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We investigated intracellular signalling pathways for apoptosis

induced by epigallocatechin-3-gallate (EGCG) as compared with

those induced by a toxic chemical substance (etoposide, VP16) or

the death receptor ligand [tumour necrosis factor (TNF)]. EGCG

as well as VP16 and TNF induced activation of two apoptosis-

regulating mitogen-activated protein (MAP) kinases, namely

c-Jun N-terminal kinase (JNK) and p38 MAP kinase, in both

human leukaemic U937 and OCI-AML1a cells. In U937 cells,

the apoptosis and activation of caspases-3 and -9 induced by

EGCG but not VP16 and TNF were inhibited with SB203580, a

specific inhibitor of p38, while those induced by EGCG and

VP16 but not TNF were inhibited with SB202190, a rather broad

inhibitor of JNK and p38. In contrast, the EGCG-induced

apoptosis in OCI-AML1a cells was resistant to SB203580 but

not to SB202190. Unlike TNF, EGCG did not induce the acti-

vation of nuclear factor-κB but rather induced the primary

activation of caspase-9. N-Acetyl--cysteine (NAC) almost com-

pletely abolished apoptosis induced by EGCG under conditions

in which the apoptosis induced by VP16 or TNF was not

INTRODUCTION

Green tea and its constituent polyphenols have been shown to

possess anti-tumour properties in a wide variety of experimental

systems, and epigallocatechin-3-gallate (EGCG) is the most

abundant compound among the polyphenols in green tea [1–3].

Several other catechins, such as epigallocatechin (EGC), epi-

catechin gallate (ECG) and epicatechin (EC), are also known as

green tea polyphenols, although the effect of EGCG is the most

potent among these catechin compounds [4–6]. The anti-tumour

effects of these green tea polyphenols (particularly of EGCG)

have recently been studied at the cell biological level, and the

major cellular phenomena induced by the catechins were found

to be apoptosis and cell cycle arrest [3,6].

Intracellular signalling pathways for apoptosis have mainly

focused on two cascades, namely the kinase cascade [7,8] and the

protease cascade [8–10]. The former signalling cascade was

originally identified as an important pathway in the transduction
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ROS, reactive oxygen species ; TNF, tumour necrosis factor.
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affected. The JNK}p38 activation by EGCG was also potently

inhibited by NAC, whereas those by VP16 and TNF were either

not or only minimally affected by NAC. In addition, dithio-

threitol also suppressed both apoptosis and JNK}p38 activation

by EGCG, and EGCG-induced activation of MAP kinase kinase

(MKK) 3}6, MKK4 and apoptosis-regulating kinase 1 (ASK1)

was suppressed by NAC. Dominant negative ASK1, MKK6,

MKK4 and JNK1 potently inhibited EGCG-induced cell death.

EGCG induced an intracellular increase in reactive oxygen

species and GSSG, both of which were also inhibited by NAC,

and the decreased synthesis of glutathione rendered the cell

susceptible to EGCG-induced apoptosis. Taken together these

results strongly suggest that EGCG executed apoptotic cell death

via an ASK1, MKK and JNK}p38 cascade which is triggered by

NAC-sensitive intracellular oxidative events in a manner distinct

from chemically induced or receptor-mediated apoptosis.

Key words: apoptosis-regulating kinase 1, caspase, polyphenol,

reactive oxygen species, reduction–oxidation.

of apoptotic signals initiated by stress or toxic stimuli, and the

major participants in this kinase cascade are two members of

the mitogen-activated protein (MAP) kinases, c-Jun N-terminal

kinase (JNK) and p38 MAP kinase, as well as their upstream

kinases such as MAP kinase kinases (MKKs) [7]. The latter

caspase cascade has been thought to play a central role in death

receptor-mediated signalling pathways that transduce apoptotic

signals from the initiator caspases such as caspase-8 to caspase-

activated DNase (CAD) via the executioner caspases such as

caspase-3 [9–11]. Identification of CAD which is responsible for

internucleosomal DNA fragmentation and its proteolytic acti-

vation by caspase-3 shed new light on the molecular basis for

the mechanisms of apoptosis [10,11], and the caspase pathways

have been intensively studied over recent years [8–11]. However,

recent studies by several independent groups have demonstrated

the essential role of the kinase cascade as well as its downstream

mitochondrial pathway during apoptosis induction by cellular

stress, such as UV radiation [12–15].
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Mechanisms by which catechin compounds such as EGCG

induce apoptotic cell death are still largely unknown. A recent

study showed the involvement of caspase-3 during apoptosis of

chondrosarcoma cells stimulated by EGCG [16], although the

pathway from catechin to caspase-3 is not clear. It is possible

that polyphenols might utilize the kinase cascade in a similar

manner to toxic substances or cellular stress. Alternatively,

catechins, which are water-soluble substances with limited ability

to pass through the plasma membrane of cells may bind to

certain cell surface receptors, thereby provoking death receptor-

like intracellular signals.

In the present study, we investigated the effects of EGCG on

the intracellular apoptotic signal transduction system in human

leukaemic cells, mainly focusing on the MAP kinase cascade,

and compared this with the pathways for the two typical types of

apoptosis induced by established stimuli [17]. In this study,

etoposide (VP16) and tumour necrosis factor (TNF) were used as

the representatives of a chemical (toxic) substance and death-

receptor agonist, respectively. U937 cells were used as the main

targets since this cell line responded to EGCG with apoptotic cell

death but not with cell cycle arrest (as shown in this study). Our

results strongly suggest an essential role for the JNK and}or p38

pathway(s) during the execution of apoptosis and caspase

activation by EGCG. In addition, we found that certain targets

of N-acetyl--cysteine (NAC) and dithiothreitol (DTT), such as

intracellular oxidation and}or reactive oxygen species (ROS),

were located proximal to the MAP kinase cascade in the EGCG

signalling pathway, and that apoptosis-regulating kinase 1

(ASK1), which might be controlled by the redox balance, seems

to play a significant role in the upstream mechanism. Several

interesting differences between EGCG-induced apoptosis and

chemically induced or receptor-mediated apoptosis are also

presented and discussed.

EXPERIMENTAL

Materials

All catechin derivatives, EGCG, EGC, ECG, EC and (­)-

catechin, were purchased from Funakoshi Co., Tokyo, Japan.

These catechin derivatives used in this study were " 98% pure.

Highly purified (" 98%) recombinant human TNF produced by

Escherichia coli was purchased form PeproTech EC, London,

U.K., and highly purified (" 98%) recombinant human gra-

nulocyte colony-stimulating factor produced by E. coli was

kindly provided by Kirin Brewery Co., Tokyo, Japan. Propidium

iodide (PI), buthionine sulphoxide (BSO), NAC and VP16

were purchased from Sigma, St. Louis, MO, U.S.A. ; annexin

V–phycoerythrin was from BioVision, Mountain View, CA,

U.S.A. ; proteinase K was from Boehringer Mannheim,

Mannheim, Germany; DTT, RNase and urokinase were from

Wako Pure Chemical Co., Tokyo, Japan; SYBR Green I was

from Molecular Probes, Eugene, OR, U.S.A. ; Hi-LoTM DNA

Marker was from Abetech, Tokyo, Japan; poly(dI-dC) was from

Boehringer Mannheim; fluorogenic substrate for urokinase (Glt-

Gly-Arg-MCA; where MCA is 4-methylcoumaryl-7-amide) was

from Peptide Institute, Osaka, Japan; 2«,7«-dichlorofluorescin

diacetate (DCFH-DA) was from Molecular Probes ; ApoAlert2
Glutathione Detection Kit was from Clontech Laboratories,

Palo Alto, CA, U.S.A. ; and Bioxytech2 GSH}GSSG-412TM was

from OXIS Health Products, Portland, OR, U.S.A.

Polyclonal anti-phosphorylated ASK1 antibody was produced

by immunizing rabbits with a synthetic phospho-Thr)%& peptide

(CTET*FTGTLQY; where T* is phosphorylated threonine)

corresponding to residues around Thr)%& of human ASK1

[18]. The polyclonal antibodies against JNK, p38, Thr")$}

Tyr")&-phosphorylated JNK, Thr")!}Tyr")#-phosphorylated p38,

Thr##$-phosphorylated MKK4 and Ser")*/#!(-phosphorylated

MKK3}MKK6 were from New England Biolabs, Beverly, MA,

U.S.A. ; polyclonal anti-MKK3 and anti-MKK4 was from

Upstate Biotechnology, Lake Placid, NY, U.S.A. ; anti-β-tubulin

antibody was from Santa Cruz Biotechnology, Santa Cruz, CA,

U.S.A. ; monoclonal anti-caspase-3 antibody was from BD

Transduction Laboratories, Lexington, KY, U.S.A. ; monoclonal

anti-caspase-9 and anti-caspase-8 antibodies were from Medical

& Biological Laboratories Co., Nagoya, Japan; polyclonal anti-

cleaved-caspase-9 antibody D315 (which specifically recognizes

the Apaf-1 autoactivation site at Asp-315) and polyclonal anti-

inhibitory κB (IκB)-α antibody were from Cell Signalling

Technology, Beverly, MA, U.S.A. ; horseradish peroxidase-

conjugated anti-rabbit and anti-mouse antibodies were from Cell

Signalling Technology; horseradish peroxidase-conjugated anti-

sheep IgG antibody was from Upstate Biotechnology; and

SuperSignal West Femto Maximum Sensitivity Substrate was

from Pierce, Rockford, IL, U.S.A.

SDS was purchased from Wako Pure Chemical Co; SB203580

and SB202190 were from Calbiochem-Novabiochem Co., La

Jolla, CA, U.S.A. ; PVDF membrane was from Millipore Japan

Co., Tokyo, Japan; skimmed milk was from Snow Brand

Industry, Tokyo, Japan; RPMI 1640 medium was from Gibco

Laboratories, Grand Island, NY, U.S.A. ; and fetal bovine serum

(FBS) was from JRH Bioscience, Lenexa, KS, U.S.A. SP600125,

a highly specific inhibitor of JNK [19], was kindly provided by

Dr Brydon L. Bennett (Celgene Corporation, San Diego, CA,

U.S.A.). Expression vectors for dominant negative ASK1,

MKK6, MKK4, MKK7 and JNK1 [pcDNA3-HA-ASK1-KM,

pME-HA-MKK6AA, pGFP-SEK1K-R, pcDLSRα-Myc-

MKK7KL and pCR3JNK1β1(APF)] were described previously

[20–23]. Dominant negative MKK7 was kindly provided by

Professor Eisuke Nishida (Kyoto University, Kyoto, Japan).

Dominant negative MKK6 and JNK1 were kindly provided by

Professor Fuyuki Ishikawa (Kyoto University) and Dr Chifumi

Kitanaka (National Cancer Centre, Tokyo, Japan) under the

permission of Professor Eisuke Nishida and Dr Hiroyuki Seimiya

(Japanese Foundation for Cancer Research, Tokyo, Japan),

respectively. pEGFP-C1 and pCI-neo were purchased from

Clontech Laboratories and Promega, Madison, WI, U.S.A.,

respectively. All other reagents in the present experiments were

purchased from Sigma.

Culture and preparation of cells

Human leukaemic U937 cells were grown in RPMI 1640 medium

supplemented with 10% heat-inactivated FBS, penicillin

(100 units}ml) and streptomycin (100 µg}ml). Human leukaemic

OCI-AML1a cells [24] were kindly provided by Professor Nobuo

Nara at the Tokyo Medical and Dental University, Tokyo,

Japan, and were grown in RPMI 1640 medium supplemented

with 10% heat-inactivated FBS, penicillin (100 units}ml) and

streptomycin (100 µg}ml) in the presence of 10 ng}ml granulo-

cyte colony-stimulating factor. For the induction of apoptosis,

U937 and OCI-AML1a cells were seeded at 1¬10' cells}ml and

grown in the presence or absence of the relevant agents for up to

6 h. After the incubation, the cells were harvested and washed

three times with PBS, before being suspended in the appropriate

buffer for each experiment.

Western blotting

U937 cells and OCI-AML1a cells suspended in RPMI 1640

medium with 10% FBS were prewarmed for 10 min at 37 °C,

and then treated with inhibitors and}or stimulated with a
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cytotoxic agent or cytokine for the indicated periods at 37 °C.

The reactions were terminated by rapid centrifugation, and the

pellets frozen in liquid nitrogen after aspiration of the super-

natant. The cell pellets were resuspended in an ice-cold solution

containing 50 mM Hepes, pH 7.4, 1% Triton X-100, 2 mM

sodium orthovanadate, 100 mM NaF, 1 mM EDTA, 1 mM

EGTA, 1 mM PMSF, 10 µg}ml aprotinin and 10 µg}ml leu-

peptin. The cell suspensions were then mixed 1:1 with 2¬
sample buffer (4% SDS, 20% glycerol, 10% mercaptoethanol

and a trace amount of Bromphenol Blue dye in 125 mM

Tris}HCl, pH 6.8) and heated to 100 °C for 5 min. These

denatured samples were loaded on to an SDS}polyacrylamide

gel, and after electrophoresis the proteins were electrotransferred

on to a PVDF membrane in a buffer (25 mM Tris, 192 mM

glycine and 20% methanol) with 2 mA}cm# for 2 h at 4 °C.

Residual binding sites on the membrane were blocked by

incubation in PBS with 0.05% Tween 20 and 5% skimmed milk.

The membranes were then incubated with the primary antibody

in PBS with 0.05% Tween 20 and 1% skimmed milk for 4 h at

25 °C. The primary antibody was removed and the blots washed

three times in PBS with 0.05% Tween 20. To detect the antibody

reactions, the blots were incubated for 2 h with horseradish

peroxidase-conjugated anti-mouse, anti-rabbit or anti-sheep IgG

antibody diluted 1:200000 in PBS with 0.05% Tween 20 and

1% skimmed milk, before being washed intensively in PBS with

0.05% Tween 20, and then placed in a SuperSignal West Femto

Substrate working solution for 5 min at 25 °C. The blots were

then removed from the working solution, and exposed to the

film.

Determination of DNA fragmentation

The detection of internucleosomal DNA fragmentation was

performed as described by Sellins and Cohen [25] with some

modifications. For this, 4¬10& cells were suspended in 100 µl of

hypotonic lysis buffer (0.2% Triton X-100, 1 mM EDTA and

10 mM Tris}HCl, pH 7.5), and incubated for 20 min at 4 °C.

After centrifugation for 5 min at 14000 g, the supernatant was

collected and incubated with RNase A (final concentration,

200 µg}ml) for 1 h at 37 °C followed by a digestion with

proteinase K (final concentration, 200 µg}ml) for 30 min at

50 °C. The fragmented DNA was then precipitated overnight

at ®20 °C in 50% isopropanol and 0.5 M NaCl. The precipitates

were pelleted by centrifugation for 10 min at 14000 g, air-dried

and resuspended in buffer containing 1 mM EDTA and 10 mM

Tris}HCl, pH 7.4. Loading buffer containing 15 mM EDTA,

2% SDS, 50% glycerol and 0.5% Bromophenol Blue was added

to the samples at a 1:5 (v}v) ratio, and the samples heated to

65 °C for 10 min. Horizontal electrophoresis of the samples and

molecular marker(s) was performed with a 2% agarose gel

and 0.5¬TBE buffer (Tris}borate}EDTA buffer; 45 mM Tris}
borate and 1 mM EDTA) at 90 V, using a MUPID-2 mini elec-

trophoretic system (Cosmo Bio Co., Tokyo, Japan). After

electrophoresis, the gels were stained with SYBR Green I and

the fragmented DNA imaged using a FluorImager (Amersham

Biosciences, Tokyo, Japan).

Flow cytometry analysis for the determination of apoptosis

Cell cycle analysis for the determination of the sub-G
"
region was

performed as described [26]. Cells were washed in PBS and

resuspended in 70% ice-cold ethanol for fixing. After treatment

with RNase (100 µg}ml) for 30 min at 37 °C, DNA was stained

with 50 µg}ml PI for 30 min on ice. Determination of cell cycle

distribution was performed by FACS Calibur (Nippon Becton

Dickinson Co., Tokyo, Japan) and the number of cells in the area

corresponding to the sub-G
"

region was calculated using Cell

Quest (Nippon Becton Dickinson Co.). For the determination of

annexin V positivity, cells were washed in PBS and resuspended

in staining buffer (PBS containing 5% FBS and 0.05% sodium

azide). After treatment with annexin V–phycoerythrin for 5 min

at room temperature, one-colour analyses were performed using

a FACS Calibur.

Transient transfection and cell death assay

Efficient transfection of DNA was performed using Nucleofector

technology (Amaxa GmbH, Cologne, Germany) as described in

[27]. 2¬10' cells were suspended in 100 µl of transfection medium

(Nucleofector solution V) in the electroporation cuvette. After

adding 2 µg of plasmid DNA ²1 µg of pEGFP-C1 [green fluor-

escent protein (GFP) expression vector] and 1 µg of pCI-neo

(control) or expression vectors for dominant negative mutants´,
electroporation was performed using programmes provided by

the manufacturer. Immediately after electroporation, cells were

suspended in 1.5 ml of culture medium (RPMI 1640 medium

supplemented with 10% heat-inactivated FBS) in a 12-well

multi-well plate, and were then incubated for 4 h at 37 °C. After

replacing with new culture medium, cells were incubated for

another 20 h at 37 °C. After incubation, cells were stimulated

with 400 µM EGCG for 4 h at 37 °C, and were suspended in

staining buffer in the presence of 1 µg}ml PI, and two-colour

analyses were performed using a FACS Calibur. Only GFP-

positive transduced cells were counted for PI positivity, and the

quantity of dead cells was expressed as percentage of PI-positive

cells in the GFP-positive cells. Transfection efficiency (GFP-

positive cells}total cells) was approx. 30–40% in U937 cells and

60–80% in OCI-AML1a cells in this experimental system.

Electrophoretic mobility shift assay

Activation of nuclear factor-κB (NF-κB) was evaluated by the

electrophoretic mobility shift assay with a double-stranded

oligonucleotide containing a κB site from the mouse κ-light chain

enhancer (5«-AGCTTCAGAGGGGACTTTCCGAGAGG-3«
and 5«-TCGACCTCTCGGAAAGTCCCCTCTGA-3«) as a

probe. The nuclear extracts were prepared as described by

Schreiber et al. [28] with the following modifications. Cells were

lysed with buffer A (1.5 mM MgCl
#
, 10 mM KCl, 0.5 mM DTT,

0.2 mM phenylmethylsulphonyl fluoride, 10 mM Hepes-KOH,

pH 7.9), for 10 min at 4 °C, and this was followed by vortexing

to shear the cytoplasmic membranes. Nuclei were pelleted by

centrifugation at 10000 g for 10 s at 4 °C. Nuclear proteins

were extracted with high salt buffer C (420 mM NaCl, 1.5 mM

MgCl
#
, 0.2 mM EDTA, 0.5 mM DTT, 0.2 mM PMSF, 25%

glycerol and 20 mM Hepes}KOH, pH 7.9) for 2 min at 4 °C and

stored at ®80 °C until use. A 5 µg aliquot of the nuclear extract

was incubated with labelled probe for 30 min at 30 °C in binding-

reaction buffer (75 mM NaCl, 1.5 mM EDTA, 1.5 mM DTT,

7.5% glycerol, 0.3% Nonidet P-40, 1 mg}ml BSA and 15 mM

Tris}HCl, pH 7.0) in the presence of 2 µg of poly(dI-dC). The

total volume of the reaction was 20 µl. DNA–protein complexes

were separated from unbound oligonucleotides on a native 4%

polyacrylamide gel in 0.5¬TBE buffer. The gels were then

vacuum dried and subjected to autoradiography.

Determination of urokinase activity

Urokinase (20 units) was preincubated with 400 µM EGCG in

the presence or absence of 5 mM NAC, and was then incubated
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Figure 1 Apoptotic cell death of U937 and OCI-AML1a cells stimulated by EGCG, VP16 and TNF

(A) U937 and OCI-AML1a cells were incubated with the indicated concentrations (25–400 µM) of EGCG for 4 h at 37 °C. The presence of internucleosomal DNA fragmentation was examined

by agarose gel electrophoresis. (B) U937 cells were incubated with the optimal concentrations of EGCG (400 µM), VP16 (10 µg/ml) or TNF (100 ng/ml) for the periods indicated (1–5 h) at 37 °C.
The presence of internucleosomal DNA fragmentation was examined by agarose gel electrophoresis. C, control. (C) U937 cells were incubated with the optimal concentrations of EGCG, VP16 or
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with 5 µM of the fluorescent peptide substrate (Glt-Gly-Arg-

MCA) in a reaction buffer (100 mM NaCl, 10 mM CaCl
#

and

50 mM Tris}HCl, pH 8.0) for 1 h at 37 °C. After stopping the

reaction with 100 mM sodium acetate (pH 4.0), cleavage of

the peptide substrate as determined by the release of MCA was

measured with a Hitachi F-4010 fluorescence spectrophotometer

(Hitachi, Tokyo, Japan). The excitation and emission wave-

lengths were set at 380 and 460 nm, respectively.

Determination of intracellular ROS

The intracellular concentration of ROS was measured using

DCFH-DA as a probe. This probe is a non-polar compound

which readily diffuses into cells, where it is hydrolysed to the

non-fluorescent polar derivative 2«,7«-dichlorofluorescin and

thereby trapped within the cells. In the presence of a proper

oxidant, 2«,7«-dichlorofluorescin is oxidized to the highly fluor-

escent 2«,7«-dichlorofluorescein. After loading of the probe,

4¬10& cells were incubated with the agonists for the periods

indicated at 37 °C, and then placed in a 96-well multi-well plate.

The fluorescence of 2«,7«-dichlorofluorescein in the well was

visualized using a FluorImager (Amersham Biosciences). The ex-

citation and emission wavelengths were set at 488 and 530 nm,

respectively. Fluorescence intensity per well (per 4¬10& cells) was

quantified and calculated using the ImageQuantTM program

(Amersham Bioscience).

Determination of intracellular GSH levels

The relative amount of intracellular GSH was measured using an

ApoAlert2 Glutathione Detection Kit (Clontech Laboratories).

Briefly, after solubilization of the cells, the lysate was incubated

with 2 mM monochlorobimane for 30 min at 37 °C, and then the

fluorescence was measured with a Hitachi F-4010 fluorescence

spectrophotometer. The excitation and emission wavelengths

were set at 395 and 480 nm, respectively. For the exact de-

termination of total GSH and GSSG (glutathione disulphide) in

the presence of NAC, we used another assay kit (Bioxytech2
GSH}GSSG-412TM). 5,5«-Dithiobis-2-nitrobenzoic acid was used

as a chromogen in this assay kit, and 1-methyl-2-vinyl-pyridinium

trifluoromethane sulphonate was used as an agent for derivatizing

reduced GSH in the determination of GSSG. Absorbance of the

reaction mixture in the cuvette was measured at 412 nm using a

DU2 530 Life Science UV}Vis Spectrophotometer (Beckman

Instruments, Fullerton, CA, U.S.A.).

Statistical analysis

The Student’s t test was used to determine statistical significance.

RESULTS

Induction of apoptosis in U937 and OCI-AML1a cells stimulated
by EGCG

In the initial experiments, we studied the dose- and time-

dependency of apoptosis in human leukaemic U937 cells as

determined by DNA fragmentation and morphology. As shown

in Figure 1(A), EGCG induced DNA fragmentation of U937

TNF (as above) for 4 h at 37 °C, and were then observed under the inverted microscope. Phase-contrast micrographs are shown and the white arrows represent apoptotic cells. Original magnification,

¬200. (D) U937 cells were incubated with the optimal concentrations of EGCG, VP16 or TNF (as above) for 4 h at 37 °C, and the positivity for annexin V was determined using FACS Calibur.

The percentage of annexin V–phycoerythrin-positive cells is indicated in each panel. (E) U937 cells were incubated with the optimal concentrations of EGCG, VP16 or TNF (as above) for 4 h at

37 °C, and were then subjected to cell cycle analysis using FACS Calibur. The percentage of cells in the sub-G1 region is indicated in each panel.

Figure 2 Activation of JNK and p38 in U937 and OCI-AML1a cells
stimulated by EGCG, VP16 and TNF

(A) U937 (left-hand panel) and OCI-AML1a cells (right-hand panel) were stimulated with the

indicated concentrations (25–400 µM) of EGCG for 30 min at 37 °C. Activation states of JNK

and p38 were evaluated by Western blotting using antibodies specific for phosphorylated and

activated forms of JNK and p38, respectively. (B) U937 cells were stimulated with 400 µM of

the catechin derivatives (­)-catechin, EC, EGC, ECG and EGCG for 30 min at 37 °C. Activation
states of JNK and p38 were evaluated as in (A). (C) U937 cells were stimulated with the optimal

concentrations of EGCG (400 µM), VP16 (10 µg/ml) or TNF (100 ng/ml) for the indicated

periods (5 min–6 h) at 37 °C. Activation states of JNK (left-hand panel) and p38 (right-hand

panel) were evaluated as in (A). (D) OCI-AML1a cell were stimulated with the optimal

concentrations of EGCG (200 µM) for the indicated periods (5 min–4 h) at 37 °C. Activation

states of JNK and p38 were evaluated as in (A).

cells in a dose-dependent manner and the maximal effect was

obtained at 400 µM. EGCG at 400 µM induced DNA frag-

mentation of U937 cells in a time-dependent manner (Figure 1B).

For comparison, chemically induced (or toxic substance-induced)

apoptosis and death-receptor-mediated apoptosis were investi-

gated in the same cell line using VP16 and TNF, respectively

(Figure 1B). The optimal concentrations of both agents (10 µg}ml

for VP16 and 100 ng}ml for TNF) also induced DNA frag-

mentation of U937 cells with very similar time courses to EGCG,

although the effect of TNF was slightly faster. Morphological

changes characteristic of apoptotic cell death were observed

under the inverted microscope in U937 cells stimulated with

400 µM EGCG, 10 µg}ml VP16 and 100 ng}ml TNF (Figure
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1C). Roughly estimated, magnitude of apoptosis as determined

by morphology was VP16"EGCG"TNF. To examine the

apoptosis on a more quantitative basis, we also determined

positivity of cell surface annexin V, and found that EGCG-

induced apoptosis was less than VP16-induced apoptosis and

more than TNF-induced apoptosis (Figure 1D). According to

the cell cycle analysis, substantial increase in the sub-G
"

region

was observed in U937 cells stimulated by 400 µM EGCG,

10 µg}ml VP16 and 100 ng}ml TNF (Figure 1E). VP16, but not

EGCG and TNF, induced an apparent decrease in S- and G
#
}

M-phase cells (Figure 1E).

In another human leukaemic cell line OCI-AML1a, EGCG

also induced DNA fragmentation in a dose-dependent manner,

although lower concentrations of EGCG effectively induced

DNA fragmentation in this cell line compared with U937 cells

(Figure 1A). Morphological changes characteristic of apoptotic

cell death were also observed in this cell line after incubation with

Figure 3 For legend, see facing page.

EGCG, as based upon the microscopic examination of cultured

cells (results not shown).

Activation of JNK and p38 in U937 and OCI-AML1a cells
stimulated by EGCG

We then studied the effect of EGCG on JNK and p38, two well-

known members of the MAP kinases which are responsible for

apoptosis, in U937 and OCI-AML1a cells as determined by

immunoblotting using specific antibodies that recognize phos-

phorylated and activated forms of these two kinases. As shown

in Figure 2(A), EGCG induced activation of both JNK and p38

in a dose-dependent manner in both cell lines. The optimal

concentration for this effect was 400 µM in U937 cells (Figure

2A, left-hand panel), which is in parallel with the concentrations

required for apoptosis of this cell line (Figure 1A). Almost the
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Figure 3 Effects of SB203580 and SB202190 on apoptosis of U937 and OCI-AML1a cells stimulated by EGCG, VP16 and TNF

(A) U937 cells were preincubated with the indicated concentrations (2, 5 and 10 µM) of SB203580 for 30 min at 37 °C, and were then stimulated with 400 µM EGCG for 4 h at 37 °C. C, control.
(B) U937 (upper panel) and OCI-AML1a cells (lower panel) were preincubated with 2 µM SB203580 or 40 µM SB202190 for 30 min at 37 °C, and were then stimulated with the optimal

concentrations of EGCG (400 µM for U937 cells and 200 µM for OCI-AML1a cells), VP16 (10 µg/ml) or TNF (100 ng/ml) for 4 h. For (A) and (B) the presence of internucleosomal DNA

fragmentation was examined by agarose gel electrophoresis. (C) U937 cells were preincubated with 2 µM SB203580 or 40 µM SB202190 for 30 min at 37 °C, and were then stimulated with

the optimal concentrations of EGCG, VP16 or TNF (as above) for 4 h. At the end of the incubation, cells were observed under an inverted microscope. Phase-contrast micrographs are shown and

the white arrows represent apoptotic cells. Original magnification, ¬200. (D) U937 cells were preincubated with 2 µM SB203580 or 40 µM SB202190 for 30 min at 37 °C, and were then stimulated

with the optimal concentrations of EGCG, VP16 or TNF (as above) for 4 h. Activations of caspase-3 and caspase-9 were evaluated by Western blotting using anti-caspase-3, anti-procaspase-9 and

anti-cleaved-caspase-9 antibodies. (E) U937 cells were preincubated with 50 µM SP600125 for 30 min at 37 °C, and were then stimulated with the optimal concentrations of EGCG, VP16 or TNF

(as above) for 4 h. Apoptosis of U937 cells was determined using the annexin V method. Representative data from three independent experiments are shown, expressed as means³S.D. from

three determinations.

same findings were obtained in OCI-AML1a cells, except that

the activation of JNK but not p38 was observed at lower

concentrations of EGCG in this cell line (Figure 2A, right-hand

panel), which resulted in a similar dose-dependency of apoptosis

for JNK but not p38. Among a panel of catechin derivatives,

EGC and EGCG induced noticeable activation of JNK and p38,

but (­)-catechin, EC and ECG did not (Figure 2B). The ECG-

induced marginal activation of p38 but not JNK (Figure 2B) was

reproducible. This structure–activity relationship of JNK}p38

(particularly p38) activation is in parallel with that of apoptosis

[6]. The optimal concentrations of EGCG as well as VP16 and

TNF induced time-dependent activations of JNK and p38 in

U937 cells, although the time courses were different according to

the stimuli and kinases (Figure 2C). EGCG rapidly and tran-

siently induced the activation of JNK, whereas VP16 and TNF

induced JNK activation for prolonged times in a biphasic manner

(Figure 2C, left-hand panel). On the other hand, EGCG and

TNF rapidly and persistently induced activation of p38 in a

biphasic manner, whereas with VP16 p38 activation was delayed

(Figure 2C, right-hand panel). Thus, in U937 cells, EGCG

induced a transient activation of JNK versus the sustained and

biphasic activation of p38. On the other hand in OCI-AML1a
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cells, EGCG induced a sustained and biphasic activation of both

JNK and p38 (Figure 2D).

Involvement of JNK and p38 during apoptosis induction and
caspase activation by EGCG in U937 and OCI-AML1a cells

Data in Figures 1 and 2 suggest the possible involvement of JNK

and}or p38 in the signalling pathway for apoptosis in human

leukaemic cells stimulated by EGCG as well as the other two

typical death agonists. Therefore, we investigated the effects of

two inhibitors SB203580 and SB202190 on apoptosis of U937

cells. SB203580, a highly specific inhibitor of p38 [29], was used

at a low concentration (2 µM) to assure its specificity. In fact,

lower concentrations of SB203580 effectively inhibited the DNA

fragmentation induced by EGCG in U937 cells (Figure 3A). On

the other hand, SB202190, a rather broad inhibitor that is

thought to act not only on p38 but also on JNK [30,31], was used

at a relatively high concentration (40 µM). As shown in Figure

3(B) (upper panel), a high concentration of SB202190 potently

inhibited the EGCG-induced DNA fragmentation in U937 cells.

SB202190 also completely abolished VP16-induced DNA frag-

mentation, whereas SB203580 had no effect (Figure 3B, upper

panel). Interestingly, neither SB203580 nor SB202190 inhibited

the TNF-induced DNA fragmentation (Figure 3B, upper panel).

These findings for the effects of both inhibitors on DNA

fragmentation in U937 cells were confirmed by examining the

apoptotic morphology of the cells under the inverted microscope

(Figure 3C). SB202190 only slightly but reproducibly potentiated

the DNA fragmentation and morphological changes induced by

TNF (Figures 3B and 3C). Thus, in U937 cells, both inhibitors

suppressed EGCG-induced apoptosis but only SB202190 sup-

pressed VP16-induced apoptosis, and neither suppressed TNF-

induced apoptosis. In OCI-AML1a cells, we observed very

similar effects of SB203580 and SB202190 on apoptosis as in

U937 cells (Figure 3B, lower panel) except that the EGCG-

induced DNA fragmentation was resistant to the low con-

centration of SB203580, suggesting a less significant role for p38

during EGCG-induced apoptosis in this cell line. A high con-

centration of SB202190 slightly enhanced TNF-induced DNA

fragmentation in this cell line (Figure 3B, lower panel). All these

findings for OCI-AML1a cells were confirmed by morphological

examination of the cells (results not shown).

The inhibitory effects of SB203580 and SB202190 on EGCG-

induced DNA fragmentation (Figures 3A and 3B) suggest

the involvement of caspase-3 distal to p38 and}or JNK in the

signalling cascade of EGCG, since the DNase responsible for

DNA fragmentation has been reported to be activated directly

by caspase-3 [9–11]. As shown in Figure 3(D), both inhibitors

almost completely abolished cleavage of caspase-3 induced by

EGCG. Consistent with the findings for DNA fragmentation,

SB202190 but not SB203580 inhibited VP16-induced caspase-3

cleavage, and both inhibitors enhanced rather than suppressed

TNF-induced caspase-3 cleavage. Among the initiator caspases

linked to caspase-3, we next studied the possible involvement

of caspase-9, a caspase utilized in the post-mitochondrial path-

way [32]. In accordance with the apoptosis execution (Figures

3A–3C) and caspase-3 cleavage (Figure 3D), EGCG-induced

cleavage of caspase-9 at the Apaf-1 autoactivation site was

almost completely abolished by both SB203580 and SB202190,

whereas VP16-induced caspase-9 cleavage was inhibited only

by the latter (Figure 3D). TNF-induced cleavage of caspase-9

was not inhibited by either but rather enhanced by both (Fig-

ure 3D). Thus, caspase-9 and caspase-3 are thought to be located

at the position distal to JNK}p38 in the signalling cascade of

EGCG.

Figure 4 Activation of NF-κB and caspase-8 in U937 cells

(A) U937 cells were stimulated with the optimal concentrations of EGCG (400 µM) or TNF

(100 ng/ml) for the indicated periods (5, 10 and 15 min) at 37 °C, and then solubilized.

Electrophoretic mobility shift assays were performed using a specific oligonucleotide probe for

NF-κB. C, control. (B) U937 cells were stimulated with the optimal concentrations of EGCG or

TNF (as above) for the indicated periods (5, 15 and 30 min) at 37 °C, and then solubilized.

Degradation of IκB-α was evaluated by Western blotting using anti-IκB-α antibody. Western

blotting for β-tubulin is presented to show equal loading in each lane. (C) U937 cells were

stimulated with the optimal concentrations of EGCG or TNF (as above) for the indicated periods

(1–5 h) at 37 °C, and then solubilized. Activation of caspase-9, caspase-3 and caspase-8 was

evaluated by Western blotting.

Data in Figures 3(A)–3(D) suggest that EGCG mainly utilizes

p38 whereas VP16 mainly utilizes JNK to induce apoptosis in

U937 cells. In contrast, inhibition of the JNK}p38 pathway did

not inhibit but rather potentiated TNF-induced apoptotic re-

sponses. To confirm these findings, we determined the effects of

SP600125, a specific inhibitor of JNK [19], on apoptosis in U937

cells. As shown in Figure 3(E), SP600125 did not inhibit EGCG-

induced apoptosis under the condition that it potently suppressed

VP16-induced apoptosis. In addition, SP600125 enhanced TNF-

induced apoptosis (Figure 3E).

Effect of EGCG on NF-κB and caspase-8 in U937 cells

EGCG induced the activation of p38 in an almost identical time

course with TNF (Figure 2C), suggesting a possibility that

EGCG induces apoptosis of the cells via a specific death receptor-

like pathway. To explore this hypothesis, we studied the effects of

EGCG on NF-κB in comparison with TNF. As shown in Figure

4(A), EGCG did not induce activation of NF-κB under the same

conditions in which TNF did, as determined by electrophoretic

mobility shift assay. To further confirm this, we determined

degradation of IκB-α, the essential upstream signalling event of

NF-κB activation [33]. As shown in Figure 4(B), EGCG did not

induce degradation of NF-κB under the same conditions in

which TNF potently did this.

Not only TNF but also EGCG induced cleavage of caspase-8

in addition to caspase-9 and caspase-3 (Figure 4C). However,

the time courses of caspase cleavage were distinct for EGCG

and TNF; that is, EGCG rapidly induced caspase-9 followed

by the other two caspases whereas TNF induced three caspases

rapidly and almost simultaneously, suggesting that EGCG-
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Figure 5 Effects of NAC on DNA fragmentation in U937 and OCI-AML1a cells stimulated by EGCG, VP16 and TNF

(A) U937 (left-hand panel) and OCI-AML1a cells (right-hand panel) were preincubated with 5 mM NAC for 15 min at 37 °C, and were then stimulated with the optimal concentrations of EGCG

(400 µM for U937 cells and 200 µM for OCI-AML1a cells), VP16 (10 µg/ml) or TNF (100 ng/ml) for 4 h at 37 °C. (B) NAC (5 mM) was added to the culture of U937 cells either before or

after the addition of 400 µM EGCG. The total incubation period with EGCG was always 4 h, and the timing of NAC addition with respect to EGCG addition is indicated. The presence of internucleosomal

DNA fragmentation was examined by agarose gel electrophoresis. C, control ; E, EGCG ; V, VP16 ; T, TNF.

induced cleavage of caspase-8 might result from the activation of

caspase-9 and caspase-3, as has been reported by others [34].

Effects of NAC on apoptosis of U937 and OCI-AML1a cells

Redox and}or ROS are known to play an important role in the

intracellular signalling pathway of apoptosis [35,36]. To address

their involvement in the EGCG signalling pathway, we studied

the effects of NAC, a reducing agent and a scavenger of ROS

[35,36], on apoptosis induced by EGCG in comparison with

VP16 and TNF. Preincubation of U937 cells with the optimal

concentration of NAC (5 mM) for 10 min almost completely

suppressed DNA fragmentation (Figure 5A, left-hand panel) in

U937 cells stimulated by EGCG. In contrast, NAC preincubation

failed to inhibit apoptosis induced by VP16 and TNF (Figure

5A, left-hand panel). These findings for DNA fragmentation

were confirmed by morphological examinations using a micro-

scope (results not shown). In another human leukaemic cell line,

OCI-AML1a, an almost identical phenomenon was observed;

that is, NAC exerted a potent inhibitory effect on EGCG-

induced apoptosis but had no effect on VP16- or TNF-induced

apoptosis (Figure 5A, right-hand panel). The inhibitory effect of

NAC on EGCG-induced apoptosis was observed even when

EGCG and NAC were added to U937 cells simultaneously and

when NAC was added to the cells after 5 min of catechin

stimulation (Figure 5B). However, the inhibition was attenuated

when the addition of NAC was delayed by 15 min to 2 h and

after a delay of 3–4 h the NAC was unable to inhibit apoptosis

(Figure 5B), suggesting the involvement of an intracellular

target for NAC at an early step during apoptosis signalling

of EGCG.

Effects of NAC on the activation of JNK and p38 in U937 and
OCI-AML1a cells

Results in Figures 2, 3 and 5 clearly show that both JNK}p38

and NAC targets are essential for EGCG-induced apoptosis,

although the causal relationship between JNK}p38 and NAC

target is unclear. Therefore, we evaluated the possible roles of

a NAC target in the activation of JNK and p38. As shown

in Figure 6(A), NAC almost completely abolished the time-

dependent activation of JNK and p38 in both U937 and OCI-

AML1a cells stimulated by EGCG. We then compared the

effects of NAC on the activation of JNK and p38 with various

apoptosis-inducing stimuli in both cell lines (Figure 6B). Under

the conditions in which EGCG-induced activation of JNK and

p38 was completely abolished, NAC had no effect on VP16-

induced activation of JNK and p38 in either U937 or OCI-

AML1a cells (Figure 6B). The TNF-induced activation of JNK

and p38 was only partially but reproducibly inhibited by NAC

(Figure 6B).

Characterization of the effects of NAC on EGCG-induced events

To extend the effects of NAC on EGCG-induced apoptosis and

rule out the direct action of NAC on EGCG itself, we performed
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Figure 6 Effects of NAC on the activation of JNK and p38 in U937 and OCI-
AML1a cells stimulated by EGCG, VP16 and TNF

(A) U937 (left-hand panel) and OCI-AML1a cells (right-hand panel) were preincubated with

5 mM NAC for 15 min at 37 °C, and were then stimulated with 400 µM (for U937 cells) or

200 µM (for OCI-AML1a cells) EGCG for the indicated periods (5, 15 and 30 min) at 37 °C.
(B) U937 (left-hand panel) and OCI-AML1a cells (right-hand panel) were preincubated with

5 mM NAC for 15 min at 37 °C, and were then stimulated with the optimal concentrations of

EGCG (400 µM for U937 cells and 200 µM for OCI-AML1a cells), VP16 (10 µg/ml) or TNF

(100 ng/ml) for 30 min at 37 °C. Activation states of JNK and p38 were evaluated by Western

blotting using antibodies specific for phosphorylated and activated forms of JNK and p38,

respectively. C, control ; E, EGCG ; V, VP16 ; T, TNF.

additional two experiments. First, we determined the effect of

DTT, another reducing agent structurally unrelated to NAC, on

EGCG-induced apoptosis and JNK}p38 activation. As shown in

Figure 7, DTT exerted potent inhibitory effects, which were

Figure 7 Effects of NAC and DTT on apoptosis and the activation of JNK and p38 in U937 and OCI-AML1a cells stimulated by EGCG

(A) U937 (left-hand panel) and OCI-AML1a cells (right-hand panel) were preincubated with 5 mM NAC or 500 µM DTT for 15 min at 37 °C, and were then stimulated with the optimal concentrations

of EGCG (400 µM for U937 cells and 200 µM for OCI-AML1a cells) for 4 h at 37 °C. Apoptosis of the cells was determined using the annexin V method. Representative data from three independent

experiments are shown, with means³S.D. from three determinations. (B) U937 (left-hand panel) and OCI-AML1a cells (right-hand panel) were preincubated with 5 mM NAC or 500 µM DTT for

15 min at 37 °C, and were then stimulated with the optimal concentrations of EGCG (400 µM for U937 cells and 200 µM for OCI-AML1a cells) for 30 min at 37 °C. Activation states of JNK

and p38 were evaluated by Western blotting using antibodies specific for phosphorylated and activated forms of JNK and p38.

Figure 8 Effects of NAC and EGCG on urokinase activity

Urokinase was preincubated with 400 µM EGCG in the presence or absence of 5 mM NAC,

and were then incubated with the fluorescent peptide substrate Glt-Gly-Arg-MCA for 1 h at

37 °C. Cleavage of peptide substrate as determined by release of MCA was measured by a

fluorescence spectrophotometer. The results are expressed as a percentage of the control

(urokinase activity without NAC or EGCG). Representative data from three independent

experiments are shown, with means³S.D. from three determinations.

comparable with those of NAC, on apoptosis and JNK}p38 in

U937 and OCI-AML1a cells. Secondly, we studied whether

NAC might directly affect EGCG using a cell-free assay system.

It has been reported that EGCG inhibits urokinase activity

in �itro [37], and we confirmed this phenomenon (Figure 8). By
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Figure 9 Effects of NAC on the activation of MKK4, MKK3/6 and ASK1 in U937 and OCI-AML1a cells stimulated by EGCG

(A) U937 and OCI-AML1a cells were preincubated with 5 mM NAC for 15 min at 37 °C, and then stimulated with the optimal concentrations of EGCG (400 µM for U937 cells and 200 µM for

OCI-AML1a cells) for the indicated periods (5, 15 and 30 min) at 37 °C. Activation states of MKK4 and MKK3/6 were evaluated by Western blotting using antibodies specific for phosphorylated

and activated forms of MKK4 and MKK3/6, respectively. (B) U937 cells were preincubated with 5 mM NAC for 15 min at 37 °C, and were then stimulated with 400 µM EGCG for the indicated

periods (5 and 15 min) at 37 °C. Activation state of ASK1 was evaluated by Western blotting using an antibody specific for the phosphorylated and activated form of ASK1. The upper band of

the doublet represents the phosphorylated ASK1. C, control.

using this assay system, we found that NAC had no effect on the

inhibitory action of EGCG against urokinase (Figure 8).

Involvement of the upstream signalling molecules of JNK and/or
p38 in EGCG-stimulated cells and the effects of NAC on them

To determine the level of the NAC target in the JNK}p38

pathway, we investigated the effects of NAC on upstream

signalling molecules of JNK}p38 including MKK4 and

MKK3}6, as well as ASK1 in human U937 and OCI-AML1a

cells stimulated by EGCG, using the specific antibodies that

recognize phosphorylated and activated forms of these upstream

kinases. As shown in Figure 9(A), EGCG induced the activation

of both MKK4 and MKK3}6 in a time-dependent manner.

Under the same conditions, NAC potently inhibited EGCG-

induced activation of both MKK4 and MKK3}6. Thus, the

NAC target lies upstream of MKK4 and MKK3}6. Next, we

evaluated the effect of NAC on the activation of ASK1, one of

the upstream kinases which activate MKK4 and MKK3}6. As

shown in Figure 9(B), EGCG induced the activation of ASK1,

which was potently inhibited by NAC, suggesting that a NAC

target lies upstream of ASK1.

To further confirm the involvement of p38 and JNK and

determine the involvement of MKKs and ASK1 during EGCG-

induced apoptosis, we investigated the effects of dominant

negative mutants of JNK1, MKK4, MKK7, MKK6 and ASK1

on EGCG-induced apoptosis in U937 and OCI-AML1a cells. As

shown in Figure 10 (upper panel), EGCG-induced cell death as

determined by PI positivity in U937 cells was not affected by

control gene transfection, but was potently inhibited by the

transfection of dominant negative ASK1, MKK6, MKK4 and

JNK1. Dominant negative MKK7 did not exert significant

effects on EGCG-induced cell death in this cell line (Figure 10,

upper panel). On the other hand, all of the dominant negative

mutants, including dominant negative MKK7, inhibited EGCG-

induced cell death in OCI-AML1a cells (Figure 10, lower panel).

These findings further confirm the potential role of the

ASK1}MKK}JNK}p38 cascade in EGCG-induced apoptosis in

human leukaemic cells. No effect of dominant negative MKK7

(Figure 10, upper panel) might reflect the findings in Figure 3,

which shows the major role of p38 rather than JNK, at least in

U937 cells stimulated by EGCG.

Effects of EGCG on the ROS level and redox status in cells

A recent study clarified the involvement of ROS and redox-

related mechanisms in the activation of the ASK1 pathway

[18,36]. In addition, the present study showed that NAC and

DTT, reducing agents and ROS scavengers, potently inhibited

ASK1}MKK}JNK}p38 activation as well as the apoptosis

induced by EGCG (Figures 5–7 and 9), suggesting the existence

of a specific target for NAC and DTT upstream to the apoptosis-

executing MAP kinases in the EGCG-activated signalling path-

way. To address these problems, we studied whether EGCG

really generates intracellular ROS and}or exerts some effects on

the intracellular redox state in human leukaemic cells. In addition,

we investigated whether NAC could affect these EGCG-induced

oxidative responses. As shown in Figure 11(A), EGCG, but not

VP16 and TNF, up-regulated the intracellular level of ROS in

U937 cells, although the potency was much less than that of

H
#
O

#
, the positive control. Interestingly, the combined stimu-

lation of U937 cells with EGCG plus H
#
O

#
produced much less

intracellular ROS than H
#
O

#
alone (Figure 11A). The increase

of intracellular ROS by EGCG and}or H
#
O

#
was almost com-

pletely abolished by NAC (Figure 11A). To rule out the non-

specific inhibitory effects of p38}JNK inhibitors on intracellular

ROS, we then determined the effects of SB203580 and SB202190

on EGCG-induced increase of intracellular ROS in U937 cells.

Neither inhibitor had any significant effects on EGCG-induced

ROS (EGCG alone, 2.3³0.2; EGCG­SB203580, 2.3³0.1;

EGCG­SB202190, 2.4³0.2; data are expressed as fold increase

over the control cells, means³S.D. from three determinations).
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Figure 10 Effects of dominant negative JNK, MKKs and ASK1 on U937
cells stimulated by EGCG

The GFP expression vector and pCI-neo (control) or expression vectors for dominant negative

(dn) mutants were co-transfected into U937 (upper panel) and OCI-AML1a cells (lower panel)

using Nucleofector technology. Transfected cells were stimulated with (EGCG) or without

(Control) the optimal concentrations of EGCG (400 µM for U937 cells and 200 µM for OCI-

AML1a cells) for 4 h at 37 °C, and were then suspended in staining buffer containing 1 µg/ml

PI. The two-colour analyses (GFP and PI) were performed using FACS Calibur. Only GFP-

positive transduced cells were counted for PI positivity, and the quantity of dead cells was

expressed as percentage of PI-positive cells in the GFP-positive cells. Transfection efficiency

(GFP-positive cells/total cells) was approx. 30–40% in U937 cells and 60–80% in OCI-AML1a

cells in this system. Representative data from three independent experiments are shown, with

means³S.D. from three determinations. neo, pCI-neo-transfected cells.

As a parameter of the intracellular redox state, we determined

the intracellular concentrations of GSH, the most abundant

redox-regulating molecule in cells [38]. As shown in Figure 11(B),

EGCG induced a time-dependent decrease of intracellular GSH

in U937 cells as determined by the Clontech method using

monochlorobimane as a probe. This effect of EGCG was very

rapid, and a significant (P! 0.01) decrease was observed even at

2.5 min. Under the same conditions, VP16 and TNF exerted no

or minimal effects on intracellular GSH in U937 cells (Figure

11B). To quantify more precisely the intracellular level of both

total and oxidized GSH and to evaluate the effects of NAC on

them, we used an additional assay system (from OXIS). The total

GSH level was not affected by EGCG (Figure 11C, left-hand

panel), although GSSG was increased by EGCG (Figure 11C,

right-hand panel), indicating an EGCG-induced net decrease in

reduced GSH. The relative amount of reduced GSH in EGCG-

treated cells determined by the OXIS method was roughly

estimated by subtracting twice the level of GSSG from the total

amount of GSH, and it was found to be approx. 70–80% that of

control cells, a finding consistent with that from the Clontech

Figure 11 Intracellular concentrations of ROS and GSH in U937 cells
stimulated by EGCG

(A) U937 cells were preincubated with or without 5 mM NAC for 15 min at 37 °C, and then

stimulated with 400 µM EGCG, 1 mM H2O2, a combination of both, 10 µg/ml VP16 or

100 ng/ml TNF for 15 min at 37 °C. Intracellular ROS concentration was measured using

DCFH-DA as a probe, and the results were expressed as fold increase over control cells. (B)

U937 cells were stimulated with 400 µM EGCG (+), 10 µg/ml VP16 (E) or 100 ng/ml TNF

(_) for the indicated periods at 37 °C. Relative levels of intracellular GSH were measured by

the ApoAlert2 Glutathione Detection Kit using monochlorobimane as a probe, and the results

were expressed as a percentage of the control cells. (C) U937 cells were preincubated with or

without 5 mM NAC for 15 min at 37 °C, and were then stimulated with 400 µM EGCG for

15 min at 37 °C. Intracellular concentrations of total GSH (left-hand panel) and GSSG (right-

hand panel) were measured by the Bioxytech2 GSH/GSSG-412TM kit using 5,5«-dithiobis-2-
nitrobenzoic acid as a chromogen. In all panels, representative data from three independent

experiments are shown, with means³S.D. from three determinations.

method (Figure 11B). The increase in GSSG was almost com-

pletely abolished by NAC (Figure 11C, right-hand panel).

To confirm the intracellular roles of GSH, we investigated the

effect of the decrease in intracellular GSH on EGCG-induced

apoptosis. When U937 and OCI-AML1a cells were pretreated

with 1 mM BSO, a inhibitor of GSH synthesis [39,40], for 10 h,

the intracellular levels of GSH were decreased to 71³3% and

61³1% of non-pretreated control cells, respectively (Figure

12A). Under the same conditions, EGCG-induced apoptosis as

determined by annexin V positivity in these U937 and OCI-

AML1a cells was markedly potentiated (Figure 12B). These

findings together indicate that EGCG induces NAC-sensitive

intracellular oxidative stress at an early step in the apoptosis

pathway.
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Figure 12 Effects of BSO on GSH and apoptosis in U937 and OCI-AML1a
cells stimulated by EGCG

(A) U937 and OCI-AML1a cells were incubated with or without 1 mM BSO for 10 h at 37 °C.
Relative levels of intracellular GSH were measured by the ApoAlert2 Glutathione Detection Kit

using monochlorobimane as a probe, and the results were expressed as a percentage of the

control cells. (B) U937 (top panel) and OCI-AML1a cells (bottom panel) were preincubated with

1 mM BSO for 10 h at 37 °C, and were then stimulated with the optimal concentrations of EGCG

(400 µM for U937 cells and 200 µM for OCI-AML1a cells) for 4 h at 37 °C. Apoptosis of the

cells was determined using the annexin V method. Representative data from three independent

experiments are shown, with means³S.D. from three determinations.

DISCUSSION

The present results show that EGCG induces activation of the

JNK}p38 pathway via an intracellular target for NAC and DTT

(Figures 6 and 7) and that the activation of JNK}p38 by EGCG

was linked to the activation and}or cleavage of caspases as well

as the execution of apoptosis (Figures 3 and 10) in human

leukaemic cells. In contrast, VP16-induced activation of

Scheme 1 Intracellular signalling pathways for apoptosis in human
leukaemic cells stimulated by EGCG as compared with those induced by
VP16 and TNF

Intracellular signal transduction pathways of EGCG resulting in DNA fragmentation of cells are

shown compared with those of VP16 and TNF. The redox/ROS system and JNK/p38 cascade

play essential and central roles in the EGCG apoptotic pathways.

JNK}p38 did not seem to be mediated by a NAC target (Figure

6B), although the activation of JNK}p38 did lead to caspase

activation and apoptosis in VP16-stimulated cells (Figure 3). In

TNF-stimulated cells, JNK}p38 may not be responsible for cas-

pase activation and may not be essential or a prerequisite for

apoptosis (Figure 3) [41]. It is also possible that JNK}p38 is to

some extent linked to apoptosis in the TNF pathway, although

apoptosis by this pathway is effectively executed even in the

presence of JNK}p38 inhibitors (Figures 3B, 3C and 3E) via

another independent pathway (probably the caspase-8 cascade

initiated by the TNF receptor) [41]. The partial involvement of a

NAC target for JNK}p38 activation by TNF was suggested

(Figure 6B), although TNF-induced JNK}p38 activation was

fundamentally resistant to NAC at least in our experimental

system (Figure 6B). Such a NAC-resistant pathway for TNF to

induce JNK}p38 activation might be provoked by the direct

interaction between TNF receptor-associated factor 2 [41] and

MAP kinase cascade via an unknown non-redox mechanism.

The hypotheses based on the findings obtained in this study and

the results of previous observations [7,10,17,32,41] are sum-

marized in Scheme 1. Thus, the essential roles of JNK and}or

p38 during the apoptotic processes of both EGCG and VP16

suggest that EGCG utilizes the apoptotic signalling pathway of

the toxic agent (or chemically induced) type rather than that

of the death receptor (or receptor-induced) type, although the
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NAC target lies only in the upstream pathway of EGCG. On

the other hand, the signalling pathway utilized by EGCG partly

resembles that by TNF since both EGCG and TNF induced a

rapid and persistent activation of p38 with almost identical time

courses (Figure 2C, right-hand panel) as well as significantly

utilizing the NAC target to activate p38 (Figure 6B). In addition,

EGCG and TNF showed a similar pattern of cell cycle distri-

bution (Figure 1E). However, TNF but not EGCG provoked

activation of NF-κB (Figures 4A and 4B), a well-known

transcription factor that generates the survival signal [41], and

EGCG- but not TNF-induced primary activation of caspase-9

(Figure 4C).

In the situations when both JNK and p38 were activated, we

were interested in which of them was more important for the

execution of apoptosis. Several interesting findings for this

problem were obtained in this study. For example, a low

concentration of SB203580, which is hypothesized to inhibit p38

but not JNK, sufficiently suppressed caspase activation and

apoptosis induced by EGCG in U937 cells. In contrast, VP16-

induced caspase activation and apoptosis were suppressed only

by the high concentration of SB202190, which is a rather broad

inhibitor of both JNK and p38, but not by the low concentration

of SB203580 (Figure 3). In addition, SP600125, a specific in-

hibitor of JNK, did not inhibit EGCG-induced apoptosis under

the conditions in which it potently suppressed VP16-induced

apoptosis (Figure 3E). These findings for U937 cells suggest that

EGCG activated the caspase cascade and apoptosis mainly via

p38 rather than JNK while the VP16 activations were mainly

via JNK, in spite of the fact that both agents induced activation of

both kinases. A greater role for p38 than JNK in EGCG-induced

apoptosis in U937 cells was also suggested by the experiment

using dominant negative mutant genes of the JNK}p38 pathway

(Figure 8).

Activation of JNK}p38 is not always associated with apop-

tosis, and might play important roles in cell survival and}or

differentiation [42–44]. In this study, we also observed that

inhibition of JNK}p38 did not inhibit but rather enhanced

apoptosis and caspase activation in human leukaemic cells

stimulated by TNF (Figure 3), suggesting that the survival signal

was generated by JNK}p38 in this situation. At present, it is not

completely clear why the same kinase signal provokes the

opposite effects downstream which determine cell survival or

death. One attractive hypothesis is that the duration of JNK}p38

activation is a critical point for these phenomena; that is,

transient activation contributes to cell survival whereas a sus-

tained (and biphasic) activation induces cell death [45]. In this

context, the transient activation of JNK versus the sustained

activation of p38 in U937 cells stimulated by EGCG are of

interest, since EGCG was thought to induce apoptosis mainly via

p38 in this cell line, as described above. In contrast to U937 cells,

EGCG induced sustained and biphasic activation of JNK (Figure

2D) and the dose–response curve for apoptosis paralleled that for

JNK activation but not for p38 activation (Figure 2A, right-

hand panel) in OCI-AML1a cells. In addition, EGCG-induced

apoptosis in OCI-AML1a cells, unlike that in U937 cells, was

resistant to a p38 inhibitor but was sensitive to a broad inhibitor

of both JNK and p38 (Figure 3B, lower panel). These findings

suggest that EGCG executed apoptosis mainly via the prolonged

and biphasic activation of JNK at least in OCI-AML1a cells.

It has already been reported that EGCG induces the activation

of caspase-3-like activity and that a broad caspase inhibitor (z-

VAD-FMK; carbobenzoxy-Val-Ala-Asp-fluoromethylketone)

as well as a caspase-3 inhibitor (DEVD-CHO; Asp-Glu-Val-

Asp-aldehyde) potently inhibit EGCG-induced apoptosis in

human chondrosarcoma cells [16]. We also confirmed some of

these findings using another caspase inhibitor ²z-Asp-CH
#
-DCB;

carbobenzoxy-Asp-CH
#
-[(2,6-dichlorobenzoyl)oxy]methane´

and human leukaemic cells [6]. In the present study, we showed

that EGCG induced the cleaved and activated form of caspase-3

(Figures 3D and 4C). In addition, we observed that caspase-9

and caspase-3 were located downstream of JNK}p38 in EGCG-

stimulated U937 cells (Figure 3D). In regard to how the cellular

stress activates caspase-3, several recent reports have shown the

involvement of the JNK}p38 (and ASK1) pathway upstream to

the caspase cascade [12–15]. According to these reports, activated

JNK}p38 affects the mitochondrial pathway, including cyto-

chrome c}Apaf-1}caspase-9 via a caspase-independent unknown

mechanism, and the activation of these mitochondrial pathways

results in the activation of caspase-3 and CAD leading to DNA

fragmentation. These phenomena seem to be applicable to the

EGCG pathway, although an intervening molecule between

JNK}p38 and the mitochondria remains to be determined. A

member of the apoptosis-inducing Bcl-2 family, such as Bax, has

recently been proposed as a candidate for such a molecule [14].

More recently, phosphorylation of Bcl-2 by p38 has been reported

to trigger mitochondrial pathways [46].

In the present study, we cannot exactly identify the most

proximal molecular event initiated by EGCG and the initial

target of NAC that lies upstream of ASK1. ROS is known to

play a critical role in some situations of apoptosis [18,35,36], and

EGCG did induce a detectable level of intracellular ROS, at least

in human leukaemic cells (Figure 11A). Alternatively, EGCG

might shift the intracellular redox balance towards oxidation,

based upon the observation of an increase in oxidized GSH in

EGCG-stimulated U937 cells (Figures 11B and 11C). Import-

antly, NAC almost completely abolished the generation of both

ROS and GSSG (Figure 11) as well as activation of the JNK}p38

cascade (Figures 6, 7 and 9) and the execution of apoptosis

(Figure 5A). In addition, the decrease in intracellular GSH by an

inhibitor of GSH synthesis rendered U937 cells more susceptible

to EGCG-induced apoptosis (Figure 12). Thus, NAC might

inhibit EGCG-induced JNK}p38 activation and apoptosis

by correcting the intracellular redox unbalance and}or by

scavenging intracellular ROS. Among the intracellular redox

molecules, thioredoxin has been reported to function as a redox-

dependent regulator of the JNK}p38 pathway via direct regu-

lation of ASK1 activity [18,36], and ASK1 was found to be

involved in EGCG-induced apoptogenic pathway (Figures 9 and

10). In this context, EGCG might exert its proapoptotic effect via

redox rather than ROS, and intracellular target of NAC in the

present experiment would be redox that could be regulated by

the intracellular concentrations of GSH, the most abundant

redox-regulating molecule in cells [38].

EGCG is well known as a scavenger of ROS in extracellular

environments [47,48]. This characteristic of catechin compounds

might be closely related to their useful anti-carcinogenic or anti-

cytotoxic activities [49,50]. In contrast, EGCG did induce in-

tracellular production of ROS and a shift of the intracellular

redox balance towards the oxidation state, as presented in Figure

11. We cannot explain these dual and opposite effects of catechin

on the oxygen balance. In this study, we found that EGCG

inhibited the potent increase in intracellular ROS induced by

H
#
O

#
(Figure 11A), suggesting that the antioxidant actions of

catechins may also function within the cells. However, we

observed that the inhibition of the H
#
O

#
-induced increase in

intracellular ROS did not result in the inhibition of the H
#
O

#
-

induced JNK}p38 activation and apoptosis at least in human

leukaemic U937 cells (K. Saeki and A. Yuo, unpublished work).

In contrast, EGCG potently inhibited the cytotoxicity as well as

the ROS and JNK}p38 in human keratinocytes stimulated by
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UV radiation [50,51]. It remains to be determined how the

different mechanisms work during the antioxidant (cyto-

protective) versus oxidant (cytotoxic) actions of EGCG.

We observed that EGCG but not TNF induced intracellular

ROS production and GSH oxidation (Figure 11) and TNF but

not EGCG induced NF-κB activation (Figure 4), at least in

human leukaemic cell lines. These reciprocal findings are not

consistent with previous observations, since TNF is reported to

induce intracellular ROS in many cells and most agents that

generate ROS tend to activate NF-κB [52–56]. In addition, some

of the co-authors of this study clearly demonstrated essential

roles of the NAC-sensitive ASK1 and JNK}p38 pathway during

TNF-induced apoptosis in murine embryonic fibroblasts [45]. On

the other hand, another group reported that the inhibition of p38

potentiated TNF-induced apoptosis in U937 cells [42], a finding

consistent with the results of the present study. Thus the

redundant signalling pathways for cell death and survival seem

be regulated in a complex manner according to the cell type. In

regard to NF-κB, a recent report shows polyphenol-induced

inhibition of NF-κB activity in human cancer cell lines [57].

In this study, we clearly show that EGCG induces apoptotic

cell death via three important signalling pathways, redox}ROS

pathway, MAP kinase pathway and caspase pathway, which are

triggered by EGCG in this sequence. The causal relationships

between these three sequential pathways were strongly suggested,

and a more exact identification of the intervening molecules

linking the three independent pathways to one another is

currently underway in our laboratory.
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