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Abstract content, but we found that green tea extrda,, tea itself, had

stronger effects than the polyphenol content would have indicated (3).
This allows us to think that the constituents of green tea extract
together have synergistic or additive effects on cancer-preventive

polyphenol without a galloyl moiety. (—)-Epicatechin enhanced apoptosis, aSCtN'ty' S“Pport for t_hls idea V_Vas_ _Obtalned from our discovery that
growth inhibition of PC-9 cells, and inhibition of tumor necrosis factor-« [ H]EGCG incorporation W_as. 5|gn|f|c§ntly enhanced by EC_’ SUQQ_e_St'
release from BALB/c-3T3 cells by EGCG and other tea polyphenols with iNd that EGCG has synergistic potential for cancer-preventive activity
a galloyl moiety in a dose-dependent manner. Moreover, the effects of With EC. Moreover, synergistic possibilities of other tea polyphenols
EGCG on induction of apoptosis were also synergistically enhanced by with EC or those of EGCG with other cancer-preventive agents could
other cancer-preventive agents, such as sulindac and tamoxifen. This be anticipated. To test our hypothesis, we chose induction of apoptosis
paper reports significant evidence that whole green tea is a more reason- as a parameter of synergistic effects because apoptosis is commonly
able mixture of tea polyphenols for cancer prevention in humans than jnduced by tea polyphenols, sulindac, and tamoxifen (5, 9, 11).
EGCG alone and that it is even more effective when it is used in combi-  Hera e present the first evidence that cotreatment with EGCG and
nation with other cancer preventives. EC, ECG and EC, and EGC and EC synergistically induced apoptosis
of PC-9 cells, mediated through enhanced incorporation of tea poly-
phenols into the cells. Furthermore, cotreatment with EGCG and

Intense interest in green tea as a cancer preventive in humans $t#dac or EGCG and tamoxifen significantly enhanced induction of
increased for six main reasons: (a) wide range of target organs@pPptosis by EGCG. These results strongly indicate that green tea
rodent carcinogenesis experiments (1, 2); (b) growth inhibition §felf is a more effective and practical cancer preventive than EGCG
various human cancer cell lines (3-5); (c) inhibition of lung metastasione and that drinking green tea enhances the cancer-preventive
in mice (1); (d) wide distribution ofH]JEGCG" in various organs of activity of sulindac and tamoxifen, resulting in smaller doses of these
mice (6); () cancer-preventive results with humans from a prosp&ugs and fewer adverse effects.

tive cohort study (7); and (f) no severe adverse effects with green tea
tablets in humans (8). Materials and Methods

CGreentea contams several. t_ea PO'the“O'S’ |np|ud|ng EGCG’_ EGCChemicals. EGCG was purified from Japanese green tea leaves. EGC,
ECG' a_nd EC. Their composition yarlgs dependl.ng on the location @éG, and EC were purchased from Funakoshi Co. Ltd. (Tokyo, Japan). All tea
cultivation of the tea plantGamellia sinensis variety of the plant, polyphenols used in the experiments wer®8% pure. HIEGCG (48.1
season of harvest, and manufacturing process. The usual compositigg/mmol) was labeled at the’,B’-positions of the EGC moiety and 2,6-
is 10-15% EGCG, 6-10% EGC, 2-3% ECG, and 2% EC, witbositions of the galloyl moiety with tritium gas (Amersham, Buckinghamshire,
EGCG being the main constituent by our analysis. As we reporteiited Kingdom; Ref. 6). The stability 6H labeling in EGCG was confirmed
previously (4), tea polyphenols inhibit growth of human lung cancéy high-performance liquid chromatography analysis (6). Sulindac and tamox-
cell line PC-9, with the order of potency being EGGGECG > EGC ifen were purchased from Sigma Chemical Co. (St. Louis, MO).

3 oo .
= EC (). Fom these esuls, EGCG woud appear tobe he magf HECCE LEoionson 1o s Sos PO s o s
important compound of the four because of its activity and its hlgrgnamycin, and 10% fetal bovine serum. PC-9 cellx(10°) were incubated

with 100 um [*H]EGCG (4 107 dpm) with or without various concentrations

The study on incorporation of [°*H](—)-epigallocatechin gallate (EGCG)
into human lung cancer cell line PC-9 indicated that the fHJEGCG
incorporation was significantly enhanced by (—)-epicatechin, an inert tea

Introduction

Received 9/2/98; accepted 11/10/98. ) of each tea polyphenol fol h at 37°C. After incubation, cell-associated
The costs of publication of this article were defrayed in part by the payment of pagg i ctivity was measured by scintillation counter, as described previously
charges. This article must therefore be hereby masgdrtisemenin accordance with 3 di o di lls wi h’ Ivoh |
18 U.S.C. Section 1734 solely to indicate this fact. (4). 3H radioactivity incorporated into PC-9 cells without tea polyphenols was

1 This work was supported by the following Grants-in-Aid: for Scientific Research otaken to be 100%. Results are expressed as the means of two independent
Priority Areas for Cancer Research from the Ministry of Education, Science, Sports aagperiments performed in duplicate.

Culture (Japan); for a 2nd-Term Comprehensive 10-Year Strategy for Cancer Control an . . . R
for Comprehensive Research on Aging and Health from Ministry of Health and Welfa_rechA Fragmentation. PC-9 cells (2x 10° cells/ml) in 24-well plates were

(Japan); and for Selectively Applied and Developed Research from Saitama PrefectOf@!bated with each compound at various concentrations in the absence or
(Japan). This work was also supported by grants from the Uehara Memorial Life Sciefpresence of EC for 2 days. DNA fragmentation was measured by quantitation
Foundation, the Smoking Research Fund, and the Plant Science Research Foundatig @rtosolic oligonucleosome-bound DNA by using an ELISA kit (Boehringer
the Faculty of Agriculture (Kyoto University). nnheim, Mannheim, Germany), according to the manufacturer’s instruc-

2 Present address: The University of Texas M. D. Anderson Cancer Center, 1%@ ) - 7 X
Holcombe Boulevard, Houston, TX 77030. tions. Briefly, the cytosolic fraction corresponding 4 X 10°-1C cells/ml

3To whom requests for reprints should be addressed, at Saitama Cancer Cewas used as the source in a sandwich ELISA with a primary antihistone
i*lelsfa'ffh 'gsiﬁzuge%2';‘?73*(3?1;‘130*):'%?fh @Sait,?ma 362-0806, Japan. Phone: 81-48-42gihody coated on the microtiter plate and a secondary anti-DNA antibody

, Fax: -40- - , E-mail uji@saltama-cc.go.jp. - H H

e Abbreviatione Used are: EGCGI, (ﬁ-epigallocgtejc?ﬂn gallate: EGC, (~)-epig§PUPIed to peroxidase. Amounts of oligonucleosome released into cytoplasm

locatechin; ECG, (—)-epicatechin gallate; EG; ){epicatechin; TNFw, tumor necrosis Were detected by their absorbance at 415 nm. The results were confirmed by

factor-. two independent experiments performed in duplicate.
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in vitro (5, 9). EGCG and ECG strongly induced DNA fragmentation
in PC-9 cells after 2 days of incubation at concentrations of over 50
and 100uwm, respectively. The effects of EGC were much weaker than
those of EGCG and ECG (data not shown). EC alone, even at a
concentration of 50Qwm, did not induce DNA fragmentation. These
results confirmed that EC is an inert compound for induction of
apoptosis in PC-9 cells, which correlated well with previously re-
ported results (Fig. 2; Ref. 5).

Next, we sought to find out whether EC enhances induction of
apoptosis with EGCG. We selected an assay condition in whighvi75
EGCG alone induced apoptosis marginally and 100 EGCG in-
duced it significantly (Fig. 2). The cells were treated with four
different concentrations of EC in the absence or presence of either 75
um or 100um EGCG. Fig. 2 clearly shows enhanced DNA fragmen-

150

100

3H-EGCG incorporation
{% of controt)

a
o

o . ! ! : > tation by EC with two different concentrations of EGCG. EGCG at a
107 i 10 107 10° concentration of 75um with various concentrations of EC synergis-
Concentration (uM ) tically induced apoptosis: 5@m EC enhanced apoptosis 3.4-fold; 100

Fig. 1. Enhancement offJEGCG incorporation into PC-9 cells by EC but not by the #M EC enhanced it 4.5-fold; and 2G04 EC enhanced it 7.2-fold. At
other tea polyphenols. PC-9 cells were incubated with@@°HJEGCG in the presence 100 um EGCG, treatment with 10@m EC also enhanced apoptosis

of various concentrations of EGC®), ECG (@), EGC (A), EC (A), and caffeine<). . .
Incorporation of fH]Jradioactivity into the cells in the absence of nonradioactive te 2.1-fold. Moreover, EC at a concentration of ZQQI stimulated

polyphenols expressed as 100Rtata points, means of two separate experiments peinduction of apoptosis by ECG and EGE2-fold and ~3-fold,
formed in duplicatepars, SD.*, P < 0.01. respectively (Table 1).

Enhancement of Cell Growth Inhibition by EC with EGCG,

Growth Inhibition of PC-9 Cells. PC-9 cells (4x 10° cells/ml) were ECG, and EGC. Along with its induction of apoptosis, EC also
incubated with EGCG, ECG, or EGC in the absence or presence of EC fofghanced growth inhibition of the cells in a dose-dependent manner.
days. Numbers of viable cells were counted by the trypan blue dye exclusi@gcause we have reported that EGCG induced accumulatiog-bf G
test (4). Percentage of control was calculated as follows: [number of vialells, probably G-M arrest (4), we think growth inhibition by tea
cells in a treated group/number of viable cells in a nontreated grogmlyphenols is caused by apoptosis angMBarrest. After 2 days of
(~14 % 10° cells/ml)] X 100%. The results were confirmed by two independincubation with 10Qum EGCG alone, the number of viable cells was
ent experiments performed in duplicate. 73.3% of control, whereas that with 21 EC alone was 97.8%.

Inhibition of TNF- « Release from BALB/c-3T3 Celis.BALB/C-3TS o oyreatment with 10w EGCG and 20Qum EC reduced the number
cells were maintained in MEM (Nissui Pharmaceutical Co.) containing 100{8 27.8% (Table 1). Specifically, 20@m EC enhanced growth inhi-

fetal bovine serum. BALB/c-3T3 cells (2 10° cells per 0.5 ml) in a 12-well ... .
plate were preincubated with each of the tea polyphenols for 1 h. Theay0.2 bition ~2.7-fold. These results correlated well with the results of

okadaic acid was added to the medium. Twenty-four h after incubatiofnhanced FH]JEGCG incorporation and enhanced apoptosis (Fig. 2
concentration of TNFx in the medium was determined by ELISA (Genzyme@nd Table 1). EC also enhanced growth inhibition of PC-9 cells by
Cambridge, MA), as described previously (12). The results were confirmed G and EGC (Table 1). From these results, we concluded that EC,
two independent experiments performed in duplicate. an inert tea polyphenol, enhanced growth inhibition as well as apop-
Statistical Analysis. The Student'st test was performed to comparetosis in combination with other tea polyphenols. Green tea extract at

[PHJEGCG incorporation and induction of apoptosis. Statistical significangg concentration of 50Qug/ml completely inhibited growth of PC-9
levels wereP = 0.05 andP = 0.01.

Results and Discussion

1.5}
Enhancement of PHIEGCG Incorporation by EC. The incor-

porated radioactivity ofHJEGCG was~120,000 dpm per TOPC-9 I
cells 1 h after incubation with 10Qm [PHIJEGCG (4 x 10" dpm). =
Incubation of fHJEGCG with nonradioactive EGCG decreased théz €
incorporated radioactivity in a dose-dependent manner (Fig. 1). In thg;f2 1.0F
assay, the effects of ECG, EGC, EC, and caffeine were also studiegl
ECG and EGC inhibited®H]EGCG incorporation in a dose-depen-
dent manner, but their inhibitions were slightly weaker than that o
EGCG (Fig. 1). The concentrations inducing 50% inhibitiong(&} '
were 2.5um for EGCG, 40um for ECG, 100um for EGC, and>1
mw for caffeine. These results indicated that ECG and EGC incorpo-—
rate into the cells in a manner similar to EGCG and that their
incorporation is dependent on the galloyl moiety in tea polyphenols.
In addition, we found that EC at concentrations>£00 um signif- A IZI |ll A b B B
icantly increased3H]EGCG incorporation rather than inhibiting it: EC(uM) © 10 50 100200 0 10 50 100200
the increase with 1 mn EC was a significant 1.5-fold. The results +EGCG 75uM +EGCG 100uM
I_ndlcatEd that EC, which has no galloyl moiety, enhances InCorpom-Fig. 2. Synergistic induction of apoptosis with EC and EGCG. PC-9 cells (@0°
tion of EGCG and other tea polyphenols that do have galloyl moietsiis/imi) were incubated with 75 or 1w EGCG in conjunction with four different
Enhancement of Apoptosis by EC with EGCG, ECG, and EGC. doses of I_EC:‘ Cytosolic oligonucleosome-bound DNA was measured by ELISA, as
It has been reported that green tea polyphenols stimulated apoptos(ﬁgﬁ?{rﬁ;ﬁgj o dMuz;iig?éZ;g,d Sl\g(.eogf:Cg:gnmer?E’ plosed (;flotr‘f;oﬂfeé’ggg f’gjg_”?ems
various cancer cell lines, such as prostate, lymphoma, colon, and lumng; 0.05;#+, P < 0.01.
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Table 1 Synergistic effects by cotreatment with EC and other tea polyphenols on apoptosis, growth inhibition, ardrdlbi&se

Induction of apoptosfs Growth inhibitiorP Inhibition of TNF-« releas8
(As15 nm (% of control) IC50 (um)
With With With
Without EC EC (200um) Without EC EC (200um) Without EC EC (100um)
0.10+ 0.03 97.8 >500°
EGCG (100um®) 0.52+ 0.22 0.98+ 0.28 73.3 27.8 60 5
ECG (50um®) 0.27+0.13 0.53+ 0.18 62.2 43.3 30 7
EGC (200um®) 0.14+0.03 0.43+ 0.08 100.0 72.2 ND ND

2 Values represent the meansp of two separate experiments performed in duplicate.
bValues are representative of two separate experiments performed in duplicate.
€1Cgof EC.

Concentration for experiment on apoptosis and growth inhibition.
P <0.01.

cells (3). In this concentration of green tea, the molar concentratio®i§3 cells (10, 11, 14). As we expected, both sulindac and tamox-
of each tea polyphenol were 1Qv (45.8 ug/ml) EGCG, 100um ifen significantly and synergistically enhanced apoptosis induced
(30.6 ug/ml) EGC, 25um (7.7 ng/ml) ECG, and 3Qum (8.7 ug/ml) in PC-9 cells by EGCG. Specifically, Fig. 3 shows that sulindac at
EC. concentrations up to 10@m did not induce apoptosis of PC-9
Synergistic Effects of EC with EGCG and ECG on Inhibition of  cells, whereas 1Gwv sulindac with 75um EGCG induced apop-
TNF-a Release.On the basis of our finding that TN&-is an tosjs, an 8-fold enhancement (Fig. 3). Sulindac is a popular agent
endogenous tumor promoter, we think increase of ThiR-organs, ysed for suppression of colon adenoma formation in familial ade-
including lung, may promote carcinogenesis (13). We also found thimatous polyposis patients (15), but its usage is restricted be-
various cancer inhibitors including EGCG commonly inhibited 5,se of its side effects (16). We also found that cotreatment with

TNF-a gene expression and its release from BALB/C-3T3 cellgjingac and EGCG synergistically inhibited cell growth of mouse
Therefore, we think reduction of TN&-level is a key criterion of olon adenocarcinoma cell line, Colon 26, more strongly than
cancer-preventive agents (14). Therefore, we next examined whet findac alone or EGCG aloné (data not‘shown) Our results

EC enhances inhibition of TNE-release. Table 1 shows that EC . . S .
alone did not inhibit TNFe release significantly up to concentrationsdescrlbeoI here provide a new application method, whereby drink-

of 500 um, whereas EGCG inhibited it with an IS of 60 . ing gr_een_tea ephances the preventiv_e effects of sulindac while
Treatment with EGCG and 10@m EC reduced the IC, from 60 to reducing its toxicity When both are given togethgr to humans..
15 pm (i.e., 4-fold enhancement). Similarly, EC also stimulated th@/hethgr cpt_reatment with green tea extract and su_lmdac Synergis-
inhibitory effects of ECG on TNFe release, reducing I from 30 to tlgally |nh|b|t§ .develop.ment of C(?Ion, adenoma in (,:57BL/6J'
7 um. These results clearly demonstrated that EC stimulates &/ + (containing dominant mutation in thePC gene) is under
cancer-preventive activity of EGCG and other tea polyphenols medffvestigation. Fig. 3 also shows the effect of tamoxifen on apop-
ated through inhibition of TNFe release and induction of apoptosisiosis of PC-9 cells at 10 and 20v. Cotreatment with tamoxifen
(Table 1). and EGCG induced apoptosis more strongly than tamoxifen alone
Enhancing Effects of EGCG with Sulindac or Tamoxifen. To of EGCG alone (Fig. 3). The enhanced effects of tamoxifen and
extend the study of synergistic effects, we examined whether otfe®CG were also observed in inhibition of TNF+elease from
cancer-preventive agents can enhance anticancer activity by EGB&LB/c-3T3 cells, as well as in inhibition of cell growth of human
in a manner similar to that of EC. We chose two preventive agentieast cancer cell line, MCF-7 (data not shown). A combination of
sulindac and tamoxifen, because these two agents induce apoptgséen tea extract and tamoxifen synergistically reduced develop-
of human cancer cells and inhibit TNkrelease from BALB/c- ment of spontaneous mammary tumors in C3H/Ouj mice (17) and

2.0 s
XX
= € N s
o< /
Fig. 3. Synergistic effect with EGCG and sulindac and additive ‘g ©

effect with EGCG and tamoxifen on induction of apoptosis. PC-9 cells O &
(2 X 10° cells/ml) were incubated with different doses of sulindac or % ® .
tamoxifen in the presence or absence of s EGCG. Cytosolic 5 @ *X %
oligonucleosome-bound DNA was measured by ELISA, as described pet g 1.0L
in “Materials and Methods.Columns, means of two separate exper- © &
iments performed in duplicatdars, SD.[], nontreated{#, sulindac ° -E =
alone; B, sulindac + EGCG; @, tamoxifen alone;#@, tamox- =] 8 ?
ifen + EGCG.*, P < 0.05;#*, P < 0.01. -] .

£ , 5

?
. A
0 5 10 50100200 0 5 10 50100200 ©0 5 1020 0 5 1020 (kM)
Sulindac Sulindac Tamoxifen Tamoxifen
+ EGCG 75 um + EGCG 75uMm
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of carcinogen-induced mammary tumors in rodeht&. recent 3. Komori, A., Yatsunami, J., Okabe, S., Abe, S., Hara, K., Suganuma, M., Kim, S-J.,

epidemiological study revealed that increased consumption of and Fujiki, H. Anticarcinogenic activity of green tea polyphenols. Jpn. J. Clin. Oncol.
. . 23:186-190, 1993,
green tea resulted in decreased recurrence of breast canceritbyane, s, Suganuma, M., Hayashi, M., Sueoka, E., Komori, A., and Fujiki, H.

Japanese patients (18). Thus, there is a significant possibility thatMechanisms of growth inhibition of human lung cancer cell line, PC-9, by tea

high consumption of green tea (usuallylO cups per day) will polyphenols. Jpn. J. Cancer Re8; 639643, 1997.

enhance the preventive activity of tamoxifen against breast cancar. 2% &V~ Liao, J., Kim, K., Yurkow, E. J., and Yang, C. S. Inhibition of growth and
p y g induction of apoptosis in human cancer cell lines by tea polyphenols. Carcinogenesis

development. (Lond.), 19: 611616, 1998.
The mechanisms of action of sulindac, tamoxifen, and EC aré Suganuma, M., Okabe, S., Oniyama, M., Tada, Y., Ito, H., and Fuijiki, H. Wide

; ; ; ; distribution of fH](—)-epigallocatechin gallate, a cancer preventive tea polyphenol,
thought to be different, because sulindac and tamoxifen did not =" " % . - Carcinogenesis (Lond9; 17711776, 1998,

stimulate PHJEGCG incorporation_ in_to PC-9_ceIIs, Whereas EC did7, jmai, K., Suga, K., and Nakachi, K. Cancer-preventive effects of drinking green tea
(data not shown), and the synergistic potential of sulindac was much among a Japanese population. Prev. N&&i.769-775, 1997.
stronger than that of tamoxifen or EC. EGCG induces accumulation &f Suga, K., Imai, K., Sueoka, N., and Nakachi, K. Phase | clinical trial with green tea

. . tablets in a Japanese healthy population. Cancer Prev. Ingerr9—88, 1998.
GZ'M cells of PC-9 cells (4)' whereas sulindac and tamoxifen do n%. Ahmad, N., Feyes, D. K., Nieminen, A-L., Agarwal, R., and Mukhtar, H. Green tea

have any effect on cell cycle regulation of cancer cell lines (10, 11). constituent epigallocatechin-3-gallate and induction of apoptosis and cell cycle arrest
Looking at other results with EGCG, recently, the synergistic effect of in human carcinoma cells. J. Natl. Cancer Inst. (Bethes#1)1881-1886, 1997.

. AT 0. Piazza, G. A., Rahm, A. L. K., Krutzsch, M., Sperl, G., Paranka, N., S., Gross, P. H.,
EGCG and curcumin was reported on grOWth inhibition of Orél Brendel. K., Burt R. W., Alberts, D. S., Pamukcu, R., and Ahnen, D. J. Antineoplastic

epithelial cells (19). On the other hand, treatment with catalase and grugs sulindac sulfide and sulfone inhibit cell growth by inducing apoptosis. Cancer
EGCG was also reported to inhibit apoptosis induced by EGCG (5). Res.,55: 3110-3116, 1995.

; ; ; . Chen, H., Tritton, T. R., Kenny, N., Absher M., and Chiu, J. F. Tamoxifen induces
AlthOUQh cotreatment V\{Ith two preYentlve agents has prOdu.Ced In.té?‘ TGF-8 1 activity and apoptosis of human MCF-7 breast cancer aeldro. J. Cell.
esting results, mechanisms of action have not been well identified. gjochem. 61: 9-17, 1996.
The cancer-preventive activity of sulindac is assumed to inhibit cy2. Komori, A., Suganuma, M., Okabe, S., Zou, X., Tius, M. A., and Fujiki, H. Canventol
C|00Xygenase and induce apoptosis. Because EGCG inhibits Cy_inhibits tumor promotion in CD-1 mouse skin through inhibition of tumor necrosis

. k . factor « release and of protein isoprenylation. Cancer Re%. 34623464, 1993.
clooxygenase (2), a combination of EGCG and sulindac ShOLilg. Sueoka, E., Nishiwaki, S., Okabe, S., lida, N., Suganuma, M., Yano, |., Aoki, K., and

strongly inhibit cyclooxygenase. Recent study shows us that one of Fujiki, H. Activation of protein kinase C by mycobacterial cord factor, trehalose
the molecular targets for colon cancer is cyclooxygenase-2 (20). 6-monomycolate, resulting in tumor necrosis faatorelease in mouse lung tissue.

Therefore, whether cotreatment with EGCG and sulindac would sin; Jspu”é ;aﬁ;cﬁr Fgéggég—gf;klaggs lida, N., Komorl, A, Kim, S-3., and Fujik, H

ilarly enhance inhibition of cyclooxygenase-2 by sulindac should be A new process of cancer prevention mediated through inhibition of tumor necrosis
further investigated. Here, all our results point to green tea as a factor« expression. Cancer Re§6: 3711-3715, 1996.

suitable candidate for use in combination with cancer-preventi\]/é Giardiello, F. M., Hamilton, S. R., Krush, A. J., Piantadosi, S., Hylind, L. M., Cellano,
h lind d if d heir ad f P., Booker, S. V., Robinson, C. R., and Offerhaus, G. J. A. Treatment of colonic and
agents such as sulindac and tamoxifen to reduce their adverse e eCtSrectal adenomas with sulindac in familial adenomatous polyposis. N. Engl. J. Med.,

328:1313-1316, 1993.
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