reveals that green tea
polyphenol EGCG enhances fluorouracil-suppressed
hepatocellular carcinoma cell growth, and the combina-
tion of EGCG and 5-FU produces the synergic effect.
Furthermore, we also find that EGCG exhibits a series of
molecular events in 5-FU based combination therapy in
HCC cells, including AMPK activation, reduced COX-2
expression, and Akt inactivation. The observations
may explain the underlying mechanisms of the synergic
effect of EGCG combined with 5-FU, and constitute
potential novel chemotherapies for the treatment or
prevention of liver cancer.

© 2012 The Japan Society of Hepatology



500 X.-W. Yang et al.

ACKNOWLEDGMENTS

HIS WORK WAS supported by research grants
from Guangdong Natural Science Foundation (No.

945101820100363) and the Doctor Start-up Funds of
Guangzhou Medical University (No. 2008C35). The
authors appreciate the Surgical Laboratory Department
of the First Affiliated Hospital of Sun Yat-Sen University
for providing experimental instruments and equipment.

REFERENCES

1

10

11

Guo S, Lu J, Subramanian A et al. Microarray-assisted
pathway analysis identifies mitogen-activated protein
kinase signaling as a mediator of resistance to the green
tea polyphenol epigallocatechin 3-gallate in her-2/neu-
overexpressing breast cancer cells. Cancer Res 2006; 66:
5322-9.

El Bedoui J, Oak MH, Anglard P et al. Catechins prevent
vascular smooth muscle cell invasion by inhibiting MT1-
MMP activity and MMP-2 expression. Cardiovasc Res 2005;
67: 317-25.

Shirakami Y, Shimizu M, Adachi S et al. Epigallocatechin
gallate suppresses the growth of human hepatocellular car-
cinoma cells by inhibiting activation of the vascular endot-
helial growth factor-vascular endothelial growth factor
receptor axis. Cancer Sci 2009; 100: 1957-62.

Nishikawa T, Nakajima T, Moriguchi M et al. A green tea
polyphenol, epigalocatechin-3-gallate, induces apoptosis
of human hepatocellular carcinoma, possibly through
inhibition of Bcl-2 family proteins. J Hepatol 2006; 44:
1074-82.

Hall AJ, Wild CP. Liver cancer in low and middle income
countries. BMJ 2003; 326: 994-5.

El-Serag HB, Rudolph KL. Hepatocellular carcinoma: epi-
demiology and molecular carcinogenesis. Gastroenterology
2007; 132: 2557-76.

Thomas MB, Chadha R, Glover K et al. Phase 2 study of
erlotinib in patients with unresectable hepatocellular car-
cinoma. Cancer 2007; 110: 1059-67.

Samonakis DN, Notas G, Christodoulakis N et al. Mecha-
nisms of action and resistance of somatostatin analogues
for the treatment of hepatocellular carcinoma: a message
not well taken. Dig Dis Sci 2008; 53: 2359-65.

Diasio RB, Johnson MR. The role of pharmacogenetics
and pharmacogenomics in cancer chemotherapy with
5-fluorouracil. Pharmacology 2000; 61: 199-203.

Wang H, Jiang H, Zhou M et al. Epidermal growth factor
receptor VIII enhances tumorigenicity and resistance to
5-fluorouracil in human hepatocellular carcinoma. Cancer
Lett 2009; 279: 30-8.

Jin ZJ. About the evaluation of drug combination. Acta
Pharmacol Sin 2004; 25: 146-7.

© 2012 The Japan Society of Hepatology

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

Hepatology Research 2012; 42: 494-501

Li C, Keaney JF Jr. AMP-activated protein kinase: a stress-
responsive kinase with implications for cardiovascular
disease. Curr Opin Pharmacol 2010; 10: 111-5.

Lee M, Hwang JT, Lee HJ et al. AMP-activated protein
kinase activity is critical for hypoxia-inducible factor-1
transcriptional activity and its target gene expression under
hypoxic conditions in DU145 cells. ] Biol Chem 2003; 278:
39653-61.

Yuan XJ, Whang YE. PTEN sensitizes prostate cancer cells
to death receptor-mediated and drug-induced apoptosis
through a FADD-dependent pathway. Oncogene 2002; 21:
319-27.

Tuynman JB, Vermeulen L, Boon EM et al. Cyclooxygenase-
2 inhibition inhibits c-Met kinase activity and Wnt activity
in colon cancer. Cancer Res 2008; 68: 1213-20.

Harris RE. Cyclooxygenase-2 (cox-2) and the inflammo-
genesis of cancer. Subcell Biochem 2007; 42: 93-126.

Cao LQ, Wang XL, Wang Q et al. Rosiglitazone sensitizes
hepatocellular carcinoma cell lines to 5-fluorouracil anti-
tumor activity through activation of the PPARY signaling
pathway. Acta Pharmacol Sin 2009; 30: 1316-22.

Sergio A, Cristofori C, Cardin R et al. Transcatheter arterial
chemoembolization (TACE) in hepatocellular carcinoma
(HCC): the role of angiogenesis and invasiveness. Am J
Gastroenterol 2008; 103: 914-21.

Minoyama A, Yoshikawa M, Ebara M etal. Study of
repeated arterial infusion chemotherapy with a subcutane-
ously implanted reservoir for advanced hepatocellular car-
cinoma. J Gastroenterol 1995; 30: 356-66.

Siddik ZH. Cisplatin: mode of cytotoxic action and
molecular basis of resistance. Oncogene 2003; 22: 7265-
79.

Yau T, Chan P, Epstein R etal. Evolution of systemic
therapy of advanced hepatocellular carcinoma. World J
Gastroenterol 2008; 14: 6437-41.

Zhen MC, Wang Q, Huang XH et al. Green tea polyphenol
epigallocatechin-3-gallate inhibits oxidative damage and
preventive effects on carbon tetrachloride-induced hepatic
fibrosis. J Nutr Biochem 2007; 18 (12): 795-805.
Kaufmann R, Henklein P, Henklein P etal. Green tea
polyphenol epigallocatechin-3-gallate inhibits thrombin-
induced hepatocellular carcinoma cell invasion and p42/
p44-MAPKinase activation. Oncol Rep 2009; 21: 1261-
7.

Shimizu M, Shirakami Y, Sakai H et al. EGCG inhibits
activation of the insulin-like growth factor (IGF)/IGF-1
receptor axis in human hepatocellular carcinoma cells.
Cancer Lett 2008; 262: 10-8.

Johnstone RW, Ruefli AA, Lowe SW. Apoptosis: a link
between cancer genetics and chemotherapy. Cell 2002;
108: 153-64.

Liang G, Tang A, Lin X et al. Green tea catechins augment
the antitumor activity of doxorubicin in an in vivo mouse
model for chemoresistant liver cancer. Int J Oncol 2010; 37:
111-23.



Hepatology Research 2012; 42: 494-501

27

28

29

30

31

32

33

34

Kase S, Osaki M, Honjo S etal. Expression of cyclo-
oxygenase-2 is correlated with high intratumoral microves-
sel density and low apoptotic index in human esophageal
squamous cell carcinomas. Virchows Arch 2003; 442: 129-
35.

Cho HY, Thomas S, Golden EB et al. Enhanced killing of
chemo-resistant breast cancer cells via controlled aggrava-
tion of ER stress. Cancer Lett 2009; 282: 87-97.

Wu T. Cyclooxygenase-2 in hepatocellular carcinoma.
Cancer Treat Rev 2006; 32: 28-44.

Honjo S, Osaki M, Ardyanto TD et al. COX-2 inhibitor,
NS398, enhances Fas-mediated apoptosis via modulation
of the PTEN-Akt pathway in human gastric carcinoma cell
lines. DNA Cell Biol 2005; 24: 141-7.

Xie H, Gao L, Chai N et al. Potent cell growth inhibitory
effects in hepatitis B virus X protein positive hepatocellular
carcinoma cells by the selective cyclooxygenase-2 inhibitor
celecoxib. Mol Carcinog 2009; 48: 56-65.

Thun MJ, Namboodiri MM, Heath CW Jr. Aspirin use and
reduced risk of fatal colon cancer. N Engl ] Med 1991; 325:
1593-06.

Harris RE, Beebe-Donk J, Doss H et al. Aspirin, ibuprofen,
and other non-steroidal anti-inflammatory drugs in cancer
prevention: a critical review of non-selective COX-2 block-
ade (review). Oncol Rep 2005; 13: 559-83.

Hwang JT, Ha J, Park OJ. Combination of 5-fluorouracil
and genistein induces apoptosis synergistically in chemo-

EGCG enhances 5-FU-inhibited HCC cell growth 501

35

36

37

38

39

40

41

resistant cancer cells through the modulation of AMPK and
COX-2 signaling pathways. Biochem Biophys Res Commun
2005; 332: 433-40.

Viollet B, Andreelli F. AMP-activated protein kinase and
metabolic control. Handb Exp Pharmacol 2011; 203: 303~
30.

Collins QF, Liu HY, Pi J et al. Epigallocatechin-3-gallate
(EGCG), a green tea polyphenol, suppresses hepatic gluco-
neogenesis through 5’-AMP-activated protein kinase. J Biol
Chem 2007; 282: 30143-9.

Chiang PC, Lin SC, Pan SL et al. Antroquinonol displays
anticancer potential against human hepatocellular carci-
noma cells: a crucial role of AMPK and mTOR pathways.
Biochem Pharmacol 2010; 79: 162-71.

Hwang JT, Ha J, Park IJ et al. Apoptotic effect of EGCG in
HT-29 colon cancer cells via AMPK signal pathway. Cancer
Lett 2007; 247: 115-21.

Cantley LC. The phosphoinositide 3-kinase pathway.
Science 2002; 296: 1655-7.

Lawlor MA, Alessi DR. PKB/Akt: a key mediator of cell
proliferation, survival and insulin responses? J Cell Sci
2001; 114: 2903-10.

Leng J, Han C, Demetris AJ etal. Cyclooxygenase-2
promotes hepatocellular carcinoma cell growth through
Akt activation: evidence for Akt inhibition in cele-
coxib-induced apoptosis. Hepatology 2003; 38: 756-
68.

© 2012 The Japan Society of Hepatology



