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Polyphenols such as epigallocatechin-3-gallate (EGCG)
from green tea extract can exert a growth-suppressive
effect on human pancreatic cancer cells in vitro. In pursuit
of our investigations to dissect the molecular mechanism of
EGCG action on pancreatic cancer, we observed that the
antiproliferative action of EGCG on pancreatic carcinoma
is mediated through programmed cell death or apoptosis
as evident from nuclear condensation, caspase-3 activation
and poly-ADP ribose polymerase (PARP) cleavage. EGCG-
induced apoptosis of pancreatic cancer cells is accompan-
ied by growth arrest at an earlier phase of the cell cycle.
In addition, EGCG invokes Bax oligomerization and
depolarization of mitochondrial membranes to facilitate
cytochrome c release into cytosol. EGCG-induced down-
regulation of IAP family member X chromosome linked
inhibitor of apoptosis protein (XIAP) might be helpful to
facilitate cytochrome c mediated downstream caspase
activation. On the other end, EGCG elicited the production
of intracellular reactive oxygen species (ROS), as well as
the c-Jun N-terminal kinase (JNK) activation in pancreatic
carcinoma cells. Interestingly, inhibitor of JNK signaling
pathway as well as antioxidant N-acetyl-L-cysteine (NAC)
blocked EGCG-induced apoptosis. To summarize, our stu-
dies suggest that EGCG induces stress signals by damaging
mitochondria and ROS-mediated JNK activation in MIA
PaCa-2 pancreatic carcinoma cells.

Introduction

Green tea, a popular beverage consumed worldwide is known
to have a cancer chemopreventive effect against a broad spec-
trum of cancer (1--3). Catechins are the key components of
teas that exert antiproliferative properties. Among them, the
most abundant in green tea extract, epigallocatechin-3-gallate
(EGCG) has significant effects against tumorigenesis and
tumor growth (3--9). Since green tea is non-toxic and it is
effective in a wide range of organs, the worldwide interest
in green tea as a cancer preventive agent for humans has

increased. The chemopreventive effects of EGCG and other
structurally related green tea polyphenols have been investi-
gated using a variety of rodent tumor models. One of the most
plausible mechanisms of its chemopreventive activity might
be attributed to its ability to suppress the promotion of carci-
nogenesis in animals as well as in cultured cells (10--12).
Apart from inhibiting tumor promotion, EGCG administered
intraperitoneally (i.p.) and the green tea polyphenol fraction
infused orally caused the regression of experimentally induced
skin papillomas in mice (13,14). The i.p. injection of this
polyphenol can retard the progression of tumors arising from
human prostate cancer cells or mammary carcinoma cells in
athymic (nude) mice (15). However, its effect was not
promising on 7,12-dimethylbenz[a]anthracene-triggered carci-
nogenesis (16). The molecular mechanism of the antiprolifer-
ative action of EGCG in cancer cells has been, in part,
attributed to the induction of a highly regulated cellular
process called apoptosis (17--21).
The previous studies demonstrate the ability of EGCG to

suppress growth and invasion of pancreatic cancer cells in a
dose-dependent manner (22,23). It is quite interesting because
the conventional chemotherapy or irradiation is quite ineffect-
ive in killing pancreatic cancer cells. Here, we performed
experiments to determine whether the antiproliferative action
of EGCG in pancreatic cancer cell lines is mediated through
apoptosis. Our results reveal that EGCG can indeed promote
apoptosis in pancreatic cancer through mitochondrial mem-
brane depolarization and the activation of executioner caspases.

Materials and methods

Cells and culture conditions

Human pancreatic cancer cell lines MIA PaCa-2, PANC-1, AsPC-1, BxPC-3,
Hs 766T, SU86.86 and CFPAC-1 were grown in RPMI supplemented with
10% fetal bovine serum (FBS) and 50 mg/ml gentamicin at 37�C in a 5% CO2

humidified atmosphere.

Soft agar assay

A total of ~20 000 cells was resuspended in 0.35% noble agar (in RPMI
supplemented with 10% FBS) and plated on 6-cm plates containing a solidi-
fied bottom layer (0.5% noble agar in growth medium). The plates were
incubated in a humidified incubator at 37�C for 10--14 days. The plates were
stained with 0.005% crystal violet. The colonies were counted by using an
inverted microscope.

Analysis of cell death

Chromatin condensation was determined by 40,6-diamidino-2-phenylindole
(DAPI) fluorescence as described previously (24). A total of 5�106 cells
(in triplicate plates) was cultured in the growth medium in the presence or
absence of 0.1--0.2 mM EGCG for 24 h. After fixing and permeabilization, the
cells were mounted in a fluid containing 2 mg/ml DAPI (Vector Laboratories,
Burlingame, CA). A Nikon Eclipse E600 fluorescence microscope (Huntley,
IL) was used to visualize the nuclear stain.

Poly-ADP ribose polymerase (PARP) cleavage analysis

Cells were treated with specified concentrations of EGCG for designated time
periods. After treatment, the total cellular proteins were extracted as described
previously (24,25). After normalization for the total protein content, the
resulting lysate was subjected to SDS--PAGE and immunoblotting with

Abbreviations: DAPI, 40, 6 diamidino-2-phenylindole dihydrochloride;
EGCG, epigallocatechin-3-gallate; JNK, c-Jun N-terminal kinase; NAC,
N-acetyl-L-cysteine; OMM, outer mitochondrial membrane; PARP, poly-ADP
ribose polymerase; ROS, reactive oxygen species; XIAP, X-chromosome
linked inhibitor of apoptosis protein.
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monoclonal against PARP (Pharmingen, San Diego, CA). Immunodetection
was accomplished by enhanced chemiluminescence method (Amersham/
Pharmacia Biotech, Piscataway, NJ).

Cell cycle analysis by flow cytometry

After the designated treatment period with 0.2 mM EGCG, cells were sorted by
a fluorescence activated cell sorter at Ireland Cancer Center’s core facility as
described previously (25).

Mitochondrial membrane depolarization study by confocal microscopy

MIA PaCa-2 cells were grown in a 6-well tissue culture dish. The cells were
either treated with 0.2 mM EGCG or untreated for 14 h. After treatment, the
medium was replaced with serum-free medium containing 10 mg/ml JC-1,
a potential-dependent J-1 aggregate forming lipophilic cation (Molecular
Probes, Eugene, OR). Cells were incubated at 37�C for 10 min followed
by washing with PBS. Immediately, the cells were visualized by a confocal
laser-scanning microscope (Leica SP2, Bannockburn, IL). The monomer and
J-aggregate forms were simultaneously excited by 488-nm argon-ion laser
sources (26). Polarized mitochondria were marked by punctate orange-red
fluorescence staining.

Determination of cytochrome c and oligomeric Bax by immunofluorescence
microscopy

For cytochrome c, control and EGCG-exposed cells were fixed and permeab-
ilized followed by immunostaining with mouse monoclonal cytochrome c
antibody as primary and CY3 conjugated goat anti-mouse IgG as secondary.
To detect oligomeric Bax, immunostaining was performed with mouse anti-
Bax monoclonal antibody 6A7 (27) as primary. Slides were visualized under a
Leica SP2 confocal microscope (25,28).

Immunocomplex kinase assay

Equal amount of protein from control and EGCG-treated MIA PaCa-2 cells
were subjected to immunoprecipitation with anti-human c-Jun N-terminal
kinase (JNK) antibody in lysis buffer containing 10 mM HEPES, pH 7.2,
142 mM KCl, 5 mM MgCl2, 1 mM EGTA, 0.2% NP-40 and protease inhibit-
ors. After overnight incubation at 4�C, the immunocomplex was trapped in
Protein A-sepharose CL4B beads (Amersham-Pharmacia Biotech) by incu-
bating for 2 h at 4�C. After washing, the kinase reaction for JNK was per-
formed by incubating the immunoprecipitated proteins in 25 mM HEPES, pH
7.5, 25 mM MgCl2, 25 mM b-glycerophosphate, 1 mM DTT, 0.1 mM sodium
orthovanadate, 10 mM ATP, 2 ml activated JNK (Calbiochem) and 10 mCi of
[g-32P]ATP. Reactions were carried out at 30�C for 15 min. Kinase reactions
were terminated by boiling with Lammeli’s sample buffer followed by
SDS--PAGE and autoradiography.

Measurement of reactive oxygen species (ROS)

Flow cytometric determination of ROS production was carried out as described
previously (21). MIA PaCa-2 cells were collected by trypsinization and 200 ml
of cell suspension (2�106 cells/ml) was mixed with 800 ml PBS. Cells
were incubated with 10 mM 5-(and-6)-chloromethyl--20,70-dichlorodihydro-
fluorescein diacetate, acetyl ester (molecular probes) for 15 min, followed by
the addition of EGCG or hydrogen peroxide. The incubation was continued for
20 min at 37�C. The oxidative burst (hydrogen peroxide) was detected using
a FACScan flow cytometer with excitation and emission settings of 488
and 530 nm, respectively.

Results

Antiproliferative effect of EGCG by soft agar assay

The soft agar assay determines the ability of cells to grow in
the absence of adhesion and adhesion-independent growth of
the transformed cells reflects one of the few in vitro charac-
teristics that can be compared with the malignant phenotype
in vivo (29,30). For this purpose, single cell suspensions
of MIA PaCa-2 cells were mixed with 0.35% agar in culture
media in the presence or absence of EGCG. After layering the
mixture on top of a solidified bottom agar for 3 weeks, the
plates were stained with crystal violet and visualized under a
phase contrast microscope. In contrast to the plates containing
EGCG, the control plates that do not contain any EGCG
exhibited colonies of a larger size (Figure 1). Moreover,
EGCG can reduce the total number of colonies formed when
compared with the control. Thus, the ability of EGCG to
reduce the size as well as the number of total colonies formed

suggests that EGCG can exert antiproliferative activity on
MIA PaCa-2 cells.

Apoptotic signaling in pancreatic cancer cells owing to
EGCG exposure

We thought that the antiproliferative action of EGCG in pan-
creatic cancer might be mediated through the initiation of
apoptotic cascade. Accordingly, we examined the effect of
EGCG on seven human pancreatic cancer cell lines that exhibit
aggressive clinical behavior. The cell lines under investigation
were MIA PaCa-2, BXPC-3, SU86.86, AsPC-1, Hs 766T,
CFPAC-1 and PANC-1. In order to determine whether EGCG
can trigger any apoptotic effect in these cells, two different
parameters were chosen: (a) PARP cleavage analysis and
(b) DAPI staining. The member of caspase family of cysteine
proteases, such as caspase-3, cleaves specific substrate to
execute a programmed cell death. PARP is a 116-kDa nuclear
protein that is specifically cleaved by caspase-3 into a signa-
ture 85-kDa fragment (25). In response to EGCG treatment,
the extent of PARP cleavage differed from one cell line to
another. Among them, MIA PaCa-2 cells demonstrated an ele-
vated level of 85-kDa fragmented PARP (Figure 2, lane 2). On
the other hand, BxPC-3 and SU86.86 cells were moderately
responsive to EGCG-induced PARP cleavage (Figure 2,
lanes 4 and 6). Both metastatic pancreatic carcinoma cell
lines AsPC-1 and Hs 766T were apparently non-responsive

Fig. 1. Effect of EGCG on clonogenic cell survival of MIA PaCa-2 cells in
soft agar. Single cell suspensions were mixed with 0.35% agar in culture
medium with or without 0.2 mM EGCG. The mixture was layered on top of a
solidified bottom agar. After 3 weeks, the plates were stained with crystal
violet. Phase contrast microscopic images shown are representative of
typical patterns most commonly observed in these experiments.
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to EGCG because they exhibited little or no fragmented PARP
(Figure 2, lanes 8 and 10). However, PANC-1 and CFPAC-1
cells isolated from ductal adenocarcinoma were moderately
responsive to EGCG-triggered PARP cleavage (Figure 2,
lanes 12 and 14). Next, we stained the control and EGCG-
treated cells with a DNA group binding dye, DAPI (28,31). In
correlation, MIA PaCa-2 cells, which demonstrated significant
PARP cleavage, also had quite a large proportion of apoptotic
nuclei in response to EGCG (Figure 3). At the same time, the
metastatic pancreatic cancer cell line Hs 766T showed little
response to EGCG as reflected by the negligible presence of
chromatin condensation (Figure 3B). Even the increase in dose
of EGCG to 0.2 mM was ineffective in triggering apoptosis in
Hs 766T cells (data not shown). In contrast, the concentration

curve demonstrates that EGCG as low as 0.1 mM concentra-
tion can induce apoptosis in MIA PaCa-2 cells (Figure 3A).
Moreover, pre-treatment of MIA PaCa-2 cells with caspase
inhibitor z-VAD blocked the EGCG-induced apoptosis
(Figure 3C).
The cells susceptible to EGCG-induced apoptosis also

showed activation of caspase-3 as evident by the decrease in
the level of procaspase-3 (Figure 4A, lane 2). In general,
caspase-3 exists as a precursor (inactivated) form that is
cleaved to generate the active enzyme to act on several death
substrates (PARP, laminin, etc.) to execute apoptosis. The
significant decrease in the level of procaspase-3 was observed
in EGCG-exposed MIA PaCa-2 cells, contrary to Hs 766T
cells (Figure 4A, lane 2 versus lane 4). Notably, Hs 766T cells

Fig. 2. EGCG-induced apoptosis in pancreatic cancer cells. Cells were exposed to 0.2 mM EGCG for 24 h followed by western blot analysis of cell lysate using
monoclonal antibody against PARP. Lanes 1, 3, 5, 7, 9, 11 and 13, control; lanes 2, 4, 6, 8, 10, 12 and 14, EGCG-treated; lanes 1 and 2, MIA PaCa-2;
lanes 3 and 4, BxPC-3; lanes 5 and 6, SU86.86; lanes 7 and 8, AsPC-1; lanes 9 and 10, Hs 766T; lanes 11 and 12, CFPAC-1; lanes 13 and 14, PANC-1.

Fig. 3. EGCG can promote apoptosis in MIA PaCa-2 cells but not in metastatic pancreatic cancer cell line Hs 766T. Apoptotic cell death was visualized by
staining with DNA group binding dye, DAPI. Percentage of apoptotic nuclei was determined by scoring 500 cells from randomly chosen fields. (A) Concentration-
dependent apoptotic cell death in EGCG-exposed MIA PaCa-2 cells. (B) Metastatic pancreatic carcinoma cells Hs 766T do not exhibit apoptotic nuclei when
challenged with 0.1 mMEGCG. (C) Caspase inhibitor z-VAD can significantly reduce 0.1 mMEGCG-induced apoptosis (P5 0.001). Cells were pre-treated with
500 nM z-VAD for 1 h followed by co-incubation with EGCG for 24 h. Error bars represent SD between counts of three independent experiments.
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are not responsive to EGCG-induced cell death (Figure 3B).
Moreover, caspase inhibitor z-VAD can prevent the EGCG-
triggered diminished level of procaspase-3 in MIA PaCa-2
cells (Figure 4B).
X chromosome linked inhibitor of apoptosis protein (XIAP)

is known to be the most potent endogenous inhibitor of pro-
cessed caspase-3, -7 and -9. Here, we were interested to exam-
ine whether EGCG treatment can inhibit the expression of
antiapoptotic factor such as XIAP in pancreatic cancer cells.
Immunoblot analysis using monoclonal antibody against XIAP
clearly suggests the downregulation of XIAP protein in MIA
PaCa-2 cells pre-treated with 0.1 mM EGCG for 24 or 48 h
(Figure 4C). It is worth mentioning that XIAP protein remains
unaltered in non-responsive Hs 766T cells following EGCG
treatment (data not shown).

EGCG blocks taxol induced G2-M arrest of pancreatic cancer
cells

EGCG is known to arrest epidermoid carcinoma cells A431 at
a G0--G1 phase of cell cycle resulting in apoptotic cell death.
Initially, by flow cytometric analysis, we were unable to
differentiate the cell cycle distribution pattern between the
control and EGCG-treated cells (Figure 5, Panels I and II).
Taxol, a microtubule-disrupting agent, can arrest cells at the
G2-Mphase.We thought if EGCGcan truly block cells at theG1
phase, its pre-treatment should prevent the cells entering into
the mitotic phase following the post-treatment with taxol. As
shown in Figure 5, Panel III, taxol can arrest pancreatic cancer
cells CFPAC-1 at the G2-M phase of cell cycle in the absence
of pre-treatment with EGCG. However, cells harbor at G1-S
phase despite the presence of taxol if pre-treated with 0.2 mM

EGCG (Figure 5, Panel IV). This is indicative of the ability of
EGCG to retard cells at an early stage of the cell cycle.

Mitochondrial membrane depolarization by EGCG

Subsequently, we were interested to test whether a drop in
mitochondrial membrane potential precedes the caspase-3
activation and subsequent cleavage of death substrate. The
cationic dye JC-1 is useful for detection of the mitochondrial
membrane depolarization occurring at the early stage of
apoptosis (26,32). In living cells, JC-1 exhibits potential-
dependent accumulation in mitochondria leading to the
concentration-dependent formation of red fluorescent J-aggre-
gates (26,32,33). The punctate fluorescent orange-red staining
is indicative of the presence of polarized mitochondria. On
depolarization, there is usually a reduction in orange-red stain-
ing. The red fluorescence is dependent only on the membrane
potential and not on other factors such as mitochondrial size,
shape and density. JC-1 monomer binding with mitochondrial
membrane results in green fluorescence and such interaction is
independent of the membrane potential. Here, we stained the
control and EGCG-treated MIA PaCa-2 cells with JC-1 and
monitored the staining pattern by confocal laser scanning
microscopy. As shown in Panel IV of Figure 6, EGCG-
exposed cells dramatically reduced the formation of
red-fluorescent J-aggregates indicative of mitochondrial
membrane depolarization. Control cells showed punctate dis-
tribution of red fluorescence typical of live cells with polarized
mitochondria (Figure 6, Panel I). The green fluorescence is
noted in both the control and EGCG-treated cells owing to
JC-1 monomer binding (Figure 6, Panels II and V). Neverthe-
less, the pattern of green fluorescence is apparently diffused

Fig. 4. Diminished procaspase-3 level following EGCG exposure can be restored by caspase inhibitor z-VAD. (A) Cell lysate from control and
EGCG-exposed cells were subjected to immunoblot analysis with caspase-3 antibody. It is to be noted that the level of procaspase-3 in MIA PaCa-2 cells is
decreased following EGCG treatment, whereas non-responsive Hs 766T cells are unaffected. (B) Effect of caspase inhibitor z-VAD on EGCG induced decrease of
procaspase-3 level. MIA PaCa-2 Cells were pre-treated with 500 nM zVAD for 1 h followed by co-incubation with 0.1 mM EGCG for 24 h. (C) Western blot
analysis with XIAP monoclonal antibody. Lane 1, 24 h control; lane 2, 0.1 mM EGCG for 24 h; lane 3, 48 h control; lane 4, 0.1 mM EGCG for 48 h. The same blot
was probed with b-actin antibody.
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I. Control II. 16h Taxol

III. 24th EGCG IV. 24th EGCG & last
16h Taxol

Fig. 5. Taxol-induced mitotic arrest of CFPAC-1 cells is blocked by pre-treatment with EGCG. CFPAC-1 cells were either treated with (I) vehicle, (II) 1 mM taxol
for 16 h, (III) 0.2 mM EGCG for 24 h or (IV) 24 h EGCG (0.2 mM) with 1 mM taxol for the last 16 h. Cell cycle distribution was analyzed by flow cytometry.

Fig. 6. Mitochondrial membrane depolarization by EGCG. Control and EGCG-treated MIA PaCa-2 cells were stained with JC-1 and the staining pattern was
monitored by confocal laser scanning microscopy. For detection of J-aggregate form (red) and J-monomer alone (green), argon--krypton laser line was excited at
568 and 480 nm, respectively. Panels I, II and III represent control cells; panels IV, V and VI represent EGCG-treated cells. Panels III and VI represent differential
interference contrast (DIC) images.
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in EGCG-exposed apoptotic cells, contrary to the punctate
distribution in untreated cells.

Release of cytochrome c in cytosol

Mitochondria are known to play a central role to elicit apop-
tosis in response to many triggers. EGCG-dependent apoptosis
in MIA PaCa-2 cells was also observed to be accompanied by a
drop in mitochondrial membrane potential (Figure 6). Studies
have shown that a decrease in mitochondrial membrane poten-
tial because of permeability transition is an early event in
apoptosis (34,35). The permeability transition also leads to
the release of proteins, including cytochrome c from the mito-
chondrial intermembrane space and such proteins have been
shown to cause apoptotic changes in isolated nuclei (36).
Therefore, we speculated whether this EGCG-induced mito-
chondrial depolarization could release cytochrome c from the
mitochondria to cytosol. A typical mitochondrial pattern
(37,38) was seen by confocal microscopy in the control cells
stained with monoclonal antibodies against cytochrome c. This
pattern was altered when cells were exposed to EGCG: a
diffused staining was clearly visible (Figure 7) implicating
the release of cytochrome c from the mitochondria of EGCG-
challenged pancreatic cancer cells (38).

Detection of oligomeric Bax in EGCG treated cells

The release of cytochrome c in cytosol (Figure 7) prompted us
to determine the status of upstream regulators of mitochondrial
membrane perturbations. Among the upstream regulators, the
redistribution of soluble proapoptotic protein Bax from
the cytosol to organelle appears to be important in promot-
ing cell death (39). Bax then inserts itself into the outer

mitochondrial membrane (OMM) where it oligomerizes and
facilitates the release of cytochrome c from the intermembrane
mitochondrial space (39). Upon EGCG exposure, we tested the
oligomerization of Bax in the control and 0.1 mM EGCG-
exposed MIA PaCa-2 cells by using a monoclonal antibody
that specifically recognizes Bax oligomer (27). As shown in
Figure 8A, Bax oligomer was present only in EGCG-treated
MIA PaCa-2 cells, contrary to untreated control. The bio-
chemical analysis also reveals the upregulation of Bax in
EGCG-treated MIA PaCa-2 cells (Figure 8B) but not in EGCG
challenged non-responsive metastatic pancreatic carcinoma
cells (Hs 766T).

Effect of EGCG on the generation of intracellular ROS and
apoptosis

The prevailing notion implicates intracellular ROS as signal-
ing intermediates that are involved in signal transduction path-
ways of apoptosis. In addition, EGCG is also known to exhibit
pro-oxidant properties (40,41). On this basis, we examined
whether N-acetylcysteine (NAC), a distinct antioxidant or
ROS scavenger, can exert any effect on EGCG-induced cell

Fig. 8. Oligomerization and upregulation of proapoptotic protein Bax in
EGCG-treated MIA PaCa-2 cells. (A) Immunofluorescence detection of
oligomeric Bax. Panels I and II, 0.1 mM EGCG-treated MIA PaCa-2 cells;
Panels III and IV, control cells. It is to be noted that the confocal micrographs
indicate the presence of CY3 fluorescence only in EGCG-treated cells
(I and II) in contrast to control (III and IV). DIC images (II and IV) confirm
the presence of cells in both control and EGCG-treated slides. (B) Western
blot of EGCG-treated MIA PaCa-2 and Hs 766T cellular extract against Bax
polyclonal antibody.

Fig. 7. EGCG-mediated cytochrome c release in MIA PaCa-2 cells.
Immunofluorescence detection of cytochrome c. Panels I and III, control
cells; Panels II and IV, EGCG-exposed cells; upper and lower panels
represent images at higher and lower magnification, respectively.
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death in MIA PaCa-2 cells. For this purpose, cells were sub-
divided into four different groups for treatment: (a) Control;
(b) EGCG alone; (c) EGCG and NAC; (d) NAC alone, re-
spectively. Following pre-treatment with 10 mM NAC,
MIA PaCa-2 cells were subjected to 0.1 mM EGCG treatment
for 24 h. As shown in Figure 9A, the pre-treatment of NAC can
significantly abolish the EGCG-triggered cell death in MIA
PaCa-2 cells.
Subsequently, the measurement of oxidative burst revealed

~50% increase in peroxide level following 0.1 mM EGCG
exposure, which was attenuated by pre-treatment with
50 U/ml catalase (Figure 9B). It is to be noted that the pre-
incubation of cells with the same concentration of catalase
completely prevented the 0.1 mM EGCG-induced apoptosis
in MIA PaCa-2 cells (Figure 9C).

EGCG-induced JNK activation

Since increased ROS levels were observed to exert the activa-
tion of stress kinase JNK (40,41), we were interested to assess
the activation status of JNK by immunocomplex kinase
assay in the control and EGCG-exposed MIA PaCa-2 cells.
Figure 10A clearly demonstrates the EGCG-induced JNK
activation in MIA PaCa-2 cells. In order to understand whether
JNK activation is necessary for EGCG-mediated cell killing,
we next examined whether the blocking of JNK activity exerts
any effect on EGCG-induced apoptosis. As demonstrated in
Figure 10B, co-incubation with 10 mM JNK inhibitor II ren-
dered the MIA PaCa-2 cells refractory to EGCG-induced
apoptosis.

Discussion

Cancer is described as a disease that involves excessive pro-
liferation of cells and abandonment of their ability to die.
Normally, cells can kill themselves in a balanced process
known as ‘apoptosis’. It is becoming clear that too little cell
suicide by apoptotic process can lead to a variety of cancers,
including pancreatic cancer. Our investigation suggests
that EGCG has antiproliferative action on pancreatic cancer
cells and this antiproliferative action is mediated through
programmed cell death or apoptosis. Although some studies
(22,23) indicated the antiproliferative action of EGCG in
pancreatic cancer, the mechanism of action was never
investigated. More importantly, the present study unravels
the involvement of mitochondria in EGCG-induced cell
death of pancreatic cancer cells. The novelty of our studies is
the differential response of different pancreatic cancer cell
lines to tea polyphenol (Figure 2). Thus, it would be of value
to develop biomarkers of resistance in the course of mechan-
istic studies and to develop a sense of resistant phenotype.
Studies are in progress in the laboratory to understand the
mechanism of differential sensitivity of pancreatic cancer
cell lines to EGCG.
The results of our studies involving pancreatic cancer are

quite concordant with the previous observation that implicates
a direct inhibition of antiapoptotic Bcl-2 family proteins (1,2)
except the necessity of higher concentration of EGCG in
pancreatic cancer cells. The inhibition of Bcl-2 or Bcl-xL by
EGCG might result in an upregulation of proapoptotic member

Fig. 9. Effect of EGCG on oxidative burst and apoptosis in MIA PaCa-2 cells. (A) Effect of antioxidant NACwas investigated by adding into the media 2 h before
EGCG treatment. Assay of cell death was performed as described previously in Figure 3. Control, no treatment; EGCG, 0.1 mM EGCG for 24 h; NAC,
10 mM NAC for 2 h; EGCG þ NAC, pre-treatment for 2 h with 10 mM NAC followed by 24-h exposure with 0.1 mM EGCG. Following designated treatment,
percentage of apoptotic nuclei was determined by DAPI staining. Owing to pre-treatment with 10 mM NAC, a statistically significant difference was noted in
apoptosis index (P5 0.001). (B) Estimation of hydrogen peroxide following 0.1 mM EGCG exposure. The hydrogen peroxide dependent fluorescence values in
EGCG-treated cells were significantly higher than control (P 5 0.01). 50 U/mL catalase can suppress hydrogen peroxide production in EGCG treated cells
(P5 0.01). 30 mM hydrogen peroxide was used as a positive control. (C) Effect of catalase on EGCG mediated cell death. 50 U/ml catalase was added to the cell
culture medium 5 min before the addition of 0.1 mM EGCG. Apoptosis was determined by DAPI staining following 24 h EGCG exposure. Pre-treatment with
catalase can significantly block EGCG-induced apoptosis (P 5 0.001).
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Bax (Figure 8B). In addition, we noted an oligomerization of
Bax along with cytochrome c release/change in the mitochon-
drial membrane potential in EGCG-treated pancreatic cancer
cells (Figures 7 and 8). The requirement of high concentration
of EGCG to suppress cell proliferation or to induce apoptosis
in pancreatic cancer cells might be due to the differential cell
permeability of EGCG or sequestering of EGCG by other
proteins yet to be identified. A previous study by Takada
et al. (23) demonstrates the suppression of growth inhibition,
as well as invasion of pancreatic cancer cells, at 0.1--0.2 mM
concentration of EGCG. Treatment with 0.2 mM EGCG re-
sulted in a suppression of the growth of PANC-1 (15.4%) and
MIA PaCa-2 (26.0%) cells. It is to be noted that 0.1 mM
concentration of EGCG is often required to trigger stress signal
in cancer cells.
The prevention of EGCG-mediated apoptosis by JNK inhib-

itor II and NAC suggests the involvement of ROS-mediated
JNK activation in this pathway. The ROS comprise of singlet
oxygen, hydroxyl radicals, superoxide, hydroperoxides and
peroxides. In our studies, we have observed an increase in
hydrogen peroxide level owing to EGCG exposure as noted
in the case of lung tumor cell lines (21). Lei et al. (42) have

indicated that JNK signaling is necessary for the stress-induced
release of cytochrome c release and programmed cell death.
JNK signaling and cytochrome c release may be interlinked to
a pro-apoptotic member of Bcl-2 family because activated
JNK is unable to evoke apoptosis in cells deficient of Bax.
Our observation indicates that the concerted efforts of JNK
activation and Bax oligomerization might play a pivotal role in
the demise of pancreatic cancer cells.
At present, two major pathways that link apoptosis have

been identified: (a) intrinsic or mitochondrial and (b) extrinsic
or death receptor-related (43--45). The intrinsic pathway
involves the cell sensing stress that triggers the mitochon-
dria-dependent processes, resulting in cytochrome c release
and activation of caspase-9. The extrinsic pathway is triggered
by binding of legends such as TNF or FasL to their receptors,
leading to the recruitment of adaptor proteins such as FADD
and the subsequent activation of procaspase-8. As observed in
the case of leukemic cells (46), EGCG-induced apoptosis in
some type of cancer cells might be orchestrated by the coopera-
tive effects of both ‘extrinsic’ and ‘intrinsic’ pathways.
To summarize, our data suggest that EGCG initiates the cell

death process through cell cycle arrest at an earlier phase, as
well as the oligomerization of pro-apoptotic regulator Bax, in
pancreatic cancer. Perhaps, oligomeric Bax along with other
pro-apoptotic members (Bak or Bid) form pores in the mito-
chondrial membrane to facilitate the release of apoptogenic
factors from the mitochondria to cytosol. The permeabilization
of the outer membrane is thought to be a major event in
releasing proteins such as cytochrome c from the intermem-
brane space. Indeed, EGCG-induced apoptosis in pancreatic
cancer cells is accompanied by the mitochondrial membrane
depolarization and the release of cytochrome c from mito-
chondria into the cytosol. Cytochrome c is bound to the outer
surface of the inner membrane phospholipids, primarily to
cardiolipin molecules. An early event in the release of cyto-
chrome c is its dissociation from the inner mitochondrial
membrane, where it is bound to cardiolipin. Mitochondrial
ROS can promote cytochrome c release to the cytosol by
dissociating from cardiolipin (47). Mechanistically, it is pos-
sible that ROS generation in mitochondria targets membrane
lipid cardiolipin to dissociate cytochrome c. In pancreatic
cancer cells as observed here, EGCG-mediated ROS produc-
tion might play such a role. In a variety of cell types, the
apoptosis triggering effects of ROS were noted in vitro
(48,49). Interestingly, a similar apoptosis induction by ROS
was noted in in vivo animal studies (50,51). In earlier studies
using the TgT121 transgenic brain tumor model, Salganik et al.
(50) reported that dietary antioxidant depletion inhibited the
de novo tumorigenesis owing to an enhanced tumor-ROS
and apoptosis. Subsequently, using a de novo transgenic mouse
mammary tumor model, Albright et al. (51) demonstrated
that dietary antioxidant depletion significantly limits the size
of primary mammary tumors. Both primary and metastatic
tumor foci exhibited significantly increased, tumor-targeted,
oxidative stress and apoptosis in mice fed on an antioxidant-
depleted diet. These responses were specific to tumor tissues
because no increases in ROS or apoptosis were observed in
normal tissue (51).
The very poor prognosis and high mortality that pancreatic

cancer patients face results, in part, from our current inability
to both identify individuals at increased risk for this disease
and detect neoplasms earlier. The elucidation of the mechan-
ism by which existing chemopreventive agents decrease

Fig. 10. JNK activation by EGCG and inhibition of EGCG-mediated cell
death by JNK inhibitor II. (A) Immunocomplex kinase assay in EGCG-
treated MIA PaCa-2 pancreatic cancer cells. JNK was immunoprecipitated
from control cells and cells exposed to 0.1 mM EGCG for 24 h using
antibody against JNK as described in Materials and methods. Lane 1,
immunoprecipitation with lysis buffer control; lane 2, immunoprecipitation
using lysate from untreated cells; lane 3, immunoprecipitation using lysate
from EGCG-treated cells. (B) Effect of JNK inhibitor II on EGCG-induced
apoptosis. MIA PaCa-2 cells were pre-treated with 10 mM JNK Inhibitor II
(Calbiochem) followed by 24-h treatment with 0.1 mM EGCG. Apoptotic
nuclei were visualized by DAPI staining. Approximately 500 cells were
scored for each category. Results are means � SD of three independent
experiments. It is of note that EGCG-induced apoptosis significantly differ
(P 5 0.001) in JNK inhibitor II pre-treated and untreated cells.
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pancreatic tumor growth should facilitate the establishment of
efficacious regimens for the inhibition of human pancreatic
carcinoma. Apoptosis in EGCG-exposed pancreatic cancer
cells might hold future promise for deploying green tea as a
chemopreventive agent. The development of a chemoprevent-
ive agent in regular diet is very promising for pancreatic
cancer, since this spiteful form of human malignancy is often
diagnosed very late. Thus, the induction of the cell death
program by the polyphenol constituent of green tea might be
helpful in evading the potential malignant outcome of genomic
damage in pancreatic cancer.

Acknowledgements

We thank Michael Sramkoski of Ireland Cancer Center core facility for FACS
analysis, Patricia Glazebrook of Imaging Core Facility at MetroHealth Medical
Center and Daniel Haldar for preparing computerized illustrations. The work
was supported by grants from Elsa U Pardee Foundation and NIH (CA 77328;
CA109181-01).

References

1.Leone,M., Zhai,D., Sareth,S., Kitada,S., Reed,J.C. and Pellecchia,M.
(2003) Cancer prevention by tea polyphenols is linked to their direct
inhibition of antiapoptotic Bcl-2-family proteins. Cancer Res., 63,
8118--8121.

2.Pellecchia,M. and Reed,J.C. (2004) Inhibition of anti-apoptotic Bcl-2
family proteins by natural polyphenols: new avenues for cancer
chemoprevention and chemotherapy. Curr. Pharm. Des., 10, 1387--1398.

3.Yang,C.S., Chung,J.Y., Yang,G., Chhabra,S.K. and Lee,M.J. (2000) Tea
and tea polyphenols in cancer prevention. J. Nutr., 130, 472S--478S.

4.Surh,Y.-J. (1999) Molecular mechanisms of chemopreventive effects of
selected dietary and medicinal phenolic substances. Mutat. Res., 428,
305--327.

5.Fujiki,H., Suganuma,M., Okabe,S., Sueoka,N., Komori,A., Sueoka,E.,
Kozu,T., Tada,Y., Suga,K., Imai,K., and Nakachi,K. (1998) Cancer
inhibition by green tea. Mutat. Res., 402, 307--310.

6. Jankun,J., Selman,S.H., Swiercz,R. and Skrzypczak-Jankun,E. (1997)
Why does drinking green tea prevent cancer? Nature, 387, 561.

7.Wang,Z.Y., Huang,M.T., Ho,C.T., Chang,R., Ma,W., Ferraro,T.,
Reuhl,K.R., Yang,C.S. and Conney,A.H. (1992) Inhibitory effect of green
tea on the growth of established skin papillomas in mice. Cancer Res., 52,
6657--6665.

8.Nakachi,K., Suemasu,K., Suga,K., Takeo,T., Imai,K., and Higashi,Y.
(1998) Influence of drinking green tea on breast cancer malignancy among
Japanese patients. Jpn. J. Cancer Res., 89, 254--261.

9.Yang,C.S. (1997) Inhibition of carcinogenesis by tea. Nature, 389,
134--135.

10.Fujiki,H., Yoshizawa,S., Horiuchi,T., Suganuma,M., Yatsunami,J.,
Nishiwaki,S., Okabe,S., Nishiwaki-Matsushima,R., Okuda,T. and
Sugimura,T. (1992) Anticarcinogenic effects of (�)-epigallocatechin
gallate. Prev. Med., 21, 503--509.

11.Yamane,T., Nakatani,H., Kikuoka,N., Matsumoto,H., Iwata,Y., Kitao,Y.,
Oya,K. and Takahashi,T. (1996) Inhibitory effects and toxicity of green
tea polyphenols for gastrointestinal carcinogenesis. Cancer, 77,
1662--1667.

12. Jung,Y.D., Kim,M.S., Shin,B.A., Chay,K.O., Ahn,B.W., Liu,W.,
Bucana,C.D., Gallick,G.E. and Ellis,L.M. (2001) EGCG, a major
component of green tea, inhibits tumour growth by inhibiting VEGF
induction in human colon carcinoma cells. Br. J. Cancer, 84, 844--850.

13.Wang,Z.Y., Huang,M.T., Lou,Y.R., Xie,J.G., Reuhl,K.R., Newmark,H.L.,
Ho,C.T., Yang,C.S. and Conney,A.H. (1994) Inhibitory effects of black
tea, green tea, decaffeinated black tea, and decaffeinated green tea on
ultraviolet B light-induced skin carcinogenesis in 7,12-dimethylbenz
(a)anthracene-initiated SKH-1 mice. Cancer Res., 54, 3428--3435.

14.Katiyar,S.K., Mohan,R.R., Agarwal,R. and Mukhtar,H. (1997) Protection
against induction of mouse skin papillomas with low and high risk of
conversion to malignancy by green tea polyphenols. Carcinogenesis, 18,
497--502.

15.Sartippour,M.R., Heber,D., Ma,J., Lu,Q., Go,V.L. and Nguyen,M. (2001)
Green tea and its catechins inhibit breast cancer xenografts. Nutr. Cancer,
40, 149--156.

16.Hirose,M., Mizoguchi,Y., Yaono,M., Tanaka,H., Yamaguchi,T. and
Shirai,T. (1997) Effects of green tea on the progression and late promotion
stage of mammary gland carcinogenesis in female Sprague-Dawley rats
pretreated with 7,12-dimethylbenz(a)anthracene. Cancer Lett., 112,
141--147.

17.Hibasami,H., Asehiwa,Y., Fujikawa,T. and Komiya,T. (1996) Induction of
programmed cell death (apoptosis) in human lymphoid leukemia cells by
catechin compounds. Anticancer Res., 16, 1943--1946.

18.Achiwa,Y., Hibasami,H., Katsuzaki,H., Imai,K. and Komiya,T. (1997)
Inhibitory effects of persimmon (Diospyros kaki) extract and related
polyphenol compounds on growth of human lymphoid leukemia cells.
Biosci. Biotechnol. Biochem., 61, 1099--1101.

19.Okabe,S., Ochiai,Y., Aida,M., Park,K., Kim,S.J., Nomura,T.,
Suganuma,M. and Fujiki,H. (1997) Mechanisms of growth inhibition of
human lung cancer cell line PC-9 by tea polyphenols. Jpn. J. Cancer Res.,
88, 639--643.

20.Suganuma,M., Okabe,S., Kai,Y., Sueoka,N., Sueoka,E. and
Fujiki,H. (1999) Synergistic effects of (�)-epigallocatechin gallate with
(�)-epicatechin, sulindac, or tamoxifen on cancer-preventive activity in
the human lung cancer cell line PC-9. Cancer Res., 59, 44--47.

21.Yang,G.Y., Liao,J., Kim,K., Yurkow,E.J. and Yang,C.S. (1998) Inhibition
of growth and induction of apoptosis in human cancer cell lines by tea
polyphenols. Carcinogenesis, 19, 611--616.

22.Lyn-Cook,B.D., Rogers,T., Yan,Y., Blann,E.B., Kadlubar,F.F. and
Hammons,G.J. (1999) Chemopreventive effects of tea extracts and various
components on human pancreatic and prostate cancer cells in vitro. Nutr.
Cancer, 35, 80--86.

23.Takada,M., Nakamura,Y., Koizumi,T., Toyana,H., Kamigaki,T.,
Suzuki,Y., Takeyama,Y. and Kuroda,Y. (2002) Suppression of human
pancreatic carcinoma cell growth and invasion by epigallocatechin-
3-gallate. Pancreas, 25, 45--48.

24.Basu,A. and Haldar,S. (2003) Identification of a novel Bcl-xL phos-
phorylation site regulating the sensitivity of taxol- or 2-methoxyestradiol-
induced apoptosis. FEBS Lett., 538, 41--47.

25.Basu,A., Das,M., Qanungo,S., Fan X.-J., DuBois,G. and Haldar,S. (2002)
Protesomal degradation of human peptidyl prolyl isomerase pin1-pointing
phospho Bcl2 toward dephosphorylation. Neoplasia, 4, 218--227.

26.Smiley,S.T., Reers,M., Mottola-Hartshorn,C., Lin,M., Chen,A.,
Smith,T.W., Steele,G.D.Jr and Chen,L.B. (1991) Intracellular
heterogeneity in mitochondrial membrane potentials revealed by a
J-aggregate-forming lipophilic cation JC-1. Proc. Natl Acad. Sci. USA,
88, 3671--3675.

27.Yethon,J.A., Epand,R.F., Leber,B., Epand,R.M. and Andrews,D.W. (2003)
Interaction with a membrane surface triggers a reversible conformational
change in Bax normally associated with induction of apoptosis. J. Biol.
Chem. 278, 48935--48941.

28.Qanungo,S., Haldar,S. and Basu,A. (2003) Restoration of silenced
Peutz--Jeghers syndrome gene, LKB1, induces apoptosis in pancreatic
carcinoma cells. Neoplasia, 5, 367--374.

29.Soengas,M.S., Alarcon,R.M., Yoshida,H., Giaccia,A.J., Hakem,R.,
Mak,T.W. and Lowe,S.W. (1999) Apaf-1 and caspase-9 in p53-dependent
apoptosis and tumor inhibition. Science, 284, 156--159.

30.Kahn,P. and Shin,S.I. (1979) Cellular tumorigenicity in nude mice. Test of
associations among loss of cell-surface fibronectin, anchorage independ-
ence, and tumor-forming ability. J. Cell Biol., 82, 1--16.

31.Haldar,S., Jena,N. and Croce,C.M. (1995) Inactivation of Bcl2 by
phosphorylation. Proc. Natl Acad. Sci. USA 92, 4507--4511.

32.Salvioli,S., Ardizzoni,A., Franceschi,C. and Cossarizza,A. (1997) JC-1,
but not DiOC6(3) or rhodamine 123, is a reliable fluorescent probe to
assess delta psi changes in intact cells: implications for studies on
mitochondrial functionality during apoptosis. FEBS Lett., 411, 77--82.

33.Mancini,M., Anderson,B.O., Caldwell,E., Sedghinasab,M., Paty,P.B. and
Hockenbery,D.M. (1997) Mitochondrial proliferation and paradoxical
membrane depolarization during terminal differentiation and apoptosis in
a human colon carcinoma cell line. J. Cell Biol, 138, 449--469.

34.Zamzami,N. and Kroemer,G. (2001) The mitochondrion in apoptosis: how
Pandora’s box opens. Nat. Rev. Mol. Cell. Biol., 2, 67--71.

35.Green,D.R. and Reed,J.C. (1998) Mitochondria and apoptosis. Science,
281, 1309--1312.

36.Li,P., Nijhawan,D., Budihardjo,I., Srinivasula,S.M., Ahmad,M.,
Alnemri,E.S. and Wang,X. (1997) Cytochrome c and dATP-dependent
formation of Apaf-1/caspase-9 complex initiates an apoptotic protease
cascade. Cell, 91, 479--489.

37.Gewies,A., Rokhlin,O.W. and Cohen,M.B. (2000) Cytochrome c is
involved in Fas-mediated apoptosis of prostatic carcinoma cell lines.
Cancer Res., 60, 2163--2168.

S.Qanungo et al.

966

D
ow

nloaded from
 https://academ

ic.oup.com
/carcin/article/26/5/958/2390853 by guest on 05 M

ay 2023



38.Roberg,K., Johansson,U. and Ollinger,K. (1999) Lysosomal release of
cathepsin D precedes relocation of cytochrome c and loss of mitochondrial
transmembrane potential during apoptosis induced by oxidative stress.
Free Radic. Biol. Med., 27, 1228--1237.

39.Wolter,K.G., Hsu,Y.T., Smith,C.L., Nechushtan,A., Xi,X.G. and
Youle,R.J. (1997) Movement of Bax from the cytosol to mitochondria
during apoptosis. J. Cell Biol., 139, 1281--1292.

40.Yang,G.Y., Liao,J., Li,C., Chung,J., Yurkow,E.J., Ho,C.T. and Yang,C.S.
(2000) Effect of black and green tea polyphenols on c-jun phosphorylation
and H2O2 production in transformed and non-transformed human
bronchial cell lines: possible mechanisms of cell growth inhibition and
apoptosis induction. Carcinogenesis, 21, 2035--2039.

41.Zhu,N., Huang,T.C., Yu,Y., LaVoie,E.J., Yang,C.S. and Ho,C.T. (2000)
Identification of oxidation products of (�)-epigallocatechin gallate and
(�)-epigallocatechin with H2O2. J. Agric. Food Chem., 48, 979--981.

42.Lei,K., Nimnual,A., Zong,W.X., Kennedy,N.J., Flavell,R.A.,
Thompson,C.B., Bar-Sagi,D. and Davis,R.J. (2002) The Bax subfamily
of Bcl2-related proteins is essential for apoptotic signal transduction by
c-Jun, NH(2)-terminal kinase. Mol. Cell. Biol., 22, 4929--4942.

43.Singh,T.R., Shankar,S., Chen,X., Asim,M. and Srivastava,R.K. (2003)
Synergistic interactions of chemotherapeutic drugs and tumor necrosis
factor-related apoptosis-inducing ligand/Apo-2 ligand on apoptosis and on
regression of breast carcinoma in vivo. Cancer Res., 63, 5390--5400.

44.Srivastava,R.K. (2001) TRAIL/Apo-2L: mechanisms and clinical applica-
tions in cancer. Neoplasia, 3, 535--546.

45.Basu,A. and Miura,A. (2002) Differential regulation of extrinsic and
intrinsic cell death pathways by protein kinase C. Int. J. Mol. Med., 10,
541--545.

46.Saeki,K., Kobayashi,N., Inazawa,Y., Zhang,H., Nishitoh,H., Ichijo,H.,
Saeki,K., Isemura,M. and Yuo,A. (2002) Oxidation-triggered c-Jun
N-terminal kinase (JNK) and p38 mitogen-activated protein (MAP)
kinase pathways for apoptosis in human leukemic cells stimulated by
epigallocatechin-3-gallate (EGCG): a distinct pathway from those of
chemically induced and receptor-mediated apoptosis. Biochem. J., 368,
705--720.

47.Petrosillo,G., Ruggiero,F.M. and Paradies,G. (2003) Role of reactive
oxygen species and cardiolipin in the release of cytochrome c from
mitochondria. FASEB J., 17, 2202--2208.

48.Ramachandran,A., Moellering,D., Go,Y.M., Shiva,S., Levonen,A.L.,
Jo,H., Patel,R.P., Parthasarathy,S. and Darley-Usmar,V.M. (2002)
Activation of c-Jun N-terminal kinase and apoptosis in endothelial cells
mediated by endogenous generation of hydrogen peroxide. Biol Chem.,
383, 693--701.

49.Ricci,J.E., Gottlieb,R.A. and Green,D.R. (2003) Caspase-mediated loss of
mitochondrial function and generation of reactive oxygen species during
apoptosis. J. Cell Biol., 160, 65--75.

50.Salganik,R.I., Albright,C.D., Rodgers,J., Kim,J., Zeisel,S.H.,
Sivashinskiy,M.S. and Van Dyke,T.A. (2000) Dietary antioxidant deple-
tion: enhancement of tumor apoptosis and inhibition of brain tumor growth
in transgenic mice. Carcinogenesis, 21, 909--914.

51.Albright,C.D., Salganik,R.I. and Van Dyke,T. (2004) Dietary depletion of
vitamin E and vitamin A inhibits mammary tumor growth and metastasis
in transgenic mice. J. Nutr., 134, 1139--1144.

Received July 26, 2004; revised January 11, 2005;
accepted January 28, 2005

EGCG induces mitochondrial membrane depolarization

967

D
ow

nloaded from
 https://academ

ic.oup.com
/carcin/article/26/5/958/2390853 by guest on 05 M

ay 2023


