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Abstract

Green tea is a rich source of polyphenols, and (—)-epigallocatechin-3-gallate (EGCG) is a major constituent of green tea
polyphenols. In the present study, we investigated the effect of EGCG on apoptosis induced by irradiation in the human kera-
tinocytic cell line HaCaT. Irradiation by y-ray induced apoptosis with concomitant cleavage of caspase-3 and its in vivo substrate
poly(ADP-ribose) polymerase. Treatment of cells with EGCG inhibited irradiation-induced apoptosis as detected by Hoechst
staining and internucleosomal cleavage of DNA, and prevented the cleavage of these proteins by irradiation. We also found that the
treatment of cells with EGCG alone suppressed cell growth and induced apoptosis in these cells. Our results suggest that EGCG
inhibits irradiation-induced apoptosis by inactivating the caspase pathway in HaCaT cells. Our study also indicates that EGCG has

a dual effect on the survival of these keratinocytes.
© 2004 Elsevier Inc. All rights reserved.
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Tea is a popular beverage worldwide. Epidemiologi-
cal studies have shown that its consumption is associ-
ated with health benefits including cancer prevention
and heart disease [1]. However, the mechanisms for
these functions are not clear. Among different teas,
green tea has been chemically characterized; the water
extractable fraction of green tea contains many poly-
phenols known as catechins. Catechin is one of the po-
lyphenols, and (—)-epigallocatechin-3-gallate (EGCG) is
a major catechin of green tea (>50% of polyphenolic
fraction) [2]. Several other catechins, such as epigallo-
catechin (EGC), epicatechin gallate (ECG), and epi-
catechin (EC), are also known as green tea polyphenols,
although the effect of EGCG is the most potent among
these catechin compounds [3-5]. Moreover, recent
studies have revealed that EGCG has a variety of bio-
logical functions in vitro such as inhibiting cell prolif-
eration, inducing cell cycle arrest or apoptosis, and
influencing the activities of transcriptional factors [2,6].
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It has also been reported that topical application of
EGCG inhibits UV-induced apoptosis of keratinocytes,
whereas EGCG is known to induce proliferation and
also apoptosis of these cells [7,8]. Its antioxidant prop-
erties emerge as a potentially important mode of action.
EGCG is known to protect against the genotoxic effects
of UV-irradiation; the ability of EGCG to modify
endpoints directly related to the carcinogenic process
has been demonstrated in skin [9]. Thus, protective ef-
fects of EGCG from UV-irradiation in vitro and in vivo
have been well documented. However, the effects of
EGCG on irradiation in cells are not fully understood.

Irradiation causes DNA damage and induces neo-
plastic transformation in cells. There is growing evi-
dence that radiation-induced oxidative DNA damage
may play an important role in carcinogenesis of the skin
[10]. When skin is exposed to high-dose radiation,
complex pathophysiological reaction including severe
inflammation, death of affected cells, and destruction of
tissue occurs. This is the radiation burn or cutaneous
radiation syndrome, the severity being dependent on the
amount of energy deposited in the tissues and the rate of
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energy deposition. Several cases of exposure to high-
dose irradiation have been reported including the Tokai-
mura criticality accident and others [11-13]. However,
there are few studies regarding the treatment of radia-
tion injuries since radiation accidents occur relatively
rarely. On the other hand, in response to irradiation,
cells induce genes or activate proteins that protect
themselves from the external insult [14-16].

Keratinocyte proliferation is balanced by terminal
differentiation in the granular layer that leads to nuclear
fragmentation and caspase activation [17]. The caspase
cascade has been thought to play a central role in death
receptor-mediated signaling pathways that transduce
apoptotic signals from the initiator to caspase-activated
DNase (CAD) via the executioner caspases [18]. Identi-
fication of CAD, responsible for internucleosomal DNA
fragmentation and its proteolytic activation by caspase-
3, sheds new light on the molecular basis for the mech-
anisms of apoptosis [17,19], and the caspase pathways
have been intensively studied over recent years [19]. Ir-
radiation has been shown to induce apoptosis in normal
keratinocytes as well as in cancer-prone cells [20]. In the
present study, we investigated the effects of EGCG on
apoptosis induced by irradiation in the human kerati-
nocytes HaCaT and the signaling pathways through
which EGCG acts in vitro. We found that EGCG in-
hibited apoptosis by irradiation via inactivation of the
executor caspase-3 and cleavage of poly(ADP-ribose)
polymerase (PARP) a substrate cleaved by caspase-3
during apoptosis in these cells.

Materials and methods

Chemicals. EGCG (MW 458.4) from green tea was purchased from
Sigma—Aldrich (St. Louis, MO) and was >95% pure. Polyclonal rabbit
antibody against PARP was purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA), polyclonal anti-caspase-3 antibody from BD
Biosciences (Transduction Laboratories, Lexington, KY), and poly-
clonal antibody against phosphorylated p53 at Serl5 from Cell Sig-
naling Technology (Beverly, MA). Anti-human p21"4/ and Bax
antibodies were purchased from Santa Cruz Biotechnology. Hoechst
33258 (Bisbenzimide H 33258 Fluorochrome, Trihydrochloride) was
obtained from Calbiochem—Novabiochem (La Jolla, CA).

Cells and culture. Human keratinocytic HaCaT cells were grown in
a-MEM supplemented with 7% heat-inactivated fetal calf serum (FCS)
(Intergen, Purchase, NY), penicillin (50 U/ml), streptomycin (50 mg/L),
and NaHCO; (2g/L) in a humidified atmosphere containing 5% CO,,

Analysis for determination of apoptosis. Apoptosis was determined
by microscopic examination of nuclear morphology. Cells were fixed in
1% glutaraldehyde overnight and chromatin was stained with 10 pg/ml
Hoechst 33258 for 30min. Cells with condensed chromatin were
counted under an Axioplan 2 microscope (Carl Zeiss, Jena, Germany).
The percentages of apoptotic cells were determined from 10 fields
chosen randomly (>200 cells counted).

Western blotting. The cells were lysed in an ice-cold solution con-
taining 40 mM Tris—-HCI (pH 8.0), 0.1% NP-40, 120mM NacCl, and
protease inhibitors (Complete, Boehringer-Mannheim GmbH,
Mannheim, Germany). The lysates were heated to 100°C for Smin.
These denatured samples were loaded onto SDS—polyacrylamide gel.

After electrophoresis the proteins were electrotransferred onto a Ni-
trocellulose membrane (Bio-Rad Laboratories, Hercules, CA). Resid-
ual binding sites on the membrane were blocked by incubation in TBS
with 0.1% Tween 20 and 5% skim milk. The membranes were then
incubated with the primary antibody in TBS with 0.1% Tween 20 and
5% skim milk for 1h at room temperature. The primary antibody was
removed and the blots were washed three times in TBS with 0.1%
Tween 20. To detect the antibody reactions, the blots were incubated
for 1h with horseradish peroxidase-labeled antibody (IgG) diluted
1:4000 in TBS with 0.1% Tween 20 and 5% skim milk. After rinsing
intensively in TBS with 0.1% Tween 20, the blots were placed in ECL
Western Blotting Detection Reagents (Amersham Biosciences, Piscat-
away, NJ) for 1min at room temperature. The blots were then
removed from the working solution and exposed to film.

Determination of DNA fragmentation. The detection of internu-
cleosomal DNA fragmentation was performed using Suicide-Track
(Oncogene Research Products, San Diego, CA), based on separation of
apoptotic DNA from high molecular weight, intact, genomic DNA.
After removing the culture media, cells were washed with PBS and
scraped with a rubber policeman. The cell pellets were suspended in
DNA extraction buffer and rocked gently. DNA was also extracted
from apoptotic cells in the removed media. After degradation of con-
taminated RNA and treatment with proteinase K, the fragmented DNA
was precipitated in isopropanol with sodium acetate (pH 5.2). The
precipitates were pelleted by centrifugation for 5 min at 15,000-16,000g,
rinsed with 70% ethanol, air-dried, and resuspended in buffer containing
I mM EDTA and 10 mM Tris—HCI, pH 7.5. The samples were heated to
65 °C for 10 min and electrophoresis was performed with a 1.5% agarose
gel. Finally, the gels were stained with ethidium bromide.

Results

Effects of EGCG on growth and cell death of human
HaCaT keratinocytes

EGCG has been shown to induce G1 arrest and ap-
optosis [6]. In the initial experiments, we studied the ef-
fects of EGCG on cell growth and death in human
HaCaT keratinocytes. These cells were spread at an initial
concentration of 3 x 10° per plate and cultured for 16 h.
Then, HaCaT cells were cultured with different concen-
trations of EGCG (1, 10, 50 uM) for 24 h. Studies of
Hoechst staining assay showed that 50 pM EGCG sig-
nificantly induced apoptosis (untreated cells: 3.2 + 1.3%,
50 uM EGCG: 6.0 £2.0%, p = 0.0015, n = 10) (Table 1).
In parallel, the numbers of viable cells were also counted
by the trypan blue exclusion test. The numbers in control
and EGCG-treated viable cells were 1.51£0.11 x 10°
and 0.97 £0.02 x 10° cells/plate, respectively. Cell vi-
abilities were 93.9 +2.0% and 92.5 + 0.5% in control and
EGCG-treated cells, respectively. Thus, our results sug-
gest that EGCG inhibited cell growth, also inducing ap-
optosis in these cells, although the magnitudes of
apoptosis were small.

Inhibition of irradiation apoptosis by ECGC in HaCaT
cells

Irradiation induces apoptosis in various types of
cells [21]. We studied the effects of irradiation-induced
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Table 1
Effect of EGCG on apoptosis induced by irradiation
EGCG
0 10 uM 50 uM
0Gy 32+1.3 45+1.8 6.0 £2.0"
20 Gy 10.6 £2.7* 10.8£2.6 6.9+£2.1*
80 Gy 33.0 4 11,77 21.7£3.2% 17.7 £3.9%

HaCaT cells were pretreated with 10 or 50 uM of EGCG for 16h
and then irradiated at 20 or 80 Gy in the presence or absence of
EGCG. Then cells were cultured for 24h, fixed, and stained with
Hoechst 33258. Apoptotic cells were counted under a fluorescence
microscope. Data are presented as means + standard error of counts
from 10 fields.

*p=0.0015.

" p=0.0038.

7 p=0.015.

sk

p = 0.0024.

apoptosis in human keratinocytes HaCaT. HaCaT cells
were spread at an initial concentration of 3 x 10° cells/
plate and cultured for 16h. Then, these cells were ir-
radiated at different doses of y-rays in the absence or
presence of either 10 or 50 uM EGCG. After 24h of
irradiation, cells were harvested and apoptosis was
determined by Hoechst staining (Table 1). Irradiation
was shown to induce apoptosis in a dose-dependent
manner. In cells irradiated with 20 Gy, 50 uM EGCG
significantly inhibited the apoptosis by irradiation.
However, 10 uM EGCG did not affect the apoptosis in
these cells. On the other hand, treatment of cells with
10pM EGCG significantly inhibited apoptosis of
80 Gy-irradiated cells in a dose-dependent manner. We
also studied DNA fragmentation by irradiation in
these cells. As shown in Fig. 1A, 10Gy of irradiation
induced DNA fragmentation in HaCaT cells, and
treatment of cells with 50 uM of EGCG inhibited the
DNA fragmentation. Further study found that irradi-
ation with 40 Gy induced DNA-laddering after 4h and

A 10 Gy

EGCG - + - +

EGCG prevented the DNA fragmentation in these cells
(Fig. 1B).

Mechanisms for inhibition of apoptosis by EGCG in
irradiated HaCaT keratinocytes

To evaluate the nature of the anti-apoptotic effect
mediated by EGCG, we analyzed the effect of EGCG on
activation of caspase-3 and cleavage of PARP. Cells
were cultured with 50 uM of EGCG for 16h and then
irradiated at 10 Gy in the presence of EGCG. Cells were
harvested at the times indicated in Fig. 2. Western blot
analysis showed that treatment of cells with EGCG
alone did not affect cleavage of these proteins at de-
tectable levels. On the other hand, irradiation of these
cells with 10 Gy cleaved caspase-3 from 32kDa to its
cleaved form, a 17kDa fragment (Fig. 2). A cleaved
form of caspase-3 was detected at 18 h after irradiation
and these levels increased in a time-dependent manner.
Furthermore, cleavage of PARP was observed in almost
the same manner as that of caspase-3. Treatment of cells

Irradiation

Control 18hr 24hr 30hr

EGCG = 4+ = 4+ - 4+ - +
‘ ! ; — ! &= 32KkDa (pro caspase)
Caspase-3 T ..
. ' - - 17 kDa (cleaved form)
— ) ce o @ o= 116 kDa
PARP

—— —— -

85 kDa (cleaved form)

Fig. 2. Effects of EGCG on activation of caspase-3 and PARP cleavage
by irradiation in HaCaT cells. Cells were irradiated at 10 Gy after
culturing with or without 50 uM EGCG for 16h. At the indicated
times, protein (50 pg/lane) from total cell lysates was subjected to SDS—
PAGE and Western blot analysis was performed using either caspase-3
or PARP antibody.

40 Gy

Fig. 1. Inhibition of irradiation-induced DNA fragmentation by EGCG in human HaCaT keratinocytes. HaCaT cells were pretreated with 50 pM
EGCG for 16 h and then irradiated at 10 (A) or 40 Gy (B) in the presence or absence of EGCG. Cells were then cultured for 4 (B) or 24 h (A). Cellular
DNA was extracted as described in Materials and methods, and analyzed by agarose gel electrophoresis, followed by ethidium bromide staining.
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with EGCG almost completely suppressed the irradia-
tion-induced cleavage of the executioner caspase-3 and
its substrate PARP. Thus, activation of caspase-3 and
cleavage of PARP during irradiation-mediated were
blocked by EGCG.

Discussion

Green tea and its constituent polyphenols have been
shown to have anti-tumor properties in a wide variety of
experimental systems including animal models [22-24].
Furthermore, human clinical trials have also indicated
some positive link between the drinking of green tea and
the decrease of cancer incidence [25]. Recently, the anti-
tumor effects of these green tea polyphenols have been
studied at the cell biological level; the major cellular
phenomena induced by the catechins were found to be
apoptosis and cell cycle arrest [26]. EGCG is the most
abundant compound among the polyphenols in green
tea and is the most potent in terms of bioactivity. Recent
studies have shown that EGCG has anti-inflammatory
and anti-oxidant activities [7,8,27]. However, the effects
of EGCG on irradiated cells or tissues remain to be
elucidated. In the present study, we investigated the ef-
fects of EGCG on apoptosis induced by irradiation us-
ing a human keratinocyte line, HaCaT, and analyzed the
intracellular apoptotic signal transduction pathway
linked to the activation of caspase.

Caspases are synthesized as inactive pro-enzymes,
and their activation during apoptosis results in cleavage
at specific aspartate cleavage sites [28]. The downstream
signals during apoptosis are transmitted via caspases.
Upon conversion from pro- to active forms, caspases
mediate the cleavage of PARP, followed by DNA
fragmentation. The DNase responsible for the frag-
mentation is reportedly activated directly by caspase-3
[18,19]. Caspase-3 is one of the key executioners of ap-
optosis, being responsible either partially or totally for
the proteolytic cleavage of many key proteins, such as
the nuclear enzyme PARP. Thus, PARP is known to be
cleaved in the execution phase of apoptosis. Although
cell death by apoptosis has been recognized as an im-
portant control mechanism in the maintenance of tissue
homeostasis and in the elimination of cells with dam-
aged DNA, information on the induction and charac-
teristics of apoptosis in keratinocytes is rather scarce. In
the present study, we showed that irradiation induced
apoptosis, which was accompanied by the activation of
the caspase cascade in human keratinocytes. Further-
more, EGCG inhibited the radiation-induced apoptosis
and the activation of the caspase cascade in these cells.
Catechins are water-soluble substances with limited
ability to pass through the plasma membrane of cells.
Therefore, EGCG may bind to certain surface receptors
of cells, thereby provoking anti-apoptotic intracellular

signals [29]. Further clarification of this issue will require
additional studies.

Genotoxic stress such as irradiation induces different
patterns of p53-dependent and p53-independent apop-
tosis in cells of various organs [30]. Recent studies have
shown that green tea and EGCG selectively inhibit cell
growth and induce apoptosis in cancer cells without
adversely affecting normal cells [31]. Furthermore,
EGCG has been reported to induce G1 phase arrest and
apoptosis in human prostate carcinoma cells via
p2174F "jrrespective of the p53 status, and that EGCG
affects the expression of Bax, also a p53-dependent
downstream target, and favors apoptosis [6,32]. In our
study, the tumor-suppressor p53 was highly expressed in
HaCaT cells. EGCG did not induce the phosphorylation
of p53 or the expression of p21"4 or Bax (data not
shown), whereas EGCG inhibited cell growth and in-
duced apoptosis. High levels of p53 generally reflect
mutant protein, and it is known that both alleles of p53
are mutated in HaCaT cells [33]. We studied the effects
of EGCG on the activation of p53 and the expression of
p21"4Fl and Bax by irradiation. Irradiation did not in-
duce the phosphorylation of p53 at Serl5 or the ex-
pression of p21"4! or Bax (data not shown). Treatment
with EGCG did not affect these proteins in irradiated
keratinocytes. Thus, our results suggest that EGCG in-
hibits apoptosis by irradiation through a pathway in-
dependent of p53.

The water-extractable fraction of green tea contains
abundant polyphenols, of which EGCG is the major
constituent. After a common brewing procedure, 30—
42% (wlw) of green tea is dissolved in water [2]. There-
fore, a single cup of green tea may contain as much as
300 uM as calculated from the fact that a single cup of
green tea may contain 150-200 mg EGCG [34-36]. On
the other hand, studies of PHJEGCG have shown that
10% of the initial dose of EGCG was detected 24 h after
a single intra-gastric administration [37]. EGCG can
also be absorbed rapidly through oral mucosa [38]. In
the present study we used concentrations of EGCG up
to 50uM, and the 50-pM-concentration level is sug-
gested to be within the range of EGCG concentration in
normal green tea beverage. Our results suggest that the
oral intake of EGCG may act as a radioprotector
against radiation burn.

EGCG is well known as a scavenger of ROS in ex-
tracellular environments, although it induces the pro-
duction of ROS [39,40]. Our results demonstrate that
apoptosis was induced in keratinocytes in vitro by ir-
radiation, and that EGCG exhibited a cytoprotective
effect by inhibiting this irradiation-induced apoptosis in
these cells. There are, however, also studies reporting
that EGCG induces apoptosis, has a pro-apoptotic ef-
fect, or stimulates proliferation [6-8,41]. In our study,
treatment of HaCaT keratinocytes with EGCG also
induced apoptosis, but the degree was minor. It remains



H. Kondo et al. | Biochemical and Biophysical Research Communications 316 (2004) 59-64 63

uncertain how the different mechanisms function during
the antioxidant (cytoprotective) versus oxidant (cyto-
static/cytotoxic) actions of EGCG. Since keratinocytes
are affected by numerous external and internal stimuli,
they may have several protective mechanisms to prevent
apoptosis and to ensure the structural integrity of the
outermost barrier of the body. The growth inhibition by
EGCG may be one of the mechanisms for the radio-
protective effect.

Acknowledgments

The authors sincerely thank Ms. Rika Hara, Ms. Yuko Sakurai,
and Ms. Akiko Shoho for their secretarial assistance, and Dr. Misao
Hachiya for critical reading of the manuscript. This work was sup-
ported by a grant for a project of the Radiation Emergency Medical
Preparedness by the National Institute of Radiological Sciences.

References

[1] J.D. Lambert, C.S. Yang, Mechanisms of cancer prevention by tea

constituents, J. Nutr. 133 (2003) 3262S-3267S.

[2] C. Chen, G. Shen, V. Hebbar, R. Hu, E.D. Owuor, A.N. Kong,

Epigallocatechin-3-gallate-induced stress signals in HT-29 human

colon adenocarcinoma cells, Carcinogenesis 24 (2003) 1369-1378.

J.Y. Chung, C. Huang, X. Meng, Z. Dong, C.S. Yang, Inhibition

of activator protein 1 activity and cell growth by purified green tea

and black tea polyphenols in H-ras-transformed cells: structure-

activity relationship and mechanisms involved, Cancer Res. 59

(1999) 4610-4617.

M. Isemura, K. Saeki, T. Minami, S. Hayakawa, T. Kimura, Y.

Shoji, M. Sazuka, Inhibition of matrix metalloproteinases by tea

catechins and related polyphenols, Ann. N. Y. Acad. Sci. 878

(1999) 629-631.

[5] K. Saeki, S. Hayakawa, M. Isemura, T. Miyase, Importance of a
pyrogallol-type structure in catechin compounds for apoptosis-
inducing activity, Phytochemistry 53 (2000) 391-394.

[6] K. Hastak, S. Gupta, N. Ahmad, M.K. Agarwal, M.L. Agarwal,
H. Mukhtar, Role of p53 and NF-kappaB in epigallocatechin-3-
gallate-induced apoptosis of LNCaP cells, Oncogene 22 (2003)
4851-4859.

[7] C.S. Hofmann, G.E. Sonenshein, Green tea polyphenol epigallo-
catechin-3 gallate induces apoptosis of proliferating vascular
smooth muscle cells via activation of p53, FASEB J. 17 (2003)
702-704.

[8] J.H. Chung, J.H. Han, E.J. Hwang, J.Y. Seo, K.H. Cho, K.H.
Kim, J.I. Youn, H.C. Eun, Dual mechanisms of green tea extract
(EGCG)-induced cell survival in human epidermal keratinocytes,
FASEB J. 17 (2003) 1913-1915.

[9] S.E. Tobi, M. Gilbert, N. Paul, T.J. McMillan, The green tea
polyphenol, epigallocatechin-3-gallate, protects against the oxida-
tive cellular and genotoxic damage of UVA radiation, Int. J.
Cancer 102 (2002) 439-444.

[10] S. Riemschneider, H.P. Podhaisky, T. Klapperstuck, W. Wohlrab,
Relevance of reactive oxygen species in the induction of 8-o0xo-2'-
deoxyguanosine in HaCaT keratinocytes, Acta Derm. Venereol.
82 (2002) 325-328.

[11] T. Hirama, S. Tanosaki, S. Kandatsu, N. Kuroiwa, T. Kamada,
H. Tsuji, S. Yamada, H. Katoh, N. Yamamoto, H. Tsujii, G.
Suzuki, M. Akashi, Initial medical management of patients
severely irradiated in the Tokai-mura criticality accident, Br. J.
Radiol. 76 (2003) 246-253.

3

[4

[12] A. Kinoshita, C.S. Calcina, E.T. Sakamoto-Hojo, M.L. Campa-
rato, C. Picon, O. Baffa, Evaluation of a high dose to a finger from
a ®Co accident, Health Phys. 84 (2003) 477-482.

[13] K. Nakagawa, T. Kozuka, M. Akahane, G. Suzuki, M. Akashi,

Y. Hosoi, Y. Aoki, K. Ohtomo, Radiological findings of

accidental radiation injury of the fingers: a case report, Health

Phys. 80 (2001) 67-70.

M. Akashi, M. Hachiya, R.L. Paquette, Y. Osawa, S. Shimizu, G.

Suzuki, Irradiation increases manganese superoxide dismutase

mRNA levels in human fibroblasts. Possible mechanisms for its

accumulation, J. Biol. Chem. 270 (1995) 15864—-15869.

[15] M. Akashi, M. Hachiya, Y. Osawa, K. Spirin, G. Suzuki, H.P.

Koeffler, Irradiation induces WAF1 expression through a p53-

independent pathway in KG-1 cells, J. Biol. Chem. 270 (1995)

19181-19187.

M. Hachiya, S. Shimizu, Y. Osawa, M. Akashi, Endogenous

production of tumour necrosis factor is required for manganese

superoxide dismutase expression by irradiation in the human

monocytic cell line THP-1, Biochem. J. 328 (Pt. 2) (1997) 615-

623.

[17] M. Weil, M.C. Raff, V.M. Braga, Caspase activation in the
terminal differentiation of human epidermal keratinocytes, Curr.
Biol. 9 (1999) 361-364.

[18] S. Nagata, Apoptotic DNA fragmentation, Exp. Cell Res. 256
(2000) 12-18.

[19] M. Enari, H. Sakahira, H. Yokoyama, K. Okawa, A. Iwamatsu,
S. Nagata, A caspase-activated DNase that degrades DNA during
apoptosis, and its inhibitor ICAD, Nature 391 (1998) 43—
50.

[20] S.J. Lee, S.A. Choi, C.K. Cho, T.H. Kim, K.S. Jeong, S.Y. Yoo,
Y.S. Lee, Adaptive response is differently induced depending on
the sensitivity to radiation-induced cell death in mouse epidermal
cells, Cell. Biol. Toxicol. 16 (2000) 175-184.

[21] R. Kolesnick, Z. Fuks, Radiation and ceramide-induced apopto-
sis, Oncogene 22 (2003) 5897-5906.

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

[23] V.E. Steele, D. Bagheri, D.A. Balentine, C.W. Boone, R. Mehta,
M.A. Morse, S. Sharma, C.C. Sigman, G.D. Stoner, M.J.
Wargovich, J.H. Weisburger, S. Zhu, G.J. Kelloff, Preclinical
efficacy studies of green and black tea extracts, Proc. Soc. Exp.
Biol. Med. 220 (1999) 210-212.

[24] T. Yamane, T. Takahashi, K. Kuwata, K. Oya, M. Inagake, Y.
Kitao, M. Suganuma, H. Fujiki, Inhibition of N-methyl-N'-nitro-
N-nitrosoguanidine-induced carcinogenesis by (—)-epigallocate-
chin gallate in the rat glandular stomach, Cancer Res. 55 (1995)
2081-2084.

[25] J.L. Bushman, Green tea and cancer in humans: a review of the
literature, Nutr. Cancer. 31 (1998) 151-159.

[26] N. Ahmad, D.K. Feyes, A.L. Nieminen, R. Agarwal, H. Mukhtar,
Green tea constituent epigallocatechin-3-gallate and induction of
apoptosis and cell cycle arrest in human carcinoma cells, J. Natl.
Cancer. Inst. 89 (1997) 1881-1886.

[27] S.K. Katiyar, C.A. Elmets, R. Agarwal, H. Mukhtar, Protection
against ultraviolet-B radiation-induced local and systemic sup-
pression of contact hypersensitivity and edema responses in C3H/
HeN mice by green tea polyphenols, Photochem. Photobiol. 62
(1995) 855-861.

[28] G.M. Cohen, Caspases: the executioners of apoptosis, Biochem. J.
326 (Pt. 1) (1997) 1-16.

[29] X.M. Sun, M. MacFarlane, J. Zhuang, B.B. Wolf, D.R. Green,
G.M. Cohen, Distinct caspase cascades are initiated in receptor-
mediated and chemical-induced apoptosis, J. Biol. Chem. 274
(1999) 5053-5060.

[30] A. Di Leonardo, S.P. Linke, K. Clarkin, G.M. Wahl, DNA
damage triggers a prolonged p53-dependent G1 arrest and long-

[14

[16



64 H. Kondo et al. | Biochemical and Biophysical Research Communications 316 (2004) 59-64

term induction of Cipl in normal human fibroblasts, Genes Dev. 8
(1994) 2540-2551.

[31] S. Gupta, K. Hastak, N. Ahmad, J.S. Lewin, H. Mukhtar,
Inhibition of prostate carcinogenesis in TRAMP mice by oral
infusion of green tea polyphenols, Proc. Natl. Acad. Sci. USA 98
(2001) 10350-10355.

[32] S. Gupta, N. Ahmad, A.L. Nieminen, H. Mukhtar, Growth
inhibition, cell-cycle dysregulation, and induction of apoptosis by
green tea constituent (—)-epigallocatechin-3-gallate in androgen-
sensitive and androgen-insensitive human prostate carcinoma
cells, Toxicol. Appl. Pharmacol. 164 (2000) 82-90.

[33] T.A. Lehman, R. Modali, P. Boukamp, J. Stanek, W.P. Bennett,
J.A. Welsh, R.A. Metcalf, M.R. Stampfer, N. Fusenig, E.M.
Rogan, p53 mutations in human immortalized epithelial cell lines,
Carcinogenesis 14 (1993) 833-839.

[34] H. Mukhtar, N. Ahmad, Mechanism of cancer chemopreventive
activity of green tea, Proc. Soc. Exp. Biol. Med. 220 (1999) 234-238.

[35] J.K. Lin, Y.C. Liang, S.Y. Lin-Shiau, Cancer chemoprevention by
tea polyphenols through mitotic signal transduction blockade,
Biochem. Pharmacol. 58 (1999) 911-915.

[36] C.S. Yang, Z.Y. Wang, Tea and cancer, J. Natl. Cancer Inst. 85
(1993) 1038-1049.

[37] M. Suganuma, S. Okabe, M. Oniyama, Y. Tada, H. Ito, H. Fujiki,
Wide distribution of [*H](-)-epigallocatechin gallate, a cancer
preventive tea polyphenol, in mouse tissue, Carcinogenesis 19
(1998) 1771-1776.

[38] C.S. Yang, M.J. Lee, L. Chen, Human salivary tea catechin levels
and catechin esterase activities: implication in human cancer
prevention studies, Cancer Epidemiol. Biomarkers Prev. 8 (1999)
83-89.

[39] F. Nanjo, K. Goto, R. Seto, M. Suzuki, M. Sakai, Y. Hara,
Scavenging effects of tea catechins and their derivatives on 1,1-
diphenyl-2-picrylhydrazyl radical, Free Radic. Biol. Med. 21
(1996) 895-902.

[40] G.Y. Yang, J. Liao, C. Li, J. Chung, E.J. Yurkow, C.T. Ho, C.S.
Yang, Effect of black and green tea polyphenols on c-jun
phosphorylation and H(2)O(2) production in transformed and
non-transformed human bronchial cell lines: possible mechanisms
of cell growth inhibition and apoptosis induction, Carcinogenesis
21 (2000) 2035-2039.

[41] Z.P. Chen, J.B. Schell, C.T. Ho, K.Y. Chen, Green tea epigallo-
catechin gallate shows a pronounced growth inhibitory effect on
cancerous cells but not on their normal counterparts, Cancer Lett.
129 (1998) 173-179.



	Polyphenol (-)-epigallocatechin gallate inhibits apoptosis induced by irradiation in human HaCaT keratinocytes
	Materials and methods
	Results
	Effects of EGCG on growth and cell death of human HaCaT keratinocytes
	Inhibition of irradiation apoptosis by ECGC in HaCaT cells
	Mechanisms for inhibition of apoptosis by EGCG in irradiated HaCaT keratinocytes

	Discussion
	Acknowledgements
	References


