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ABSTRACT

A constituent of green tea, (-)-epigallocat-
echin-3-gallate (EGCG), or polyphenol
(GTP) has been known to possess anti-can-
cer properties. Our goal was to investigate
the enhanced anti-tumor effects of photody-
namic therapy (PDT) plus green tea extract
in TC-1 tumor cells implanted into mice.
The MTT assay, Western blot analysis and
tumor growth inhibition study were evalu-
ated at various time intervals after the PDT
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plus EGCG or GTP. Following Radachlorin
injection after 3 hr, the tumors were then
treated with external light treatment (300 J/
cm?2), and then, EGCG or GTP was admin-
istered daily for 20 days. PDT or EGCG

was found to be more effective compared to
control groups. Moreover, the PDT com-
bined with EGCG demonstrated a significant
suppression of tumor growth in vitro and in
vivo. The tumor growth by the PDT com-
bined with EGCG was significantly reduced.
The PDT combined with GTP was also
suppressed the tumor size compared with the
control group. However, the tumor volume
after EGCG treatment was significantly
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suppressed compared to GTP. In addition,
EGCG lowered the uptake of Radachlorin.
Thus, an EGCG supplement prior to pho-
todynamic irradiation is not desirable. The
PDT combination with EGCG in vitro and
in vivo led to a significant decrease in levels
of COX-2 at 48 hr post PDT plus EGCG
combination treatment. These data suggest
that EGCG plus PDT can induce a signifi-
cant tumor suppression response compared
with PDT alone. Also, it can be an effec-
tive approach to induce anti-cancer therapy
strategy.

INTRODUCTION

Photodynamic therapy (PDT) is a method
of treating malignant tumors based on

the photodynamic damage of tumor cells
resulting from a photochemical reaction. !
Several chemicals are used as photosensitiz-
ers in PDT for a wide range of malignant
tumors, as well as nonmalignant diseases.

A tumor treated by PDT is reabsorbed and
gradually substituted by connective tissue.
The location of photodynamic damage in a
tumor is provided by the photosensitizer’s
ability to accumulate in tumor tissues and
by the direction and location of precise laser
irradiation. PDT has been successfully used
in the treatment of a variety of cancers to
induce apoptosis in tumor cells.>!° PDT
causes the photochemical generation of
cytotoxic reactive oxygen species such as
singlet oxygen within the target tissue. PDT
clinical trials using a photosensitizer, as well
as a variety of second-generation photo-
sensitizer, have shown promise in treating
malignancies of the esophagus, bronchus,
brain, peritoneal cavity, skin, bladder, head
and neck, as well as in treating nononco-
logic disorders such as age-related macular
degeneration.!"'? Clinical results of PDT

are normally positive. However, use of this
technology requires further improvements as
tumor recurrences can occur.'"!* This may
be due to the increase of cyclooxygenase
(COX)-2, HIF-1a, or VEGF gene expres-
sion. Recently, it has been shown that inhibi-
tors of cyclooxygenase (COX)-2, HIF-1a, or
VEGEF can be effective in combination with
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PDT therapy, and that Green tea extract may
play a major role in suppression of these,
potentially harmful, genes '

The Green tea polyphenols have been
shown to have a protective effect with pros-
tate cancer in pre-clinical animal models. It
has also been reported to be effective in sev-
eral other cancer types as well.!>!® Green tea
is composed of several catechins, including
(-)-Epigallocatechin-3-gallate (EGCQG), epi-
catechin (EC), epicatechin-3-gallate (ECQG),
and epigallocatechin (EGC). Among them,
(-)-Epigallocatechin-3-gallate (EGCQ),
the major catechin found in green tea, has
been recognized as a potential therapeutic
agent.'>? Tea polyphenols have been shown
to inhibit carcinogenesis in many animal
models, and the significance of catechins,
the main constituents of green tea, which
has been shown to be important for cancer
prevention. !>

Interest in the study of EGCG as an
anticancer agent has increased in recent
years due to their effects in vitro and in vivo
on tumor cell signaling pathways regulating
growth and apoptosis, including the suppres-
sion of cyclooxygenase (COX)-2, HIF-1a,
and VEGF gene expression.**3

In this study, we evaluated the effec-
tiveness of the PDT plus EGCG or GTP on
tumor regression in vitro and in vivo, which
showed that the PDT combined with EGCG
demonstrated a significant suppression of
tumor growth. It was found that the PDT,
using Radachlorine, exerts its antitumor
activity through EGCG supplement after the
PDT, rather than by EGCG supplement prior
to the PDT.

MATERIALS AND METHODS

Cell Cultures

The cell lines were obtained from the cell
line bank at Johns Hopkins University

(a kind gift from Dr.Wu, Johns Hopkins
University, MD, USA). The cells were rou-
tinely propagated in monolayer cultures in
RPMI-1640 medium, supplemented with 5%
heat-inactivated fetal bovine serum,

0.22 % sodium bicarbonate and penicillin/
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streptomycin. The cells were cultured in a
5% CO2 incubator at 37 °C.

PDT

The PDT was carried out using a diode laser
generator apparatus (Won-PDT D662, Won
Technology, Daejon, Korea) equipped with
a halogen lamp, a band-pass filter, and a
fiber optics bundle. The wavelength was set
at 662+ 2 nm. Duration of the light irradia-
tion, under PDT treatment, was calculated
taking into account the effective dose of
light energy in J/cm2. Radachlorin (RADA-
PHARMA Co, Ltd., Moscow, Russia) was
used as a photosensitizer.

Cell Growth Inhibition Assay by EGCG
and GTP

For the inhibition assay of cell growth,
EGCG (a kind gift from Dr. Yukihiko Hara
of Mutsui Norin Co, Fujied, Japan) and
green tea polyphenol (GTP, 85% polyphe-
nol, a kind gift from Dr. Sejun Han of Cho-
sun University, Korea) was diluted in Dul-
beco’s Phosphate-Buffered Saline (DPBS)
and stored at —20°C before use. For viable
cell counting, 3 x 103 cells per well (96 well
plate) were treated with EGCG ranging from
25,50, 100 uM and GTP ranging from 5, 10,
20 pg/ml for 24 hr. Cell growth inhibition
was determined by MTT assay. For the MTT
assay, 20 ul of MTT was added to each cell-
culture well and cultured for 4 hr. Next, 100
pl of dimethylsulfoxide was added to the
culture, shaken for 10 sec, and the absor-
bance measured with an ELISA-reader at
570 nm. Measurements were performed 24
and 48 hr after laser irradiation. Each group
consisted of three wells. The means of their
values were used as the measured values.

Cell Growth Inhibition Assay by PDT
Combination with EGCG, GTP

There were 3 x 103 cells per well (96well
plate) treated with 50 uM EGCG, 10 pg/
ml GTP and 2.5 pg/ml, 5 pg/ml Radachlo-
rin (RADA-PHARMA Co, Ltd), and then
the cells were exposed to PDT 12 hrs later.
Laser irradiation in this experiment was
performed at 6.25 J/cm2. From the analysis
of three replicates, the typical measurement
deviations were observed to be less than
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+3.0% for each assay.
Western Blotting

The cells grown in 6-well culture dishes (5
x 105) were treated with several concentra-
tions of EGCG. After 24 hr, the cells were
lysed and then the cells were exposed to
PDT 12 hr later. The protein concentration
of the clear supernatant collected by cen-
trifugation was evaluated using the BioRad
Protein-Assay kit (Bio-Rad, Hercules, CA)
and was adjusted for a final concentration of
2 mg/ml. After addition of 2-mercaptoetha-
nol (2%), samples were boiled for 5 min and
used for the experiments.

The 40 pg of each protein sample under-
went electrophoresis for 2.5 hr with SDS-
PAGE at 10 mA, and the Western blotting
was performed with a Hybond-ECL mem-
brane (Amersham, Uppsala, Sweden) at 100
V. The blotted membrane was blocked with
5% skim milk and reacted with a primary
antibody (COX-2, VEGF, HIF-1a, MMP
9, actin; Santa Cruz Biotechnology Inc,
Santa Cruz, CA). After washing with Tris-
buffered saline containing 0.1% Tween 20,
the membrane was then incubated with the
horseradish peroxidase-conjugated second-
ary antibody (Santa Cruz Biotechnology
Inc., Santa Cruz, CA). Protein bands were
visualized using an ECL Kit (Amersham,
Arlington Heights, IL).

Photosensitizer Uptake

Radachlorin was injected intravenously via
the tail vein for different periods of time,
ranging from 0.5 to 48 hr when the tumor
size was 7-9 mm. Cell debris was removed
by centrifugation (3,000 rpm). Fluorescence
(recorded at 642 nm following excitation

at 595 nm) was measured and concentra-
tions were deduced from a calibration curve.
Experiments were carried out at least in
triplicate.

Volume of the Tumors by PDT, EGCG,
GTP or Combination

The volume of the tumors was measured
after laser irradiation for each protocol. This
experiment consisted of seven different
experimental groups: the EGCG only group
(E), GTP only group (G), PDT only group
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(P), P+E group, P+G group, E+P group and
G+P group. Each were subjected to combi-
nation therapies, in which EGCG or GTP
was administered for 7 days 3 hours before
PDT. The P+E group or P+G group also re-
ceived combination therapy. EGCG or GTP
was administered for 7 days immediately
after PDT. The control group did not receive
any photosensitizer, EGCG, GTP, or PDT.
There were seven mice in each group.

STATISTICAL ANALYSIS

Statistical analysis included ANOVA and the
Student’s t-test. The values for the different
groups were compared. P values of less than
0.05 were considered significant.

RESULTS

Cell Growth Inhibition by EGCG, GTP,
and PDT Alone or PDT Combination with
EGCG and GTP

First, we compared the effects of the two

treatments, EGCG and GTP, on growth inhi-
bition in the TC-1 cell line. The cell growth
inhibition effect was evaluated using MTT
assays with increasing amounts of EGCG,
and showed a significant increase in the

cell growth inhibition over time (Fig. 1A).
However, GTP did not affect suppression
compared to the EGCG group (Fig. 1B).

Next we investigated the effects of the
PDT on growth inhibition in the TC-1 cell
line. A significant decrease in cell survival
was detected with PDT compared to the
control group (Fig. 1C). In addition, to
compare the combination effects of the two
treatments, 50 uM EGCG and 10 pg/ml GTP
were used with 2.5 pg/ml of Radachlorin
(Fig. 1D). The cell growth was significantly
suppressed in the EGCG plus PDT group.
The GTP plus PDT group showed good cell
growth inhibition compared to the control

group.

Figure 1. Cell growth inhibition by PDT, EGCG, GTP alone or PDT combination

with EGCG and GTP
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TC-1 cells (3 x 103) were treated with (A) EGCG, (B) GTP, (C) Radachlorin/PDT, and (D) PDT combina-

tion with EGCG or GTP for five days. The control group represents cells only. Samples were assayed in In-
triplicate. Vertical bars indicate SD (n = 3). Statistically significant inhibition of cell growth was measured

by the t-test. *, P < 0.05, **, P < 0.01 compared with the control.
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fluence of Time on the PDT Effect After
Injection

Influence of PDT time after Radachlorin
injection on anti-cancer effect was investi-
gated. We evaluated tumor suppression at
3,6,9, 12, and 15 days after PDT treat-
ment. Figure 2 shows the time course of the
changes in the tumor sizes. A significant
difference was confirmed on day 15, and a
tendency to grow larger was observed. In
the control group, the tumor sizes increased
almost linearly with time, until the end of
the observation period. The results showed
that tumor suppression was most effective at
3 hr post Radachlorin injection.
Radachlorin Uptake

Here we tested whether intravenous Rada-
chlorin injection plus EGCG supplement af-
fected Radachlorin accumulation in serum or
tumor in vivo. As Radachlorin was injected
intravenously, it is natural that Radachlorin
was highly accumulated in serum in the first
time periods (Fig. 3A). We confirmed that
Radachlorin was accumulated in sera, and
then excreted in each Radachlorin and/or
EGCG group after 48 hrs. For tumors, the
highest accumulation was at 3 hr post-intra-
venous injection (Fig. 3B). In addition, there
was a significant difference with the levels
of Radachlorin in either treatment. This was
consistent with the anti-tumor effect of PDT,
as shown in Fig. 2.

Under the same conditions, Radachlorin
accumulation was lower in the combination
group (EGCG plus Radachlorin) compared
to Radachlorin alone in tumors. The results
showed that EGCG supplement prior to
Radachlorin injection could inhibit Rada-
chlorin uptake in vivo. The time lapse post
Radachlorin injection in tumors is also very
important for controlling the effect of PDT
and/or EGCG combination.

Tumor Suppression by EGCG or GTP
Supplement Prior to PDT

Next, we investigated the effects of EGCG
and GTP supplement prior to PDT in vivo.
As shown in Fig. 4, the tumor volume after
the EGCG and GTP supplements were
relatively suppressed, but not significantly
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compared to the PDT alone. The results
showed that EGCG lowered the uptake of
Radachlorin. This suggested that an EGCG
supplement prior to photodynamic irra-
diation is not desirable. Therefore, EGCG
supplementation prior to photodynamic
irradiation may play a role as an interference
factor against uptake of Radachlorin.

Tumor Suppression by PDT, EGCG, and
GTP Alone or PDT Combination with
EGCG, and GTP in vivo

To further enhance the anti-cancer effect
with PDT, we investigated the effects of the
combination of PDT and EGCG or GTP in
vivo. Tumor volume after the PDT was sup-
pressed compared with controls, as shown
in Fig. 2.

Next, we compared the effects of the
two treatments, EGCG, and GTP on tumor
volume in vivo (Fig. 5A). Tumor volume
after EGCG treatment was significantly sup-
pressed compared to GTP. Enhanced tumor
suppression was observed in the combina-
tion group (Fig. 5B). Tumor volume with
EGCG combination treatment was signifi-
cantly suppressed compared with the con-
trol. In addition, we attempted to determine
which molecules are responsible for the en-
hanced anticancer effects changed after the
PDT combination with EGCG in vitro and in
vivo. We have shown that the PDT combina-
tion with EGCG in vitro and in vivo led to a
significant decrease in levels of COX-2 at 48
hr post PDT plus EGCG combination treat-
ment (Fig. 6). However, we did not observe
similar trends for the PDT combination with
GTP in Western blotting experiments. Also,
we evaluated the roles of the molecules that
were responsible for angiogenesis func-
tion such as VEGF, HIF-1a, and MMP9.
The changes in the levels of proteins were
not shown after the PDT combination with
EGCG.

DISCUSSION

The main finding of this study was that

the combination therapy approach using
PDT and one of the green tea constituents,
(-)-Epigallocatechin-3-gallate (EGCG), was
effective for reducing tumor growth.
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Figure 2. Antitumor effects by PDT intervals after Radachlorin
injection in mice
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The tumor-bearing mice were light-irradiated (300 J/cm2) at 0.5, 1, 3, 6, and 24
hr after Radachlorin injection (10 mg/kg, iv). Tumor volumes were measured at
3, 6,9, 12, 15 days after Radachlorin/PDT treatment. *, P < 0.05, ** P < 0.01
compared with the control.

Figure 3. Radachlorin uptake in mice
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Radachlorin uptake was expressed as ug/g of wet tissue in the tumor and expressed as ug/ml of sera, as a
function of the time after intravenous injection at a dose of 10 mg/kg b.w. to the C57BL/6 mice with TC-1
tumors. The bars represent the mean SD of three animals.
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Figure 4. Tumor suppression by EGCG or GTP supplement prior to

PDT
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Tumor-bearing mice received EGCG or GTP a week prior to PDT treatment. Seven days
after EGCG or GTP administration, the animals were treated with Radachlorin/PDT.
EGCG and GTP were administered for 20 days. See Materials and Methods for details.
Each group included seven animals. Error bars indicate the SD. *, P < 0.05 compared

with PDT.

Figure 5. Tumor suppression by PDT, EGCG, and GTP alone or PDT combination with

EGCG, and GTP in vivo
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(4) Mice were injected subcutaneously with 5 x 105 cells per mouse. When tumor size reached 7 - 9 mm, they were
treated with EGCG or GTP. Each group included seven animals. Statistically significant inhibition of tumor growth
was evaluated by the t-test. * P < 0.05, ** P < 0.01, compared with the control.

(B) Tumor-bearing mice were treated with Radachlorin/PDT. After the PDT, EGCG or GTP was administered for 20
days. Each group included seven animals. Error bars indicate the SD. **, P < (.01, compared with the control.
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Figure 6. Effects of EGCG on PDT-induced COX-2

expression in vitro and in vivo
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Western blot analysis of COX-2 after incubated with EGCG treat-

ment (A4) in vitro and (B) in vivo.

Photodynamic therapy (PDT) is a
method of treating malignant tumors that
produces photodynamic damage of tumor
cells by photochemical reactions.37 Several
chemicals are used as photosensitizers of
PDT for a wide range of malignant tumors
as well as nonmalignant diseases.**

We used Radachlorin, a promising sensi-
tizer for photodynamic therapy. Radachlorin
is a second generation photosensitizer with
promising physico-chemical properties and
high photodynamic efficiency.

A tumor treated by PDT is reabsorbed
and is gradually replaced by connective tis-
sue.®® The location of photodynamic damage
of a tumor is determined by a photosensi-
tizer’s ability to accumulate in tumor tissues
and by the direction and localization of
precise laser irradiation. PDT has been used
in the treatment of a variety of cancers to
induce apoptosis in tumor cells.*

PDT results in the photochemical gen-
eration of a cytotoxic reactive oxygen spe-
cies such as singlet oxygen within the target
tissue. PDT clinical trials using a photosen-
sitizer, as well as a variety of second-gen-
eration photosensitizer, has shown promise
in treating malignancies of the esophagus,
bronchus, brain, peritoneal cavity, skin,
bladder, head and neck, as well as in treating
nononcologic disorders such as age-related
macular degeneration.
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Dougherty et al (1998) reported
that photodynamic therapy (PDT) is
a promising cancer treatment modal-
ity based on its selective killing of
malignant cells by singlet oxygen, 'O,,
and other reactive products generated
by photoactivated photosensitizer (PS)
molecules that accumulate in tumor
tissue. ¥’

Clinical application of PDT is
generally positive.however, further
development is needed to improve
outcomes as tumor recurrences occur,
and tumor size and depth affect the ef-
ficiency of PDT irradiation. This may
be due to the increase in survival of
molecules expressing cyclooxygenase
(COX)-2, HIF-1a and the VEGF gene.
Recently, it has been shown that inhibitors
of cyclooxygenase (COX)-2, HIF-1a, VEGF
can be effective in combination with PDT
therapy, and that Green tea extract may play
a major role in suppression of these genes.

The Green tea polyphenols have been
shown to have a protective effect in prostate
cancer in a variety of pre-clinical animal
models and has been reported to be effec-
tive in several other cancer types as well.*-!
Green tea is composed of several catechins,
including (-)-Epigallocatechin-3-gallate
(EGCQG), epicatechin (EC), epicatechin-3-
gallate (ECG), and epigallocatechin (EGC).

Among them, (-)-Epigallocatechin-3-
gallate (EGCQG), the major catechin found in
green tea, has been recognized as a potential
therapeutic agent. Tea polyphenols have
been shown to inhibit carcinogenesis in
many animal models, and the significance
of catechins, the main constituents of green
tea, has been increasingly recognized to play
arole in cancer prevention. The study of
EGCG as anticancer agents has increased in
recent years, due to their effects in vitro and
in vivo on tumor cell signaling pathways
regulating growth and apoptosis, including
the suppression of cyclooxygenase (COX)-
2, HIF-1a and VEGF gene expression.*'#?

In this study, we compared the effec-
tiveness of green tea polyphenols (GTP)
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and its constituent Epigallocatechin Gallate
(EGCQG) in tumor regression using TC-1
tumor cells implanted into mice. EGCG
suppressed cancer efficiently and showed
enhanced activity in combination with PDT
therapy. By contrast, similar effects were not
observed in GTP supplemented combination
PDT therapy. We confirmed that the tumor
growth was significantly delayed in groups
treated with Radachlorin/PDT and EGCG
compared to either the Radachlorin/PDT or
EGCG alone groups.

These findings demonstrated a high
anti-cancer activity of photodynamic therapy
with green tea constituent, Epigallocatechin
Gallate (EGCG), on TC-1 tumor cell im-
planted mice. In this study, EGCG lowered
the uptake of Radachlorin, a promising
sensitizer for photodynamic therapy.this
suggested that an EGCG supplement prior
to photodynamic irradiation is not desirable,
and that the supplement after photodynamic
irradiation enhances the effect. Therefore,
EGCG supplementation prior to photody-
namic irradiation may play a role as an inter-
ference factor against uptake of Radachlorin.

In conclusion, the present experiments
showed that the combination of photody-
namic therapy with the green tea constituent,
Epigallocatechin Gallate (EGCG), was very
useful in cancer therapy by regulation of
tumor cell signaling pathways, growth and
induction of apoptosis together with the sup-
pression of cyclooxygenase (COX)-2, HIF-
lo and VEGF gene expression. Therefore it
is strongly suggested that high anti-cancer
activity of photodynamic therapy with green
tea constituent, Epigallocatechin Gallate
(EGCG) may be a useful treatment for ef-
fective cancer therapy; additional studies are
needed for further consideration of clinical
applications.
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