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The polyphenol epigallocatechin-3-gallate (EGCG) in
combination with doxorubicin (Dox) exhibits a syn-
ergistic activity in blocking the growth and colony-
forming ability of human prostate cell lines in vitro.
EGCG has been found to disrupt the mitochondrial
membrane potential, induce vesiculation of mito-
chondria, and induce elevated poly (ADP-ribose)
polymerase (PARP) cleavage and apoptosis. EGCG in
combination with low levels of Dox had a synergistic
effect in blocking tumor cell growth. In vivo tumor
modeling studies with a highly metastatic tumor line,
PC-3ML cells, revealed that EGCG (228 mg/kg or 200
�mol/L) appeared to sensitize tumors to Dox. EGCG
combined with low levels of Dox (0.14 mg/kg or 2
�mol/L) blocked tumor growth by PC-3ML cells in-
jected intraperitoneally (ie, in CB17 severe combined
immunodeficiencies) and significantly increased
mouse survival rates. Similarly, relatively low levels of
EGCG (57 mg/kg or 50 �mol/L) plus Dox (0.07 mg/kg or
1 �mol/L) eradicated established tumors (ie, in nono-
bese diabetic–severe combined immunodeficiencies)
that were derived from CD44hi tumor-initiating cells
isolated from PCa-20a cells. Flow cytometry results
showed that EGCG appeared to enhance retention of
Dox by tumor cells to synergistically inhibit tumor
growth and eradicate tumors. These data suggest that
localized delivery of high dosages of EGCG combined
with low levels of Dox may have significant clinical
application in the treatment of metastatic prostate
and/or eradication of primary tumors derived from tu-

mor-initiating cells. (Am J Pathol 2010, 177:3169–3179;

DOI: 10.2353/ajpath.2010.100330)

Epidemiological studies have suggested a protective ef-
fect of tea consumption against human cancers of the
breast, cervix, colon and rectum, gallbladder, liver, lung,
nasopharynx, pancreas, prostate, stomach, ovary, and
uterus.1–4 Recent epidemiological studies have demon-
strated the cancer preventive properties of green tea
polyphenols in prostate cancer.2,5,6

Animal tumor modeling studies using green tea, green
tea leaves, green tea extracts, polyphenol mixtures,
green tea catechin mixtures, and the individual catechins
have demonstrated chemopreventive efficacy in several
cancers. Using the Transgenic adenocarcinoma of the
mouse prostate (TRAMP) mouse model for prostate can-
cer, Gupta et al7 showed that a polyphenol extract deliv-
ered by gavage (500 mg/kg/day) partially delayed the
onset of prostate cancer and inhibited prostate cancer
growth to increase mouse survival rates. Polyphenol con-
sumption caused significant apoptosis of the tumor cells,
which possibly resulted in reduced dissemination of can-
cer cells, thereby causing inhibition of tumor develop-
ment, progression, and metastasis. However, a similar
animal model study with epigallocatechin gallate (EGCG;
ie, purified from polyphenols) added to the drinking water
only slightly reduced the incidence of prostate cancer
and tumor progression.8 In addition, a recent study by
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Kinney and colleagues9 revealed that oral administration
of polyphenols did not inhibit tumor progression in
TRAMP mice. It was suggested that the limited activity of
polypenols may be due to a relatively short half life plus
low oral bioavailability of polyphenols (ie, slow absorption
combined with high metabolic clearance by the liver).6

Further studies are required to improve delivery and as-
sess whether polyphenols have significant anti-tumori-
genic activity against prostate cancer.

The variability in results reported on polyphenol activ-
ities prompted us to evaluate whether localized delivery
of drug might significantly improve the therapeutic activ-
ity of EGCG. Secondly, we reasoned that EGCG deliv-
ered locally in combination with low levels of a known
therapeutic agent (ie, Doxorubicin [Dox]) used at sub-
therapeutic dosages may have a synergistic activity in
eradicating tumors while having minimal side effects. In
this regard, several reports have previously shown that
green tea components (ie, theanine and caffeine) in com-
bination with Dox can block ovarian cancer growth in
mice,9,10 but the studies were poorly controlled and it
was difficult to determine whether the two agents exhib-
ited synergistic effects in vivo. Moreover, optimal delivery
of the drug to maximize anti-tumor activities was not
explored in these studies.

In this article, we attempted to show that EGCG and
Dox exhibit synergistic effects to block tumor cell
growth and colony forming ability in vitro and tumor
growth in vivo. The data showed that EGCG indepen-
dently reduced mitochondrial membrane competence
to induce apoptosis. EGCG also increased Dox reten-
tion by the tumor cells in vitro and metastatic tumors in
vivo. Thus, EGCG appears to sensitize tumors to rela-
tively low levels of Dox to significantly increase their
combined anti-tumor activity. In sum, the data showed,
for the first time, that localized delivery of EGCG plus
Dox exerted a synergistic activity in blocking tumor
growth i.p. by a highly metastatic tumor line to improve
significantly overall mouse survival rates.

Materials and Methods

Cell Cultures

The IBC-10a and PCa-20a cell strains were isolated by
our lab from the right peripheral zone of a prostate gland
with Gleason score (GS) 6 and 7 tumors, respectively.
Cells were immortalized by transfections with LXSN-
hTERT retroviral vector (courtesy of Johng Rhim, Center
for Prostate Disease Research, Uniformed Services Uni-
versity of the Health Sciences (USUHS), Bethesda, MD)
using methods previously described.11 IBC-10a12,13 and
PCa-20a cells were found to be CK5, CK18, p63, and
PTEN positive, and have been classified as intermediate
basal cells. Cells were grown in serum free complete
Keratinocyte media (CKM) containing epidermal growth
factor and pituitary extract plus 1% penicillin/streptomy-
cin (Invitrogen, Inc., Carlsbad, CA). PC-3ML cells were
subcloned by our lab12 from the parent PC-3 cells ATTC
(American Tissue Culture Consortium, Bethesda, MD)

based on their invasive properties in vitro and ability to
metastasize to the bone marrow in CB17-severe combined
immunodeficiencies (SCIDs). PC-3ML cells were maintain
Dulbecco’s modified Eagle’s medium plus 10% fetal bovine
serum (FBS) according to previously described protocols of
the American Tissue Culture Consortium.

Primary Organ Cultures

Primary organ cultures were established from freshly
minced pieces of prostate tissue (�1 mm diameter [dia])
and the pathology carried out by Dr. Garcia on adjacent
pieces according to methods developed by our lab to
establish IBC-10a cultures.12,13 Pieces of tumor were
plated on tissue culture dishes in �two drops of CKM for
�4 hours in the CO2 incubator to allow tissue adherence
to the dish. Then, additional media was added and epithe-
lial cells were induced to grow out on the dish in the pres-
ence of CKM containing 1 nm dihydrotestosterone and 1
ng/ml hepatocyte growth factor (Sigma-Aldrich, Inc., St.
Louis, MO) over a 6 to 10 day period. Immunolabeling with
CK18 and CK5 antibodies indicated the cells were of epi-
thelial origin. Alternatively, stromal fibroblasts were induced
to grow out from pieces of prostate tissue incubated in
Dulbecco’s modified Eagle’s medium containing 1 nm di-
hydrotestosterone (DHT) and 10% FBS. After the outgrowth
of cells from tumor pieces, we examined the dosage-de-
pendent response of these cells to EGCG and Dox. H&E
sections were prepared from the organ tissue pieces for
histological examination and diagnosis of GS. Dr. Fernando
Garcia also carried out the diagnosis of the tumor GS by
using adjacent tumor pieces. The Gleason score of the
tumor pieces used in this study ranged from GS6 to GS8.
Isolation of prostate organ cell cultures was done with the
approval from the Drexel University College of Medicine
Institutional Review Board.

Cell Growth and Cell Cycle Analysis

Cell growth assays were carried out by using the MTS
(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium, inner salt) assay.12–14

Cells were labeled with 1 nm propidium iodide for flow
cytometry analysis of the changes in cell cycle and DNA
content of the cells. The DNA histograms were analyzed
by using ModiFitLT software (Verily Software House, Top-
sham, ME).

Colony Forming Assays

Cells suspended in CKM plus 10% FBS were seeded in
0.5% soft agar as single cell suspensions according to
Sambrook et al15 in 12-well dishes (Corning Inc., Corning, NY)
at 1 � 103 cells/dish. We counted the numbers of colonies
formed after 30 to 40 days, which were �100 �m dia.

Apoptosis Assays

Apoptosis was measured by flow cytometry by using
Annexin V antibodies and a kit from Guava, Inc. (Redwood,
CA) according to published methods by our group.15
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Di06(3) Staining

A stock solution of DiOC6(3) (Invitrogen, Eugene, OR)
was prepared by diluting DiOC6(3) to 400 nm in PBS, pH
7.4. DiOC6(3) was added to cells for �1 minute and then
cells were washed with fresh medium and photographed
by using a Zeiss Confocal Microscope (Zeiss Micro-
scopes, Thornwood, NY).

Flow Cytometry: Measurements of
Mitochondrial Membrane Potential

A stock solution of JC-1 (Invitrogen) at 20 �m (2 �l stock
solution plus 1 ml PBS) was prepared. Cells in suspen-
sion at 37°C were incubated with 1 �m JC-1 for 30
minutes then placed on ice until reading in the flow cy-
tometer. As a negative control, aliquots of cells were
labeled in the presence of the protonophore CCCP (100
�m). JC-1 accumulates as J-aggregates (A590 nm, red)
in metabolically active mitochondria only, while the de-
polarization of the mitochondrial membranes leads to
JC-1 monomer formation (A 527 nm, green). Autofluores-
cence and JC-1 dependent fluorescence changes were
recorded by using a Guava flow cytometer (Guava, Inc.)
using 488 nm excitation with 530/30 nm (FL1, green) and
585/42 nm (FL2, orange) band pass emission filters. The
sample flow rate was adjusted to about 1000 cells/min.
The respective gates were defined by using the distinc-
tive forward-scatter and side-scatter properties of the
individual cell populations. The data from 2000 cells/
assay were analyzed by using Guava Express software.

Reactive Oxygen Species Assays

To determine the involvement of reactive oxygen species
(ROS) in apoptosis, the ROS inhibitor N-acetylcysteine
was added to cells either alone or in combination with
EGCG. All reagents were purchased from Sigma-Aldrich
unless otherwise stated. Intracellular ROS generation in
the control and EGCG-treated cells was monitored by
using H2O2- sensitive probe 5 (and 6)-chloromethyl-2�,7�-
dichlorodi-hydrofluorescein diacetate (CM-H2DCFDA),
as previously described.16 Briefly, cells were incubated
with H2DCFDA (5 �m) for 30 minutes at 37°C and washed
twice with PBS. Then, the fluorescent intensity of 5 � 105

cells was measured by using a spectrofluorometer (ex-
citation A500 nm; emission A530 nm).

Measurements of Dox Retention

Flow cytometry was used to quantify the intracellular
accumulation and retention of Dox according to pub-
lished methods.17 Cells were washed twice in PBS, har-
vested after Trypsin-EDTA treatment, and washed twice
in PBS. The Dox fluorescence was measured by using a
Guava, Inc., flow cytometer. Using the excitation with an
argon laser at 488 nm, emission of 10,000 events per
sample was detected on FL2 (A550 nm).

Gel Electrophoresis and Western Blots

Following the different treatments, cells were lysed with
modified radioimmunoprecipitation assay buffer.15 West-
ern blots were carried out according to standard proce-
dures15 by using Super Signal West Pico chemilumines-
cent substrate (Pierce Biotechnology, Inc., Rockford, IL)
for antibody detection. The reaction was visualized by using
the ChemiDoc XRS Gel Documentation system (Bio-Rad
Laboratories, Inc., Hercules, CA). Protein measurements
were carried out according to Sambrook et al.15 anti-poly
(ADP-ribose) polymerase (PARP) monoclonal antibodies
were from Pharmingen (San Diego, CA); matrix metallopro-
teinase-2 (MMP-2), tubulin, and glyceraldehyde-3-phos-
phate dehydrogenase antibodies were from Sigma-Aldrich.

Drug Studies

EGCG (Sigma-Aldrich) was prepared fresh by resuspen-
sion of EGCG in PBS, pH.5, containing 3% ascorbic acid
and 10 mm EDTA (the solvent). The EGCG solution was
filter sterilized and added to cells or injected in mice. In
control experiments, cells or mice were treated with the
solvent alone. After treatment, the conditioned media or
crude cell extracts prepared in radioimmunoprecipitation
assay buffer were collected and stored at �80°C. Dox
(Sigma-Aldrich) was solubilized in sterile PBS at 1 mg/ml,
and aliquots were added to cell cultures or injected in mice.

Isolation of CD44hi PCa-20a Cells

CD44hi PCa-20a subpopulations were isolated from pas-
sage 5 PCa-20a cells by using magnetic beads coated
with CD44hi antibodies (1:50 dilution; ab41478, Abcam
Inc., San Francisco, CA). In brief, a kit and procedures
from Miltenyl Biotech (Auburn, CA) was used according to
methods developed in our lab.12 Cells were suspended in
CKM counted with a Hemacytometer and injected i.p. in
6-week-old male nonobese diabetic (NOD)-SCIDs.

Tumor Xenografts

Single-cell suspensions of PC-3ML cells (1 � 106 cells) at
�passage 10 were injected i.p. in 5- to 6-week-old male
CB17-SCID mice (Taconic Labs, Pottstown, NY). When
tumors reached a minimal volume of 0.15 to 0.18 mm3

(after �1 week), the drug was injected i.p. in a volume of
0.50 ml per mouse. CD44hi cells freshly isolated from
PCa-20a cells were injected i.p. at 100 and 1000 cells/
animal in a volume of 0.5 ml CKM in 6-week-old male
NOD-SCID mice (Taconic Labs). CD44hi cells were al-
lowed to form tumors for 1 month before treatment of
mice with EGCG and Dox. Each group had 5 or 10
mice, and tumor volumes were determined according to
the formula (L � l2)/2 by measurement of tumor length (L)
and width (l) with a caliper. Mice were kept in a double
barrier facility and handled according to an approved Insti-
tutional Animal Care Use Committee (IACUC) protocol in
accordance with our institution’s policy.

Inhibition of Tumorigenesis by EGCG and DOX 3171
AJP December 2010, Vol. 177, No. 6



Statistical Analysis

The results are presented as the mean � 1 SD. Signifi-
cant changes were assessed by Student’s t-test. A value
of P � 0.05 was accepted as the level of significance.

Results

Synergistic Effects of EGCG and Dox on Cell
Growth of Malignant PC-3ML Cells and Primary
Prostate IBC-10a and PCa-20a Cell Lines

We postulated that EGCG may increase the sensitivity of
prostate tumor lines to Dox. We found that EGCG at
dosages �30 �m independently inhibited growth of ma-

lignant PC-3ML human prostate cells after 3 and 6 days
(Figure 1A; (half maximal inhibitory concentration) IC50 	
20 �m). EGCG (ie, at 20 �m) combined with Dox (ie, 2
nm) inhibited growth in a synergistic manner after 3 and
6 days, respectively, P � 0.05 (Figure 1B). Growth was
almost completely inhibited at concentrations of EGCG
greater than 30 �m in the presence of Dox (2 nm). Low
levels of Dox (1 and 2 nm) failed to inhibit growth of
PC-3ML cells after 3, 6, and 9 days (data not shown).

We then examined if similar or lower dosages of drug
were effective in blocking growth of primary prostate
cell lines. We found that EGCG also inhibited growth of
two different primary prostate cell lines, IBC-10a and
PCa-20a cells, derived from human prostate Gleason
score 6 and 7 tumors, respectively. For example, Fig-
ure S1A (see Supplemental Figure S1, A and B, at
http://ajp.amjpathol.org) shows the effects of increased
dosages of EGCG on growth of IBC-10a cells. The
IC50 	 30 �m and growth was almost completely in-
hibited at �40 �m EGCG (P � 0.05; Figure S1A). For
Dox, the IC50 	 5 nm (data not shown). Although EGCG
and Dox had a minimal effect on growth at concentra-
tions �20 �m EGCG or �2 nm Dox (data not shown),
we found that 20 �m EGCG combined with 2 nm Dox
almost completely inhibited growth after 1 to 7 days
(P � 0.05; Figure S1B). In contrast, increased dosages
of EGCG (0 to 60 �m for 9 days) failed to inhibit the
growth of WI38 human fibroblasts (Figure S1B). Like-
wise 60 �m EGCG combined with 2 nm Dox did not
reduce the growth rates of human WI38 fibroblasts
derived from lung tissue.

Colony Forming Assays

Colony forming assays were carried out with PC-3ML
cells. The data revealed that 30 and 60 �m EGCG re-
duced the colony forming ability of PC-3ML cells by
�36% and �50%, respectively. In comparison, 30 and
60 �m EGCG in combination with 2 nm Dox completely
inhibited colony formation (ie, by 30 to 40 days). Dox
alone (ie, at 2 nm) partially reduced colony forming ability
by �30% (Figure 1C). Likewise assays of colonies (ie,
�50 �m dia) formed after 21 days revealed results similar
to that observed at 40 days. Since IBC-10a and PCa-20a
cells are nonmalignant and do not readily form colonies,
colony forming assays were not performed on these cells.
Taken together, the data indicate that EGCG combined
with Dox inhibited tumor cell growth in vitro in a synergis-
tic manner.

EGCG Reduces Mitochondrial Membrane
Potential

JC1 is a fluorescent dye that accumulates as a mono-
mer in the cytoplasm (emission 527 nm normally visu-
alized in the “green” channel) and as an aggregate in
intact mitochondria (590 mm emission normally visual-
ized in the “red” channel). With disruption of the mito-
chondrial membrane integrity, JC1 is released from the
mitochondria and there is a net loss of red fluores-
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Figure 1. MTS assays showing the effects of increased dosages of EGCG (0
to 60 �mol/L) on growth of PC-3ML cells in the absence (ie, solvent buffer)
(A) and presence (B) of 2 nmol/L Dox. Differences in growth rates were
significant (P � 0.05). Cells were plated at 5000 cells/well, and growth was
measured after 3 and 6 days, respectively. C: Colony-forming assays with
PC-3ML cells seeded for 40 days. The number of colonies (�100 �m dia) by
untreated cells and cells exposed to 30 �mol/L EGCG (30 �mol/L E), 60
�mol/L EGCG (60 �mol/L E), 30 �mol/L EGCG plus 2 nmol/L Dox (30
�mol/L E
D), 60 �mol/L EGCG plus 2 nmol/L Dox (60 �mol/L E
D), and
2 nmol/L Dox alone (2 �mol/L D) is shown. Differences in colony forming
assays were significant (P � 0.05). Cells were seeded at 5 � 103 cells/well in
12-well dishes for 10 days in complete Dulbecco’s modified Eagle’s medium
plus 10% FBS, and cells were exposed to drug with a change of media every
5 days for an additional 30 days. Control wells were treated with solvent
buffer alone.
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cence resulting in a shift of the 590/527 ratio. Flow
cytometry showed that when living PC-3ML cells were
exposed to JC1 (ie, 10 �m for 30 minutes), the ratio of
red/green fluorescent signal (ie, A590/A527 nm) was
normally between 0.3 and 0.35 after 1 and 6 hours
incubation, respectively. In PC-3ML cells treated with
10, 30, and 60 �m EGCG, there was a significant
decrease in the A590/A527 ratios to �0.2, 0.1, and
0.05, respectively, after 1 or 6 hours treatment (Figure
2). Similar types of studies were then carried out in the
primary cell lines. In IBC-10a cells treated with 10, 30,
and 60 �m EGCG, the A590/A527 ratio decreased from
�0.4–0.48 to �0.3–0.38, 0.1 and 0.05, respectively,
after 1 and 6 hours (Figure 2). Similar decreases in the
A590/A525 ratio were observed in cells exposed to
increased dosages of EGCG (ie, 0 to 60 �m) plus 2 nm
Dox for 1 hour. However, treatment of either cell line
with Dox alone (1 and 2 nm for 6 hours) had no effect
on A590/A527 ratio (data not shown), indicating Dox
does not affect mitochondria membrane potential. Sur-
prisingly, EGCG did not induce increases in ROS. That
is, flow cytometry showed that 0 to 60 �m EGCG for 1
to 6 hours (plus or minus 2 nm Dox) did not induce
expression of ROS (data not shown).

DiOC6(3) Staining

In comparative studies of PC-3ML and fibroblasts, fluo-
rescent imaging of live cells incubated with DiOC6(3)
(�0.1 �g/ml) revealed that the dye stained the mitochon-
drial networks (green) throughout the cytoplasm in PC-
3ML cells and human WI38 fibroblasts (see Supplemen-
tal Figure S2, A–E, at http://ajp.amjpathol.org). Following
treatment of PC-3ML cells with 60 �m EGCG (Figure S2B)
or 60 �m EGCG plus 2 nm Dox (Figure S2C) for 1 hour,
the mitochondria networks appeared vesiculated, indi-
cating EGCG has a dramatic effect on mitochondrial
integrity. Dox alone (ie, 2 nm Dox for 1 to 6 hours), also
had some affect on the mitochondria networks, although
they largely remained intact (Figure S2D). In comparison,
EGCG and Dox (ie, 60 �m EGCG plus 2 nm Dox for 6
hours) had zero effect on the mitochondrial in human
WI38 fibroblasts (Figure S2E).

Human Prostate Organ Culture Studies

We have extended the studies on cell lines to examine
the effects of EGCG and Dox on growth of human pros-
tate organ cultures established from tumors of increased
Gleason score (GS6 to GS8). We have found that we can
routinely establish epithelial (or fibroblast) cultures from
minced pieces of human prostate tissue by �6 to 10
days. We found that growth of epithelial cultures growing
out from GS6 to GS8 tumors (n 	 5/GS) was completely
inhibited by �30 �m EGCG and that the epithelial cells
lifted off the culture dish after 2 to 3 days treatment. In
comparison, fibroblast cultures growing out from the tu-
mors were not affected by 30 to 60 �m EGCG in the
absence or presence of 2 nm Dox for 3 days. Moreover,
after treatment for 3 days and removal of the drugs, the
fibroblasts continued to proliferate. DiO6(3) labeling re-
vealed that treatment of the epithelial cultures with 20 to
30 �m EGCG for 1 hour induced vesiculation of the
mitochondria in all of the cells (Figure S3A; see Supple-
mental Figure S3, A–D, at http://ajp.amjpathol.org). EGCG
(30 �m for 24 hours) eventually caused the epithelial cells
to round up and lift off the surface of the culture dishes. In
contrast, EGCG (30 �m) alone or ECGC (30 �m) in
combination with 2 nm Dox for 6 hours had no effect on
the mitochondria in fibroblast cultures grown out from the
tumor pieces (Figure S3B). Histological sections of the
tumor pieces revealed that 50 �m EGCG for 24 hours
eliminated the epithelial cells from glands of the tumor,
but did not affect the basal cells or the stromal cells
(compare Figure S3, C and D).

Apoptosis Assays on Primary and Malignant
PC-3ML Cells

Flow cytometry assays using Annexin V antibodies
showed that EGCG (0 to 50 �m) induced significant
apoptosis in IBC-10a and PC-3ML cells (Figure 3, A and
B). Low levels of EGCG (ie, �20 �m) induced low levels
of apoptosis (ie, �5%) in both cell types after 2, 3, and 4
days treatment (Figure 3, A and B). However, EGCG at 30
and 50 �m levels induced significant apoptosis (ie,
�15% to 50%) in both IBC-10a and PC-3ML cells, re-
spectively, by 2, 3, and 4 days (Figure 3, A and B).
Studies with WI38 fibroblasts showed that both untreated
and EGCG treated cells exhibited low levels of apoptosis
(�2%) after 2, 3, and 4 days (Figure 3C). Surprisingly,
treatment of these three cell lines with increased dos-
ages of EGCG (0 to 50 �m) in the presence of 2 nm
Dox did not significantly increase the percent apopto-
sis after 2, 3, and 4 days, respectively (data not
shown). Also, cells treated with Dox alone (at 2 nm for
2, 3, and 4 days) failed to exhibit a significant degree
of apoptosis (ie, �2% to 5%).

Cell Cycle Analysis on Primary and Malignant
PC-3ML Cells

Flow cytometry of propidium iodide labeled IBC-10a and
PC-3ML cells showed that cells exposed to 30 �m EGCG
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Figure 2. Flow cytometry analysis of JC1 staining of live PC-3ML and
IBC-10a cells. The ratio of A590/A527 nm fluorescence in cells labeled with
10 �mol/L JC1 is shown. Cells were treated with increased dosages of EGCG
(0, 10, 30, and 60 �mol/L) for the 1-hour and 6-hour intervals, respectively.
Controls were treated with solvent alone.
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and 30 �m EGCG plus 2 nm Dox for 24 hours exhibited
a �100% decrease in cells in G2/M (ie, M3 �1%). Dox
alone (2 nm for 24 hours) failed to reduce the percent
cells in G2/M from that observed in untreated controls,
which were treated with solvent (ie, M1: �29% to 35%;
M2: �9% to 15%; and M3: �5% to 8% of the cells).
Figure 3, D–F, shows, for example, histograms from IBC-
10a cells (at �80% confluence), which were exposed for
24 hours to either 2 nm Dox, 30 �mol/L EGCG, or 30 �m
EGCG plus 2 nm Dox (Figure 3, D–F, respectively).

PARP Cleavage Studies on Primary and
Malignant PC-3ML Cells

Western blots with an antibody that specifically recog-
nized the cleaved PARP fragment showed that 10 and 30
�m EGCG for 24 hours induced a significant increase (ie,
�10 and 20-fold, respectively) in PARP cleavage com-
pared with untreated cells (Figure 3D). Control blots with
antibodies specific for MMP-2, vimentin and tubulin indi-
cated there was no change in the levels of these proteins
in the crude cell extracts (Figure 3G).

Taken together, the studies indicate that EGCG and not
Dox is primarily responsible for the induction of apoptosis in
primary prostate cells and malignant PC-3ML cells. Thus,
the synergistic effects of EGCG and Dox on cell growth
appear to arise from independent activities of the two drugs.

EGCG Increases Dox Retention by PC-3ML
Cells

We postulate that EGCG might increase cellular retention
of Dox to enhance the therapeutic efficacy of Dox. Flow
cytometry measurements (absorbance 550 nm) of Dox
retention by PC-3ML cells revealed that following treat-
ment with increased dosages of EGCG (0 to 50 �m for 24
hours), there was a significant increase in Dox retention
(ie, at EGCG concentrations �20 �m; Figure 4). In com-
parison, untreated PC-3ML cells retained relatively little
Dox (Figure 4). Similarly, in studies of PC-3ML tumors in
SCID mice, we found that EGCG promoted Dox retention
by the tumors. That is, PC-3ML cells isolated from tumors
exposed to EGCG plus Dox (ie, at 100 �m and 2 nm
levels, respectively, for 45 days) retained Dox (A 550
nm 	 �0.65 � 0.10), whereas cells from tumors treated
with Dox alone (ie, 2 nm levels for 45 days) retained
relatively little Dox (A 550 nm 	 �0.15 � 0.05).

In similar types of experiments, we found that EGCG
also increased Hoechst dye retention by PC-3ML cells in
culture. Flow cytometry (A360 nm) showed that following
treatment of PC-3ML cells with EGCG (ie, �40 �m for 7
hours) there was a �twofold increase in Hoechst 33342
dye retention compared with untreated cells (Figure S4;
see Supplemental Figure S4 at http://ajp.amjpathol.org).

Figure 3. A–C: Percent apoptosis in IBC-10a (A), PC-3ML (B), and WI38 fibroblasts (C) treated with increased dosages of EGCG (0 to 50 �mol/L) for 2,
3, and 4 days, respectively. Annexin V (Guava) labeling. D–F: Flow cytometry histograms of propidium iodide-labeled IBC-10a cells that were treated for
24 hours with 2 nmol/L Dox (D); 30 �mol/L EGCG (E); and 30 �mol/L EGCG plus 2 nmol/L Dox (F). Control cells in A–F were treated with solvent buffer.
G: Western blots showing the levels of MMP-2, vimentin, �/� tubulin, and PARP cleavage in PC-3ML cells treated with 0, 10, and 30 �mol/L EGCG for 24
hours.
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Mouse Tumor Modeling Studies with PC-3ML
Cells

The goal was to assess whether EGCG alone or in com-
bination with Dox could block the metastatic growth of
PC-3ML tumor cells injected i.p. Figure 5A shows that
mice injected with PC-3ML cells i.p. formed numerous
tiny nodules of 0.18 to 0.20 mm3 volume after 1 week. The
numbers of nodules and distribution were highly variable,
but usually we found nodules on the liver, colon, kidney,
and mesenteric tissues. In mice treated with vehicle, the
tumors grew to �0.9 mm3 after 5 weeks and the mice
died. Treatment of mice with EGCG alone (ie, 200 �m/0
�m) or Dox alone (ie, 0 �m/2 �m) reduced tumor size
significantly to �0.6 mm3 after �3 to 5 weeks, and the
mice survival rates were 100%. The treatment of mice
with micromolar levels of EGCG and Dox combined (ie, at
micromolar ratios of EGCG/Dox of 200/2 and 200/1)
blocked tumor growth and reduced the size of the exist-
ing tumors (ie, to �0.1 mm3) after 5 weeks (n 	 5 mice/
treatment). In addition, the combination drug treatments
with EGCG and Dox reduced the number of lesions from
�30 nodules/mouse to �two to three nodules per mouse
(Figure 5A).

In a separate set of experiments, we monitored mouse
survival rates over prolonged intervals of �10 weeks. All
of the untreated mice died after 5 weeks (Figure 5B).
Mice treated with EGCG alone or Dox alone died by �5
to 8 weeks. However, the survival rates were increased to
�100% in mice treated with a combination of EGCG/Dox
of 200/1 and 200/2 for 9 weeks (Figure 5B). We also
examined tumor recurrence rates in mice treated with
EGCG/Dox (200/1) for 9 weeks (n 	 10 mice), followed by
discontinuation of the treatment for an additional 12
weeks. Although all of the mice survived in the latter
experiments, we found tumor recurrence in 30% of the
mice (n 	 3/10). Tiny tumor nodules (�0.5 mm dia) were
found on the colon and mesenchymal tissues in these

mice, and we expect these mice would eventually suc-
cumb to cancer.

Histology of H&E stained sections revealed that the
EGCG (200 �m) and EGCG/Dox (200 �m/2 �m) treated
tumors were highly necrotic (Figure 5, C and D) com-
pared with the Dox (2 �m) treated tumors (Figure 5E) or
control tumors (Figure 5F), which were uniform solid
masses of cells. No differences in the overall vascular-
ization or numbers of blood vessels were apparent in the
EGCG or EGCG/Dox treated tumors, albeit the tumors
tended to be bloodied, suggesting vascular leakage had
occurred. Interestingly, the nuclei of EGCG and EGCG/

Figure 4. The effect of increased concentrations of EGCG (0 to 50 �mol/L)
pretreatment for 24 hours on the retention of increased dosages of Dox (1 to
6 �mol/L) retention (A550) by PC-3ML cells. Cells were plated at 5 � 105

cells/well for 24 hours. Then cells were treated with EGCG for 24 hours,
exposed to Dox for 30 minutes, washed, and the amount of drug retention
measured at A550. Measurements represent the mean � 1 SD from two
experiments using four wells per assay. The differences between treatments
were significant (P � 0.005). Dox was prepared in the presence of 20 �l
lipofectamine 2000. Control cells were treated with solvent buffer plus
lipofectamine.

Figure 5. Effects of EGCG and Dox on tumor growth in CB17-SCIDs after 1
to 5 weeks (A). PC-3ML cells were injected i.p. at 1 � 105 cells. After 1 week,
mice were treated with EGCG and Dox at micromolar concentrations of
EGCG/Dox of 0/0, 200/0, 200/1, 200/2, and 0/2, respectively; P � 0.05. Mice
were treated every 2 days by injection of drug i.p. in 1 ml PBS (n 	 5
mice/treatment). B: Effects of EGCG and Dox on mouse survival rates after 10
weeks as described in A. C–F: H&E-stained thin sections of tumors from mice
treated for 45 days with EGCG 200 �mol/L (C); EGCG/Dox (200 �mol/L/2
�mol/L) (D); Dox-2 �mol/L (E); and untreated (ie, solvent buffer) (F)
PC-3ML tumors. Note: The EGCG and EGCG/Dox-treated tumor cells were
more amorphous in appearance and contained numerous irregular shaped
nuclei, transparent nuclei, and pycnotic nuclei (white and black arrows).
Original magnification, �200.
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Dox treated tumors were highly irregular in appearance
ranging from pycnotic to vacuous looking (Figure 5, C
and D, arrows). In comparison, the nuclei of untreated
and Dox treated tumors were uniform in appearance and
density (Figure 5, E and F).

Tumor Modeling Studies with CD44hi Tumor
Initiating Cells Isolated from PCa-20a Cells

Several groups have shown that CD44hi cells may con-
stitute a tumor initiating cell with higher malignant poten-
tial than the CD44lo subpopulations.18–19 We have found
that the PCa-20a parent cells injected s.c. (1 � 106

cells/animal), and CD44hi subpopulations of PCa-20a
cells (ie, 1000 cells injected s.c.) can form tumors in
NOD-SCIDs after �3 months (data not shown). To test
whether EGCG in combination with Dox can block growth
of CD44hi cells, we have isolated CD44hi subpopulations
from PCa-20a cells for tumor modeling studies in NOD-
SCIDs. We found that following injection i.p. at 100 and
1000 cells/animal, one to two tumors per mouse formed
(ie, in 2/5 and 5/5, respectively, of the mice) after �2
months (data not shown). To test if EGCG plus Dox could
eradicate these tumors, mice inoculated with CD44hi

cells for 2 months were subsequently treated with in-
creased EGCG concentrations of 10, 30, and 50 �m
biweekly for 2 months before sacrifice. The data showed
that EGCG alone (ie, even at high concentrations of 50
�m or 57 mg/kg) had zero effect on the total number of
tumors (Figure 6A). Likewise, 1 �m Dox plus 10 to 30 �m

EGCG combined with 1 �m Dox did not reduce the
number of tumors per animal. However, 50 �m EGCG in
combination with 1 �m Dox eliminated tumors in mice
injected with either 100 or 1000 cells per animal (Figure
6A). In follow up experiments, mice (n 	 5) were inocu-
lated with 1000 cells per animal and treated with 50 �m
EGCG plus 1 �m Dox for 2 months. We then discontinued
treatment for 3 months and found that these mice re-
mained healthy and free of tumor burden.

In the experiments described in Figure 6A, tumors
were measured with calipers after sacrifice of the ani-
mals. We found that the tumors averaged �10 mm3 in
untreated mice and mice treated with EGCG at 10 and 30
�m, and the size was independent of whether mice were
injected with 100 or 1000 cells/animal (Figure 6B). In
mice treated with 50 �m EGCG alone, the tumors were
reduced in size to �4.5 mm3. In mice treated with 30 �m
EGCG plus 1 �m Dox, the tumors were also reduced in
size to �2.5 mm3. Histology revealed that large areas of
necrosis arose in response to the drug. Finally, in mice
treated 50 �m EGCG plus 1 �m Dox, tumors were com-
pletely eliminated. In additional experiments, we treated
the tumor bearing mice (ie, inoculated with 1000 CD44hi

for 2 months) with 50 �m EGCG plus 1 �m Dox for 2
months and then discontinued treatment for 4 months.
Tumors did not reappear in any of these mice (n 	 10).
The data suggest that EGCG in combination with Dox can
eradicate established tumors derived from CD44hi tumor
initiating cells.

Discussion

For the first time, we have shown that localized delivery of
relatively high dosages of EGCG (228 mg/kg or 200
�mol/L) in combination with very low dosages of Dox
(�0.14 mg/kg or 2 �m) can either eradicate or signifi-
cantly reduce tumor size of highly aggressive PC-3ML
tumors in CB17-SCID mice. More importantly, EGCG in
combination with Dox increased mouse survival rates
from 0% to 100% with a significantly reduced incidence
of tumor recurrence in long-term survival studies. We
believe that the drug therapy was successful due to the
fact that EGCG promoted Dox retention by the tumor
cells. In addition, the use of low levels of Dox allowed
frequent localized delivery of the drugs, which, thereby,
increased drug bioavailability and uptake by existing
tumor cells and newly arising tumor cells. Since the tu-
mors were relatively small (�0.2 mm3) at the time the
treatments were initiated, it was possible to ensure tumor
cell uptake of the drugs and eradicate the tumors. Mech-
anistically, EGCG appeared to induce apoptosis by dis-
rupting mitochondrial membrane integrity. In addition,
EGCG enabled increased Dox retention by the PC-3ML
tumor cells to increase the therapeutic efficacy of Dox. In
the experiments where the PC-3ML tumors were allowed
to grow to �1 cm dia before onset of treatment, EGCG
alone or in combination with low dosages of Dox blocked
tumor growth, induced extensive tumor necrosis, and
prevented metastases. However, under these conditions
the tumors did not reduce in size, perhaps due to an

Figure 6. Effects of EGCG and Dox on tumor growth in NOD-SCIDs. CD44hi

subpopulations freshly isolated from PCa-20a cells were injected i.p. at
increased numbers of 100 and 1000 cells/animal. After 2 months, mice were
treated with EGCG, Dox, and EGCG plus Dox. EGCG was used at 10, 30, and
50 �mol/L EGCG. Dox was used at 1 �mol/L. Mice were dosed biweekly by
i.p. injection of drug in 0.5 ml PBS (n 	 5 mice/treatment) for 2 months. A:
Number of mice with tumors. B: Measurements of tumor volume (mm3).
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inability of the drugs to penetrate the tumor mass. It may
turn out that localized delivery of high dosages of EGCG
in combination with much higher dosages of Dox (ie, 10
�m levels) are required to eradicate the larger sized
tumors. Similar types of studies with CD44hi tumor initiat-
ing cells isolated from PCa-20a cells further revealed that
relatively low dosages of EGCG (ie, 50 �m or 57 mg/kg)
in combination with subtherapeutic dosages of Dox (1
�m) blocked growth and led to eradication of established
tumors (ie, tumors� 10 mm dia). Overall, it appeared that
these tumors were more sensitive to the combination
drug therapy than that observed with PC-3ML tumors.

The in vitro studies provided novel insights as to the
possible mechanism of action of EGCG. The DiO6(3)
staining studies clearly indicated that EGCG targets the
mitochondria. That is, EGCG at dosages �30 �m rapidly
penetrated the epithelial cells within �60 minutes to in-
duce vesiculation of the mitochondria. Flow cytometry
studies with the lipophilic cationic dye 5,5,6,6-tetra-
chloro-1,1,tetraethylbenzimidazolocarbo-cyanine iodide
(JC-1) provided quantitative evidence that EGCG dis-
rupted the mitochondrial membrane potential. In re-
sponse to EGCG (30 �m for 60 minutes), there was a loss
of orange fluorescence staining of the mitochondria as a
result of a decrease in mitochondrial membrane potential
and the JC-1 dye leaking into the cytoplasm to form a
monomer that fluoresces green. Loss of mitochondrial
�� was associated with the subsequent onset of apo-
ptosis. Under these conditions EGCG induced apoptosis.
We found that PARP cleavage and Annexin V expression
both increased significantly in response to EGCG. Fur-
thermore, flow cytometry analysis of propidium iodide
stained cells showed that there was a dramatic reduction
in cells in G2/M. The dramatic rise in apoptosis rates
corresponded with a significant reduction in growth rates
and colony forming abilities of the cells. The growth as-
says showed that �30 �m EGCG reduced both PC-3ML
and IBC-10a growth �70% after 3 and 6 days. Taken
together, the data strongly suggest that EGCG is an
effective inhibitor of prostate cell survival and growth.

More importantly, we found that EGCG combined with
low levels of Dox had a synergistic effect in blocking
growth and colony forming ability of both premalignant
and highly malignant tumor cells in vitro. EGCG appeared
to block the export of Dox from PC-3ML and IBC-10a
cells to effectively increase Dox retention. Thus, EGCG
appeared to thereby increase the therapeutic activity of
relatively nontoxic levels of Dox. This effect combined
with EGCG induced apoptosis appeared to significantly
compromise tumor cell growth and survival. It would ap-
pear that EGCG is not taken up by fibroblasts since
EGCG treated IBC-10a or PC-3ML cell pellets were
brown, whereas the fibroblast cell pellets were translu-
cent (data not shown).

Green tea has previously been reported to have use-
ful antioxidative effects and to inhibit carcinogene-
sis.1,2,20–26 These effects of green tea are due to com-
ponents of green tea such as the catechin group, the
vitamin group, caffeine, and theanine.1,2,20–26 Interest-
ingly, there have also been several reports showing
green tea components in combination with Dox can block

tumor growth. Sadzuka et al27–28 found that theanine and
caffeine inhibited Dox efflux from Ehrlich ascites tumor
cells and that theanine rendered Dox resistant Ehrlich
ascites tumors sensitive to Dox and increased Dox sup-
pression of metastasis. They suggested that flavonoids
enhanced the Dox induced antitumor activity and in-
crease the Dox concentration in tumors through the inhi-
bition of Dox efflux.27,28 For example, green tea in com-
bination with adriamycin or Dox inhibited growth of
M5076 ovarian sarcoma cells, whereas adriamycin and
Dox alone failed to inhibit tumor growth. Green tea ex-
tracts in combination with Dox also have been found to
enhance the inhibitory effect of Dox on Ehrlich ascites
tumors in mice.28 Likewise, EGCG was found enhance
the apoptotic effect of sulindac and tamoxifen in tumor
cells.29 Our results support these studies and clearly
indicate that EGCG can enhance Dox retention by pros-
tate tumor cells and increase the anti-tumorigenic and
anti-metastatic activities of Dox in vivo. Our data further
show that using high concentrations of EGCG with low
dosages of Dox is an ideal therapeutic strategy that
allows for frequent treatments and more efficient eradi-
cation of tumors. Note that similar anti-tumorigenic results
were observed by using EGCG (100 �M) in combination
with low levels of mitoxantrone (ie, 1 �m) to treat meta-
static PC-3ML tumors injected i.p. in SCID mice (unpub-
lished data).

Unfortunately, the short-half life of EGCG is a limitation
and it would be difficult to attain such high dosages of
EGCG in patients. However, recent studies with the pro-
drug Peracetate-EGCG have shown it is very stable29

and is readily taken up by tumor cells and converted to
EGCG.30 It may, therefore, be feasible to achieve thera-
peutic dosages at relatively low dosages of Peracetate-
EGCG, which could be achievable in clinical studies.

EGCG plus Dox eradicate tumors derived from CD44hi

tumor initiating cells. In the past 10 years, there has been
a concerted effort to identify adult prostate stem cells by
using putative prostate stem cell markers, including
ABCG2, �2�1 integrin, CD117 (c-Kit), CD44, CD133, Oct-
3/4, cytokeratin 6a, p63, and Sca-1.31–39 Using the above
markers, various groups have reported efficient isolation
of putative adult stem cells from the prostate; however,
only a few groups have demonstrated true stem cell
properties by using in vivo transplantation assays to gen-
erate structures that recapitulate the glandular architec-
ture of the prostate. Isolated CD44hi cells from human
DU145 cells have been found to display increased tu-
morigenic and invasive potential (as compared with the
CD44lo counterparts), and these cells display higher lev-
els of Shh and Gli-2.18 Wei et al40 further demonstrated
that a CD133
/CD44
/�2�1hi subpopulation of DU145
prostate cancer cells exhibited greater tumorigenic
capacity both in vitro and in vivo than their negative
counterparts. Our data showed CD44hi subpopulations
formed tumors in NOD-SCIDs, and we have termed these
cells tumor initiating cells since there is little evidence
they are stem cells per se. Like other labs we found that
CD44lo cells failed to form tumors unless injected at very
high titers of �10,000 cells/animal (data not shown). In
experiments with the tumors established from CD44hi
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cells, we found that EGCG (50 �m or 57 mg/kg) could
significantly reduce tumor volume, but lower titers of
EGCG had little or no effect on the tumor cells or the
tumor size. More importantly, 30 �m EGCG plus 1 �m
Dox reduced tumor volume significantly, and 50 �m
EGCG in combination with 1 �m Dox completely elimi-
nated established tumors. In the latter study, we found
that after discontinuation of therapy, mice survived dis-
ease-free for 3 months when they were sacrificed. The
data suggest that EGCG plus Dox might prevent tumor
progression in early stage tumors and eradicate CD44hi

tumor initiating cells.
Overall, the data show that EGCG is an ideal therapeu-

tic agent with which to sensitize tumors to toxic drugs like
Dox or mitoxantrone. EGCG has minimal toxic side ef-
fects as it does not appear to accumulate in normal cells
and tissue or to hamper their survival. For example, the
drug did not reduce fibroblast growth or induce apopto-
sis in fibroblasts or basal cells in organ culture. Neither
did the high dosages given to mice appear to have any
toxic side effects (ie, hair loss, neuropathy, weight loss,
and tissue damage). More importantly, EGCG readily
accumulated in tumor cells (and tumors) and functioned
to not only reduce tumor cell viability, but also to block
expression of genes essential for invasion and metasta-
ses (ie, MMP-2/9; data not shown). Basically, EGCG ap-
peared to interfere with membrane transport processes,
thereby blocking the export of Dox. With prolonged treat-
ment there was a high rate of apoptosis (ie, �40%),
possibly due to EGCG induced impairment of mitochon-
drial integrity and function.

In conclusion, based on the preclinical mouse tumor
modeling studies presented here, we believe that EGCG
might be effectively used at high dosages delivered lo-
cally to increase the efficacy of Dox in eradicating highly
aggressive, metastatic tumors or primary tumors arising
from tumor initiating cells. One primary benefit is that the
drugs can be given frequently and Dox can be used at
nontoxic levels 10-fold below what is normally required to
block tumor growth or tumor metastases.
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