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ABSTRACT: The catechins, a family of polyphenols found in tea, can evoke
various responses, including cell death. However, the precise molecular
mechanisms of these effects are unknown. Here, we demonstrate that
treatment of human MCF-7 cells with 50 �M (-)-Epigallocatechin-3-
gallate (EGCG), a catechin that is highly abundant in green tea, can
induce apoptotic changes, including mitochondrial membrane potential
changes and activation of c-Jun N-terminal kinase (JNK), caspase-9, and
caspase-3. In contrast, higher concentrations of EGCG (100–400 �M)
do not induce apoptosis, but rather trigger necrotic cell death in MCF-7
cells. Investigations of the possible mechanisms underlying these differ-
ences revealed that treatment with lower concentrations of EGCG (10–50
�M) directly increased intracellular oxidative stress, while higher con-
centrations (100–400 �M) did not. Immunoblotting revealed that treat-
ment of MCF-7 cells with 10–50 �M EGCG caused increases in Bax
protein levels and decreases in Bcl-2 protein levels, shifting the Bax–Bcl-
2 ratio to favor apoptosis, while treatment with 100–400 �M EGCG had
no such effect. Moreover, we observed a dose-dependent decrease in in-
tracellular ATP levels in cells treated with high-dose EGCG. Blockade
of reactive oxygen species (ROS) generation and ATP synthesis using an-
tioxidants and ATP synthesis inhibitors revealed that ROS and ATP play
important roles to switch cell death types with apoptosis or necrosis.
Collectively, these results indicate for the first time that EGCG treat-
ment has a dose-dependent effect on ROS generation and intracellular
ATP levels in MCF-7 cells, leading to either apoptosis or necrosis, and
that the apoptotic cascade involves JNK activation, Bax expression, mito-
chondrial membrane potential changes, and activation of caspase-9 and
caspase-3.
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INTRODUCTION

Apoptosis and necrosis are two distinct types of cell death that differ in
terms of their biochemical and morphological characteristics, as well as their
regulatory mechanisms.1,2 Apoptosis (programmed cell death) plays an im-
portant role in the embryogenesis and homeostasis of multicellular organisms,
and impairment of apoptotic function has been associated with several hu-
man diseases, including neurodegenerative disorders and cancer.3 In contrast,
necrosis (cell lysis) occurs in response to acute and nonphysiological injuries.4

Previous reports have indicated that the magnitude of the initial insult, not
the stimulus type, plays a critical role in prompting a cell to undergo either
necrosis or apoptosis.5,6

The catechins, a family of polyphenols found in tea, have been demon-
strated to have antioxidative, antiallergic, antimutagenic, and anticarcinogenic
functions.7–9 Recent reports have demonstrated that catechins can prevent can-
cer progress by inhibiting carcinogenesis, tumor growth, cancer cell invasion,
and tumor angiogenesis.10,11 (-)-Epigallocatechin-3-gallate (EGCG), a cate-
chin that is highly abundant in green tea, induces cell apoptosis,12 perhaps
accounting for its antitumor effects.13

A number of studies have examined the regulatory mechanisms responsible
for directing cells toward apoptosis or necrosis, and several lines of evidence
have suggested that this “switch” is controlled by the intracellular levels of ATP
and inactivation of caspases.14 Specifically, high energy levels are required for
execution of the apoptotic process, while necrosis can proceed in the presence
of low ATP levels.15,16 Thus, we herein examined the effects of high- or low-
dose EGCG treatment on human MCF-7 cells.

Our results revealed for the first time that EGCG treatment has dose-
dependent effects on MCF-7 cells, with low doses inducing apoptosis and
high doses inducing necrosis. Furthermore, we showed that the two different
cell death modes were associated with differences in reactive oxygen species
(ROS) generation and ATP levels.

MATERIALS AND METHODS

Cell Culture and EGCG Treatment

Human breast cancer MCF-7 cells were cultured in Dulbecco’s modified
eagle’s medium (DMEM) supplemented with 10% heat-inactivated fetal bovine
serum, 100 U/mL penicillin, and 100 �g/mL streptomycin. Cells (∼5-6 × 106)
were incubated in media containing various concentrations of EGCG for the
indicated times. Cell lysates were collected, sonicated on ice for 3 × 10 s, and
then centrifuged at 15,000 g for 20 min at 4◦C. The resulting supernatants were
used as the cell extracts.
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MTT Assay

The MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide)
test, a colorimetric assay that measures the percentage of cell survival, was
performed as described in our previous report.17 The results were analyzed by
spectrophotometry using an ELISA reader at a wavelength of 570 nm.

Assessment of Apoptosis and Necrosis

Oligonucleosomal DNA fragmentation in apoptotic cells was measured
using the Cell Death Detection ELISAplus Kit (TUNEL Apoptosis Assay
Kit) according to the manufacturer’s protocol (Roche Molecular Biochemi-
cals, Mannheim, Germany). The spectrophotometric data were obtained using
an enzyme-linked immunosorbent assay (ELISA) reader at a wavelength of
405 nm. Cell apoptosis and necrosis were also assessed by propidium iodide
(PI) and Hoechst 33342 staining, as described in our previous report.18 As
a second index of necrosis, we examined the lactate dehydrogenase (LDH)
activity present in the culture medium, using an LDH ELISA Assay Kit
(Promega, WI).

ROS Assay

ROS generation was measured using 2′-7′-dichlorofluorescein diacetate
(DCFDA) dye and determined using a fluorescence ELISA reader (excitation
485 nm, emission 530 nm) as described in our previous study.19 The results
were expressed as arbitrary absorbance units/mg protein.

Detection of Mitochondrial Membrane Potential

Cells were plated and grown in 96-well plates for 24 h and then incubated
with various concentrations of EGCG for an additional 6 h. The fluorescent
dye, DiOC6(3) (20 nM), was then added to each well, and plates were incu-
bated for 15 min. Fluorescence was measured with a plate spectrofluorometer
(excitation: 485 nm; emission: 535 nm).

Caspase Activity Assays

Caspase-3 activity was measured using the Z-DEVD-AFC fluorogenic sub-
strate (Calbiochem, San Diego, CA), as previously described.18 Caspase-8 and
caspase-9 activities were assayed using the Colorimetric Caspase-9 Assay Kit
and the Fluorometric Caspase-8 Assay Kit (Calbiochem).
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Immunoblots

Immunoblot analysis was carried out essentially as described in our previous
study.20

ATP Level Analysis

The intracellular ATP level in each extract was determined by a biolumi-
nescence assay using a liquid scintillation analyzer, according to the manufac-
turer’s protocol (Molecular Probes, Eugene, OR).

Statistics

Data were analyzed using one-way analysis of variance (ANOVA), and dif-
ferences were evaluated using a Student’s t-test and ANOVA. P values < 0.05
were considered significant.

RESULTS

Effects of EGCG on MCF-7 Cells

MCF-7 cells were incubated with various doses of EGCG for 6 h, and cell
viability was determined. Our results revealed that cell viability decreased
dose-dependently in cells treated with 10 to 400 �M EGCG (FIG. 1 A). ELISA
analysis of TUNEL-stained apoptotic cells revealed that 10–50 �M EGCG
increased the apoptosis-associated parameter in a dose-dependent manner, but
that the apoptosis-associated parameter decreased in cells exposed to EGCG
concentrations of 100–400 �M (FIG. 1 B). Indeed, higher concentrations of
EGCG (100–400 �M) induced a rapid shift from apoptotic to necrotic cell
death over a relatively small range of EGCG concentrations (50–100 �M)
(FIG. 1 C). These results were confirmed by an LDH release assay; the LDH
activity in the culture medium sharply increased in cells treated with 100–
400 �M EGCG (FIG. 1 D).

Low-Dose EGCG Treatment Induces ROS Generation and Mitochondrial
Membrane Potential Changes

As ROS have been shown to promote cell injury,21 we used DCFDA to
examine ROS formation in EGCG-treated MCF-7 cells. We found that low
doses of EGCG (10–50 �M) increased the intracellular ROS contents of
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FIGURE 1. Effects of EGCG treatment on MCF-7 cells. MCF-7 cells were incubated
with or without various concentrations of EGCG for 6 h. Cell viability was determined by
MTT assay (A) and apoptosis was evaluated using the Cell Death Detection ELISA Kit
(B), as described in the “Materials and Methods” section. (C) The percentages of apoptosis
and necrosis were determined by PI and Hoechst 33342 staining. (D) Necrosis was further
assessed by measurement of LDH activity in the culture medium. The data are expressed
as a percentage of the maximal level (Max) of LDH activity determined after total cell
lysis. Values are presented as mean ± SD of five determinations.

∗
P < 0.05,

∗∗
P < 0.01,

∗∗∗
P<0.001 versus the control (EGCG-free) group.
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FIGURE 2. Dosage effect of EGCG on ROS generation and mitochondrial membrane
potential changes. (A) MCF-7 cells were incubated with the indicated concentrations of
EGCG for 6 h and ROS generation was assayed using DCFDA. (B) Cells were then incubated
with 40 nM DiOC6(3) for 1 h, and analyzed by spectrofluorometry. Values are presented
as mean ± SD of five determinations. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001 versus the
control (EGCG-free) group.

MCF-7 cells, whereas no such effect was seen in response to higher concen-
trations (100–400 �M) of EGCG (FIG. 2 A). Since mitochondrial membrane
potential changes have been directly associated with apoptosis,22–24 we inves-
tigated the effect of EGCG on mitochondrial membrane potential in MCF-7
cells by measuring DiOC6(3) uptake. Low-dose (10–50 �M) EGCG treatment
decreased DiOC6(3) uptake into the mitochondria, indicating a loss of mito-
chondrial membrane potential, whereas treatment with 100–400 �M EGCG
had no such effect (FIG. 2 B). These results indicate that increased ROS gen-
eration and decreased mitochondrial membrane potential may be involved in
low-dose EGCG-induced apoptosis but not high-dose EGCG-induced necrosis
of MCF-7 cells.

Low-Dose EGCG Treatment Induces Activation of JNK, Caspase-9, and
Caspase-3 in MCF-7 Cells

As the activations of c-Jun N-terminal kinase (JNK) and caspases have been
directly associated with apoptosis,20,25 we assessed the dose–response effect
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of EGCG on these parameters. We found that treatment of MCF-7 cells with
10–50 �M EGCG led to activation of JNK, caspase-9, and capase-3 (FIG. 3
A–C), whereas treatment of cells with 100–400 �M EGCG had little effect on
these apoptotic changes (FIG. 3 A–C). In contrast, caspase-8 was not activated
following either treatment (FIG. 3 D), indicating that caspase-8 is not involved
in EGCG-induced cell death in these cells. Collectively, these results indicate
that in MCF-7 breast cancer cells, ROS generation, JNK activity, mitochondrial
membrane potential changes, and activation of caspase-9 and caspase-3 are all
correlated with low-dose EGCG-induced apoptosis, but not with high-dose
EGCG-induced necrosis (FIGS. 2 and 3).

Dose-Dependent Effects of EGCG on Bax–Bcl-2 Expression and
Intracellular ATP Levels

As the Fas receptor is known to stimulate apoptosis, we examined whether
the Fas receptor was involved in EGCG-induced apoptosis or necrosis. Our
result revealed no change in Fas expression levels following low- or high-dose
EGCG treatment of MCF-7 cells (FIG. 4 A). Since the expression ratio of
Bax versus Bcl-2 is significant for apoptosis determination,26 we investigated
whether EGCG induced apoptosis by modulating the expression of Bcl-2 fam-
ily members. Our results revealed that low-dose EGCG (10–50 �M) treatment
increased Bax protein levels and decreased Bcl-2 protein expression levels,
whereas high-dose EGCG treatment had no such effect (FIG. 4 B). Densito-
metric analysis of the protein bands revealed that low-dose EGCG treatment
increased the Bax–Bcl-2 ratio (favoring apoptosis), while high-dose EGCG
treatment did not affect the Bax–Bcl-2 ratio (FIG. 4 C). Finally, since ATP
levels are important mediators capable of switching the mode of cell death
from apoptosis to necrosis,16 we examined changes in ATP content following
low- and high-dose EGCG treatment of MCF-7 cells. Our results revealed that
intracellular ATP levels decreased in MCF-7 cells treated with doses of EGCG
higher than 100 �M, but that no such effect was seen in cells treated with lower
concentrations of EGCG (10–50 �M) (FIG. 4 D). These results collectively in-
dicate that low-dose EGCG-induced apoptosis involves changes in the protein
expression levels of Bcl-2 family members but not that of the Fas receptor,
whereas high-dose EGCG-induced necrosis is associated with decreased ATP
levels in MCF-7 cells.

ROS Generation and High ATP Levels are Required for Low-Dose
EGCG-Induced Apoptosis

To further determine whether ROS generation and ATP levels control
the dose–response switch mechanism between EGCG-induced apoptosis and
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FIGURE 3. Dosage effect of EGCG on activation of JNK and caspases. MCF-7 cells
were incubated with the indicated concentrations of EGCG for 6 h. (A) JNK/AP-1 activity
was evaluated by ELISA detection of phosphorylated c-Jun. The results were expressed
in relation to controls, which were arbitrarily set to 1.00. (B–D) Caspase-9, caspase-3,
and caspase-8 activities were assayed using the Colorimetric or Fluorescence Assay Kit as
described in the “Materials and Methods” section. Values are presented as mean ± SD of
three to five determinations. ∗∗P < 0.01, ∗∗∗P < 0.001 versus the control (EGCG-free)
group.
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FIGURE 4. Dosage effect of EGCG on Fas expression, ratio of Bax–Bcl-2, and ATP
levels in MCF-7 cells. MCF-7 cells were incubated with the indicated concentrations of
EGCG for 6 h. (A) The Fas content in cell extracts was measured using the Fas/APO-1 ELISA
Kit. (B) Bax and Bcl-2 protein levels were analyzed by immunoblotting. (C) Densitometry
was used to calculate the Bax–Bcl-2 ratios. (D) Intracellular ATP levels were determined
by a bioluminescence-based ELISA assay. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001 versus the
control (EGCG-free) group.
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necrosis, we examined the effects of two ROS scavengers (N-acetyl cysteine
[NAC] and �-tocopherol) and antimycin A, an inhibitor of mitochondrial res-
piratory chain complex III, on MCF-7 cells treated with 50 �M EGCG. Our
results showed that pretreatment with the antioxidants or antimycin A signif-
icantly attenuated intracellular ROS generation or decreased ATP levels, and
that these effects were associated with reduced apoptosis in MCF-7 cells treated
with 50 �M EGCG (FIG. 5 A–C). These findings indicate that ROS genera-
tion and ATP levels act as important controllers for low-dose EGCG-induced
apoptosis.

DISCUSSION

Low doses of antimycin A, a specific inhibitor of the mitochondrial respi-
ratory chain, were previously shown to kill rat fibroblast cells via apoptosis,
whereas necrosis was increasingly favored as the intensity of the hypoxic insult
increased.27 Other studies have suggested that intracellular ATP levels could
represent an important regulator for switching cells toward apoptosis or necro-
sis,14,15,27 with necrosis favored under low ATP conditions in many model
systems. Consistent with this notion, studies have shown that high ATP levels
are essential for the process and progression of apoptosis.28 Here, we showed
that high and low doses of EGCG induce two distinct cell death programs in
MCF-7 cells (FIG. 1 B–D).

To examine the possible molecular mechanisms by which EGCG induces
apoptosis or necrosis, we examined ROS production, activation of JNK, mi-
tochondrial membrane potential changes, and activation of caspase family
members, all of which are known to be important signal mediators for cell
death.29,30 We observed significant ROS generation and mitochondrial mem-
brane potential changes in MCF-7 cells treated with 10–50 �M EGCG, but not
in those treated with 100–400 �M EGCG or in untreated controls (FIG. 2 A and
B). Similar results were obtained when we tested activation of JNK, caspase-9,
and caspase-3 (FIG. 3 A–C). In addition, when we examined the levels of
Fas and Bax–Bcl-2 in EGCG-treated MCF-7 cells, we found that low-dose
EGCG (10–50 �M) treatment increased the ratio of Bax–Bcl-2, while high-
dose EGCG (100–400 �M) treatment had no such effect (FIG. 4 B). We further
demonstrated that EGCG dose-dependently decreases intracellular ATP levels
in MCF-7 cells (FIG. 4 D), and finally used ROS scavengers and an ATP syn-
thesis inhibitor to show that ROS generation and high ATP levels are required
for EGCG-induced apoptosis (FIG. 5). These results support the hypothesis
that ATP can act as a switch to determine EGCG-induced ROS generation and
subsequent apoptosis. In addition, our findings indicate that the necrosis in-
duced by 100–400 �M EGCG did not involve signaling via pathways involving
ROS generation, increased Bax–Bcl-2 ratios, mitochondrial membrane poten-
tial changes, or activation of JNK, caspase-9, and caspase-3. However, these
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FIGURE 5. Effect of N-acetyl cysteine, �-tocopherol, and antimycin A on low-dose
EGCG-induced apoptosis. Cells were incubated with N-acetyl cysteine (NAC; 2 mM), �-
tocopherol (Toc; 300 �M), or antimycin A (anti-A; 300 �M) for 1 h and then treated with
EGCG (50 �M) for another 6 h. ROS generation (A), intracellular ATP levels (B), and
apoptosis (C) were measured as described. Values are presented as mean ± SD of three to
five determinations. ∗∗P < 0.01, ∗∗∗P < 0.001 versus value of the “EGCG-treatment only”
group.
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biochemical changes were clearly associated with low-dose EGCG (10–
50 �M)-induced apoptosis (FIGS. 2–4). Furthermore, our results show that
apoptosis and necrosis have two independent pathways in the cell death pro-
cesses during EGCG-treated MCF-7 cells.

In sum, our results show for the first time that the EGCG treatment dosage
can determine the cell death mode in MCF-7 cells, and provide initial insights
into the mechanisms involved in EGCG-induced apoptosis. Although future
work will be required to fully define the precise regulatory mechanism, our
findings suggest that ATP and ROS are likely to be important regulators of
the cellular decision between the apoptotic and necrotic cell death pathways
in EGCG-treated MCF-7 cells.
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