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Table 3. Comparison of biosynthetic metabolites in EtOH or ACR-treated JHH7 and Hc cells determined by CE-TOFMS.

Metabolites

Biosynthetic pathways

KEGG Fold change

 EtOH-treated JHH7

Mean SEM SEM

Amino acid biosynthesis

C00130
00119

C00407

€00047
C00065

C00078

€00183

C00111 0.28 0.03 0.52 0.03

doi:10.1371/journal.pone.0082860.t003

receptors (PPARs) and summarizes the effects of ACR on ATP
production was generated using IPA (Figure 7B).

Discussion

The war on cancer has continued for more than 40 years, but
the gains have been limited. One potential reason for this limited
success that typical drug development in oncology has focused on
targets that are essential for the survival of all dividing cells,
leading to narrow therapeutic windows [31]. Recent advances in
metabolite profiling methodologies have generated an alternative
window for cancer therapy in targeting cancer metabolism [13].
ACR, a very promising drug that is currently in clinical trials for
HCC treatment, has been shown to markedly prevent the
recurrence of HCC [3] and selectively inhibit HCC cell growth
[5]. We have previously exploited the potential target molecules of
ACR that are associated with the promotion of tumor cell
proliferation [5] or angiogenesis [32]. In this study, we performed
metabolome analyses in JHH7 and Hc cells treated with ACR
using both NMR and CE-TOFMS technologies to further
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understand the molecular pathways that underlie the cancer-
selective growth suppressive effect of ACR. We found that ACR
selectively suppressed the enhanced nucleotide synthesis and
energy metabolism of HCC cells, suggesting that metabolic
pathways may be important targets for ACR’s anti-cancer activity.
The further study of these pathways will benefit the development
of more effective cancer drugs and therapies against HCC.
Generally, the metabolic patterns of JHH7 and Hc cells were
almost completely opposite to each other (Figure 2), which is
consistent with previous reports that cancer cells exhibit consid-
erably different metabolic requirements than most normal
differentiated cells and supports the hypothesis that cancer may
be a type of metabolic disease [33]. Although the primary cause of
cancer is assumed to be at the level of gene expression, metabolites
can be considered to be the end products of the cellular regulatory
processes that underlie malignant cell growth such as genome
nstability and mutability [34]. Metabolomic comparison of HCC
and control liver tissues have been carried out in several animal
and human studies aiming to define metabolomic biomarkers for
the early detection of HCC [35,36]. In this study, the abundance
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of 71 metabolites was found to be significantly different between
JHH7 and He cells; 49 of these metabolites were significantly
down-regulated by ACR in JHH7 cells (Figure 2 and Table $2). It
is not unexpected that an IPA analysis revealed that most of these
metabolites are involved in the amino acids and nucleotide
biosynthetic pathways, such as “tRNA Charging”, “Purine
Nucleotides De Novo Biosynthesis II” and “Pyrimidine Ribonu-
cleotides De Novo Biosynthesis” (Tables 2 and 3). It is well known
that cancer cell metabolism must provide a large increase in lipid,
protein, and nucleotide synthesis (biomass) to support their
uncontrolled high rate of cell growth and proliferation [13]. Our
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findings indicate that ACR may exert its anti-cancer effect by
blocking the biosynthetic processes of cancer cells. Interestingly, a
bioinformatics-based anticancer drug screening program in Japan
revealed that ACR shares similar anticancer activity pattern with
the antipyrimidine drugs doxifluridine and cytarabine and an
antipurine drug, 6-mercaptopurine, as assayed by growth inhibi-
tion against a panel of 39 human cancer cell lines (JFC39)
[37,38,39].

ATP is the main energy source for the majority of cellular
functions, and impaired cellular energy metabolism is the defining
characteristic of nearly all cancers regardless of cellular or tissue
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Figure 7. Clinical expression levels of PDK4. The expression of PDK4 mRNA in human liver cancer (GEO data set GSE25097) (A). Statistical
significance was evaluated using the Mann-Whitney U test. A schematic model of the PDK4-denpendent regulatory network of ACR on ATP

production in JHH7 cells generated using IPA (B).
doi:10.1371/journal.pone.0082860.g007

origin [33]. Of particular interest, ACR can selectively inhibit the
production of ATP in JHH7 cells but not in He cells (Figure 4). It
has been proven that chemical depletion of ATP can inhibit the
growth of HCC cells [40]. This may partially explain the cancer-
selective growth suppression effect of ACR. To further understand
the molecular signaling mechanisms that underlie this effect, we
examined the effect of ACR on the expression of energy
production-related genes and observed that the expression of
PDK4 was significantly enhanced by ACR in JHH7 cells but not
in He cells (Figure 5). PDK4 is a key regulator of tricarboxylic acid
(TCA) cycle; PDK4 phosphorylates and inactivates the pyruvate
dehydrogenase (PDH) complex and thereby switches the energy
source for the production of ATP from glucose to fatty acids.
Although the cellular pyruvate level was not detected by CE-
TOFMS and no effect of ACR was found on the phosphorylation
of PDHA1 by western blot analysis (Figure 5C), the knockdown of
PDK4 expression using RNA interference in JHH7 cells can
rescue the decreased cellular ATP levels induced by ACR
(Figure 6B), suggesting that PDK4 may be an important feature
of ACR’s anti-cancer activity. Moreover, we performed data
mining using the GEO database and found that PDK4 expression
is significantly down-regulated in liver tumors compared to
adjacent non-tumor liver tissues (Figure 7A). The role of PDK4
in cancer therapy is complex; the inhibition of PDK4 is sufficient
to inhibit the proliferation of and induce apoptosis in lung cancer
cells [41], but the overexpression of PDK4 is also able to decrease
ATP levels and suppress de novo lipogenesis and proliferation in
breast cancer cells [30]. The specific role of PDK4 in HCC
remains to be fully determined. Our results suggest that PDK4 up-
regulation has a suppressive effect on HCC. Consistent with this
implication, the results of IPA analysis suggest that the cancer-
selective, growth-suppressive effect of ACR in inhibiting the ATP
production of HCC cells may be related to a putative PDK4-
dependent molecular signaling mechanism involving RXR and
PPARs, as has been reported in certain fatty acid signaling
pathways [42] (Figure 7B).

Although the Warburg effect is a well-recognized hallmark of
cancer metabolism, it remains controversial [43]. Warburg
hypothesized that tumor cells convert most of their glucose to
lactate due to mitochondrial defects. However, subsequent studies
showed that most tumor mitochondria are not defective in their
ability to carry out oxidative phosphorylation [43]. In fact, we
propose that mitochondrial oxidative phosphorylation may be
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important in supporting HCC cell proliferation based on the
following observations: 1) the content of lactate, the major end
product of glycolysis, is lower in JHH?7 cells than in Hc cells (0.40-
fold, Table §2) and 2) ACR up-regulates the expression of PDK4,
which attenuates the flux of glycolytic carbon into mitochondrial
oxidation and can reduce the production of ATP and inhibit the
growth of JHH7 cells.

In summary, our study is the first to investigate the effect of
ACR on cancer cell metabolism. A comparison of the metabolic
effects of ACR in JHH7 and Hc cells was performed, and a JHH7-
selective inhibitory effect of ACR on the production of ATP was
observed. The underlying molecular signaling mechanism may
relate in part to the cancer-selective enhancement of PDK4
expression, suggesting that mitochondrial oxidative phosphoryla-
tion is important in the energy metabolism of HCC cells.
However, it should be noted that although PDK4 knockdown
can rescue the decreased cellular ATP levels induced by ACR, no
effect was observed on the inhibitory effect of ACR on the
proliferation of JHH7 cells. Further research is nceded to combine
the cancer-selective metabolic pathways identified in this study
and other signaling pathways to increase our knowledge of ACR’s
selective anti-cancer activity and to develop more effective cancer
drugs and therapies to help us win the war against HCC.

Supporting Information

Figure S1 Statistical analysis of metabolites in JHH7
cells detected by "H-NMR. PCA score plots of the NMR
spectra of JHH7 cells treated with EtOH or 10 pM ACR for 4 h
and 18 h (4) or only 18 h (B).

(PPTX)
Table S1 The primers used in this study.
(XLSX)

Table $2 Quantification of major metabolites in JHH7
and He cells.
(XLSX)
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Cancer Chemoprevention with Green Tea Catechins: From Bench to Bed
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Abstract: Many epidemiological studies and a large number of experimental studies using a variety of animal models
have observed that consumption or administration of green tea appears to exert cancer chemopreventive activity. Based on
the results of numerous laboratory cell culture investigations, several mechanisms have been hypothesized to underlie the
anti-cancer activity of green tea catechins, especially that of (—)-epigallocatechin-3-gallate (EGCG), the most abundant
and active constituent in green tea. These mechanisms include promotion of anti-oxidant activity, inhibition of NF-xB and
AP-1, regulation of the cell cycle, inhibition of receptor tyrosine kinase pathways, control of epigenetic modifications, and
modulation of the immune system. Several recent interventional studies examining the anti-carcinogenic properties of
green tea catechins in humans have yielded promising results that suggest the possibility of their application to human
clinical trials. This review article analyzes the results of these studies to explicate the effects of consumption or admini-
stration of green tea and its constituents on malignancies observed to date and discuss future directions in this research

field.

Keywords: Cancer chemoprevention, green tea catechins, receptor tyrosine kinases.

1. INTRODUCTION

Currently the second most commonly consumed bever-
age worldwide after water, tea has been consumed since an-
cient times, when its leaves were originally used for medici-
nal purposes [1, 2]. Produced from the dried leaves of the tea
plant Camellia sinensis, tea is generally classified into the
three main types—green, black, and oolong—depending on
the nature of its processing [3]. Approximately 80% of tea
produced in the world is black tea, which is generally con-
sumed in Western and several Asian countries, and 20% is
green tea, which is mainly consumed in Asia and Middle
East [4]. Among the type of tea, green tea has been most
extensively studied for its health benefits, including cancer
chemoprevention [5].

Tea contains polyphenols, important constituents that
include catechins and flavonoids, such as flavonol,
theogallin, theanine, and methylxanthine. Of the major cate-
chinsin green tea, which include (-)-epigallocatechin-3-
gallate (EGCG), (-)-epicatechin-3-gallate, (-)-epigallo-
catechin (EGC), and (-)-epicatechin (EC), EGCG is the most
abundant, accounting for 50% to 80% of total catechin con-
stituent [5]. Recently, tea extracts and constituents, espe-
cially EGCG, have garnered much attention from researchers
and even the general public because of their possible preven-
tive effects in the treatment of chronic diseases, such as
cardiovascular disease, obesity, and malignancy. EGCG is
also reported to provide beneficial effects against other dis-
eases, including diabetes mellitus, stroke, Parkinson
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501-1194, Japan; Tel: +81-58-230-6308; Fax: +81-58-230-6310;

E-mail: shimim-gif@umin.ac.jp

1873-5592/12 $58.00+.00

disease, and Alzheimer disease [6-9]. Although the evidence
is inconclusive, many epidemiological investigations have
indicated that drinking green tea provides chemopreventive
effects against malignancies at various organ sites [10-13]. A
number of in vitro culture experiments and in vivo animal
studies have suggested that diverse mechanisms underlie the
cancer chemopreventive effects of green tea and EGCG,
including promotion of antioxidant activity [14, 15]; altera-
tion of cell-cycle regulatory proteins [16]; and inhibition of
the DNA methyltransferase [1, 17], mitogen-activated pro-
tein kinase (MAPK), and receptor tyrosine kinase (RTK)
pathways [1, 18, 19]. To provide more insight into these ef-
fects and mechanisms, the present review discusses the re-
cent research data collected from investigation of the effect
of consumption or administration of green tea catechins on
cancer risk and development and the possible mechanisms
by which they exert a cancer chemopreventive effect. This
review also briefly summarizes the results of human inter-
ventional studies to assess the potential of the clinical appli-
cation of their results to cancer chemoprevention.

2. EPIDEMIOLOGICAL STUDIES

The effects of consumption of green tea on the risk of
cancer have been extensively investigated in many countries.
While only some of these studies have shown that consump-
tion of green tea provides a protective effect against cancer,
and human epidemiological studies on the cancer-preventive
effects of green tea consumption have not yet offered con-
clusive results, experimental in vitro studies and in vivo ani-
mal carcinogenesis studies have consistently demonstrated
that green tea catechins appear to have some efficacy in in-
hibiting a large variety of malignancies. The following sec-
tions discuss the findings regarding the effect of green tea

© 2012 Bentham Science Publishers
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consumption on the risk of malignant disease of the lung,
breast, esophagus, stomach, colorectum, and prostate and
they are summarized with other organ sites in (Table 1).

Lung Cancer

One of the most common cancers in the world, lung can-
cer is generally attributed to smoking, which is universally
recognized as its major cause. Recently, various molecular
targeted agents have been developed and applied to the
treatment of lung cancer. Many epidemiological studies have
investigated the relationship between green tea intake and
risk of lung cancer, including a systematic review that evalu-
ated the association between green tea consumption and lung
cancer risk [20]. Among them, several reported a signifi-
cantly decreased risk of lung cancer with high green tea in-
take [21], while others reported a significantly increased risk
[22] or no association [20, 23, 24]. The study by Nakachi et
al. [21] was the only prospective cohort studies that found a
significantly decreased risk for lung cancer with green tea.
On the basis of the follow-up study, they revealed decreased
relative risk of lung cancer incidence for those consuming
over 10 cups a day compared with those consuming below 3
cups (RR = 0.33, 95% CI = 0.11-0.94). However, smoking or
exposure to second-hand smoking could have been a con-
founding factor in these epidemiological investigations [25].
Several recent studies have observed that green tea consump-
tion provides a protective effect against lung cancer only in
specific subpopulations. In a population-based case-control
study of the association between green tea consumption and
lung cancer risk among women living in Shanghai, China
[26]. Zhong ef al. observed a statistically significant, dose-
dependent reduction in risk in women who regularly con-
sumed tea compared to those who did not regularly consume
tea among non-smokers, but no association between green
tea intake and lung cancer risk in smokers.

Breast Cancer

Cancer of the breast tissue is the most common cancer in
females worldwide. Although the majority of human cases
occur in women, breast cancer can develop in men in rare
cases. A recent meta-analysis of seven epidemiological stud-
ies of green tea and breast cancer reported that several stud-
ies found an inverse association between green tea intake
(more than 3 cups a day) and breast cancer risk of incidence
or recurrence while others found no association [27]. An
analysis of case-control studies of breast cancer incidence
demonstrated an inverse association (pooled RR = 0.81, 95%
CI = 0.75-0.88) while no association was found among co-
hort studies of breast cancer incidence. In contrast, a recent
prospective cohort study in Japan that evaluated the associa-
tion between green tea intake and breast cancer risk found no
inverse association, regardless of hormone receptor-defined
subtype or menopausal status [28]. Moreover, a similar pro-
spective cohort study in China found a statistically signifi-
cantly more positive association between risk of breast can-
cer and green tea consumption in post-menopausal women
who had begun drinking green tea at a younger age com-
pared to those who had not [29]. Although the results of
many epidemiological studies are inconsistent with the ex-
perimental evidence suggesting the protective effect of green
tea catechins on breast carcinogenesis, many studies have

Current Drug Targets, 2012, Vol. 13, No. 14 1843

identified an inverse association between green tea consump-
tion and breast cancer risk in post-menopausal women. The
observed positive correlation between higher estrogen levels
and increased breast cancer risk, as well as between lower
circulating estrogen levels and green tea consumption [30,
31], suggests that ability to lower estrogen levels might be a
mechanism by which green tea consumption exerts a protec-
tive effect against post-menopausal breast cancer.

Several studies have also suggested that genetic poly-
morphism can affect the anti-cancer effect provided by green
tea intake. Among them, a study conducted by Wu et al. [32]
found that green tea consumption reduced breast cancer risk
in subjects with a low levels of allele of catechol-O-
methyltransferase activity, which may associated with in-
creased bioavailability of green tea catechins. In another
study, green tea consumption was observed to reduce risk of
breast cancer in subjects with high levels of angiotensin-
converting enzyme activity [33]. Green tea consumption also
appears to have an inhibitory effect on breast cancer recur-
rence, with two prospective cohort studies in Japan observ-
ing a significant decrease in risk of breast cancer recurrence
with green tea consumption [12, 34].

Esophageal Cancer

Several epidemiological investigations have examined
the potential protective effect of tea consumption on eso-
phageal cancer risk. In most of these studies and a review
article, however, the tea temperature and type were not ana-
lyzed and discussed. Such an oversight is problematical, as
consuming hot beverages could damage the esophageal epi-
thelia, leading to increased risk of esophageal cancer [35]. A
case-control study in Shanghai, China indicated that con-
sumption of green tea at a “burning-hot” temperature is asso-
ciated with a statistically significantly increased risk of eso-
phageal cancer compared to consumption of green tea at a
lower temperature [36]. In a similar study examining the
effect of green tea temperature on the risk of esophageal
cancer in a high-incidence area of esophageal cancer in
China, Wu et al [37] found that consumption of high-
temperature hot tea is associated with a statistically signifi-
cantly increased risk of esophageal cancer compared to non-
consumption of tea. A prospective cohort study in Japan
demonstrated that subjects who typically consume green tea
at high temperatures have a statistically significant higher
risk of mortality due to esophageal cancer compared to those
who consume green tea at moderate temperatures [38]. Most
of these studies have observed an increased risk of esophag-
eal cancer with consumption of high-temperature beverages,
regardless of the beverage type. In accordance, a systemic
review reported that most of the studies show that a signifi-
cantly increased risk of esophageal cancer is associated with
very hot tea intake [39)]. These findings support the existence
of the adverse thermal effect of tea consumption, specifically
its association with esophageal cancer development.

Further confounding factors in the association between
tea consumption and esophageal cancer risk was revealed by
a prospective study in Shanghai, China, which found that tea
consumers tend to smoke cigarettes and drink alcoholic bev-
erages, recognized as two established risk factors for eso-
phageal cancer [40]. Specifically, the study found that 77%
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Tablel. Numbers of epidemiological studies on green tea consumption and the risk of human cancers. data were obtained from
articles searched by PubMed since 1980
Cohort Studies Case-Control Studies
Organ Site
Risk Reduction No Risk Reduction Risk Reduction No Risk Reduction

Lung 0 3 3
Esophagus 0 3 6
Stomach 2 8 9
Liver 1 2 0
Pancreas 0 2 1
Kidney and Bladder 0 1 4
Large intestine 3 4 3
Breast 3 4 1
Prostate 2 2 0
Ovary 1 2 0
Other 2 7 1

of men who smoke cigarettes and drink alcoholic beverages
consumed green tea on a daily basis [40]. This phenomenon
may account for the findings of a case-control study of eso-
phageal cancer in China conducted by Gao er al. [13, 36],
which indicated a statistically significantly reduced risk of
esophageal cancer with green tea consumption in women
(OR =0.50, 95% CI = 0.30-0.83) but not in men (OR = 0.80,
95% CI = 0.58-1.09). This gender difference in the relation-
ship between green tea consumption and esophageal cancer
might be due to the residual confounding effect of smoking
and alcohol drinking, as Chinese women rarely use tobacco
or alcohol. Indeed, when the data collected from subjects
who smoked cigarettes and/or drank alcoholic beverages
were analyzed separately from those who neither smoked nor
drank, a statistically significant decreased risk of esophageal
cancer with green tea consumption was observed in both
men and women [13, 36].

Stomach Cancer

Among the large number of case-control and cohort stud-
ies that have examined the relationship between green tea
consumption and risk of stomach cancer, many case-control
studies and several cohort studies have indicated reduced
risk of stomach cancer with green tea consumption [41, 42].
Of note is a nested case-control study in a prospective cohort
of Chinese men that found an inverse relationship between
urinary levels of green tea catechins, such as EGC and EC,
and stomach cancer [43]. This study provided direct evi-
dence of the cancer preventive effects of green tea catechins
on human gastric carcinogenesis. In a recent pooled analysis
of six cohort studies, Inoue ef al. [44] found an inverse asso-
ciation between green tea consumption (more than 5 cups a
day) and gastric cancer risk in women (multivariate-adjusted
pooled HR = 0.79, 95% CI = 0.65-0.96). A recent meta-
analysis examining the quantitative relationship between
green tea consumption and risk of gastric cancer reported

that the case-control (summary OR = 0.73, 95% CI = 0.64-
0.83) but not the cohort studies (summary RR = 1.04, 95%
CI = 0.93-1.17) indicated an inverse association between
consumption and risk [45].

Colorectal Cancer

Many population-based investigations have observed that
green tea treatment appears to provide some protection
against colon cancer. Although several studies have exam-
ined the relationship between colorectal cancer risk and tea
consumption [46-49], none has yielded clear conclusions. A
prospective cohort study on green tea intake and colorectal
cancer incidence and mortality was conducted recently in
Japan [50]. In this study, after up to 6 years of follow-up, in
comparison with <1 cup of green tea a day, subjects with
consumption of 24 cups a day exhibited a HR of 0.35 (95%
CI = 0.08-1.55) for death from colorectal cancer [50]. A
meta-analysis of studies that investigated the relationship
between green tea intake and colorectal cancer risk reported
that although several case-control studies found an inverse
relationship between green tea consumption and colon can-
cer risk (summary OR = 0.74, 95% CI = 0.60-0.93), several
cohort studies found no association between green tea con-
sumption and rectal cancer risk (summary RR = 0.99, 95%
CI = 0.79-1.24) [51]. Likewise, a study that examined the
relationship between urinary levels of specific tea catechins
and their metabolites and colorectal cancer risk also found no
relationship between urinary green tea catechins and rectal
cancer risk, but did find a negative correlation between uri-
nary catechin levels and colon cancer risk [52].

Prostate Cancer

Typically developing in men over the age of fifty, pros-
tate cancer is the most common malignancy experienced by
men throughout the world. The detection rate of this cancer
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is higher in developed countries, where it is generally treated
by surgery, hormonal, and/or radiation therapy. Among the
many epidemiological studies that have examined the asso-
ciation between green tea intake and prostate cancer risk,
two case-control studies found an inverse relationship be-
tween green tea consumption and prostate cancer risk [53,
54]. In the first study, compared with non-drinkers, regular
green tea drinkers showed an OR of 0.28 (95% CI = 0.17-
0.47) and increasing amount of green tea consumption with
decreased risk of prostate cancer [53]. However, both studies
employed hospitalized inpatients as control subjects, and one
study found the association to be inverse but statistically
non-significant [54]. Although three recent prospective co-
hort studies found no association between green tea con-
sumption and prostate cancer risk [55-57], one stratified
analysis by disease stage showed a dose-dependent inverse
association between green tea consumption and risk of ad-
vanced prostate cancer [57]. Although epidemiological stud-
ies have not yet clarified the chemopreventive effects of
green tea constituents, such findings suggest that administra-
tion of these constituents may reduce the growth of prostate
tumors, as do the findings an interventional study examining
the effect of green tea components on prostate carcinogene-
sis that is discussed in a later section.

3. ANTI-CANCER ACTIVITY OF GREEN TEA AND
ITS CONSTITUENTS

Green tea and its constituents have been reported to show
anti-cancer activity in human cell-line laboratory studies as
well as chemically or genetically induced animal-carcino-
genesis models that examined the lungs, skin, oral cavity,
esophagus, stomach, liver, pancreas, bladder, small and large
intestine, mammary gland, and prostate [8, 58-60]. The fol-
lowing sections describe the mechanisms hypothesized to
underlie the anti-cancer activity of green tea catechins at
these sites and the activities in animal models are summa-
rized in (Table 2).

Incubation of human small-cell lung carcinoma cells with
the green tea catechin EGCG for 24 hours has been observed
to result in reduced telomerase activity and reduction of
caspase-3 and -9 activity [61]. Supporting this observation,
Milligan et al. [62] reported that EGCG treatment inhibits
non-small cell lung cancer (NSCLC) cell proliferation in cell
lines that are sensitive to as well as cell lines that are resis-
tant to erlotinib, one of the molecular targeted agents in the
treatment of lung cancer. A study of the effects of combined
erlotinib and EGCG treatment in SCID mice found that it
resulted in greater inhibition of cell proliferation and colony
formation compared to treatment with either agent alone, as
well as that it significantly delayed the growth of NSCLC
xenografts [62]. Several studies have also found that chemi-
cally induced lung carcinogenesis in various murine models
could be significantly decreased by green tea administration
[63-66]. A study on the effect of administration of standard-
ized polyphenol Polyphenon E (PolyE), which contains 65%
EGCG, 25% other catechins, and 0.6% caffeine, extracted
from green tea found that it significantly reduced incidence
and multiplicity of lung adenocarcinoma [63] and progres-
sion of lung adenoma into adenocarcinoma in A/J mice [64].
Further examining the gene expression changes caused by
administration of green tea catechins in a chemically induced
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lung-tumorigenesis mouse model, Lu et al. [64] identified 88
genes that are differentially expressed in tumors but not in
normal tissues, and found that their differential expression
could be reversed by treatment with green tea catechins.

Two studies found that EGCG treatment decreases vascu-
lar endothelial growth factor (VEGF) production in MDA-
MB-231 human breast cancer cells by inhibiting signal
transduction of cell-surface receptor pathways [67, 68]. A
similar study observed that EGCG treatment inhibits cell
viability, induces apoptosis, and suppresses angiogenesis in
MDA-MB-231 cells by reduction of VEGF expression [69].
Likewise, Thangapazham et al. [70] observed that treatment
with green tea polyphenols and EGCG can suppress prolif-
eration of MDA-MB-231 cells by inhibiting cell growth and
inducing apoptosis. Using a Sprague-Dawley rat model in
which mammary tumorigenesis had been induced using the
7, 12-dimethylbenz(a)anthracene, one study found that
green-tea catechin treatment reduced the volume of mam-
mary tumors [71], while a similar study found that EGCG
treatment slightly decreased the incidence and multiplicity of
the development of N-nitrosomethylurea-induced mammary
tumors [72].

Among the researchers who have investigated the effect
of treatment with green tea or its constituents, Chen et al.
[73] found that HT-29 human colon cancer cell growth is
inhibited by EGCG treatment. In a study comparing the FHC
cell line with a normal human fetal colon cell line, our re-
search group reported that both EGCG and PolyE preferen-
tially inhibit the growth of various human colon cancer cells,
including Caco2, HCT116, HT29, SW480, and SW837 [74],
with the IC50s of approximately 30 to 80 UM after 48 hours
of treatment. We also observed that the growth of xenografts
inoculated with the SW837 cell can be significantly inhibited
by EGCG treatment [75]. In a study employing a Wister rat
model in which colon cancer had been chemically induced
using 1,2-dimethylhydrazine, green tea consumption was
found to inhibit the formation of aberrant crypt foci (ACF),
premalignant lesions of the intestine [76]. Our recent studies
demonstrated that EGCG and PolyE administration sup-
presses inflammation-related colon carcinogenesis induced
using azoxymethane (AOM) and dextran sodium sulfate
(DSS) in ICR mice [77]. This experimental animal model is
considered a model of colonic carcinogenesis development
resulting from chronic intestinal inflammation due to in-
flammatory bowel diseases, such as ulcerative colitis and
Crohn’s disease. Employing genetically modified animal
models to investigate the effect of EGCG consumption on
colon carcinogenesis, our research group also found that
consumption of water supplemented with EGCG causes a
significant decrease in the total number of ACF and B-
catenin accumulated crypts (BCACs), as also a type of pre-
malignant lesion of the colon, in male C57BL/KsJ-db/db
mice, an animal model genetically modified to develop obe-
sity and diabetes mellitus [78]. More recently, we observed
that EGCG administration exerts significant anti-cancer ac-
tivity in genetically modified rats in which colon carcino-
genesis had been induced using AOM and DSS (unpublished
data).

In a recent study using a transgenic adenocarcinoma of
the mouse prostate (TRAMP) model, researchers at Case

— 204 —



1846 Current Drug Targets, 2012, Vol. 13, No. 14

Table 2.

Shirakami et al.

Numbers of studies on anti-cancer activities of green tea and its constituents in animal models. data were obtained from

articles of animal carcinogenesis models searched by PubMed since 1980. the number of xenograft studies is not included

Organ Site Inhibitory Effects No Inhibitory Effects
Lung 10 2
Skin 8 -

Oral cavity 3 -

Esophagus 2 N

Stomach 3 -
Liver 5 -
Pancreas 2 -
Bladder 2 -
Small intestine 4 1
Large intestine 8 4
Breast 3 2
Prostate 4 1

Western Reserve University found that oral infusion of the
polyphenol fraction extracted from green tea significantly
suppresses tumor incidence and burden in the prostate [79].
Similar inhibitory effects of oral administration of green tea
catechins on prostate tumor formation have been observed in
a related mouse model [80]. Two studies using xenograft
models inoculated with human prostate cancer cells exhib-
ited decreased xenograft tumor growth with administration
of green tea extracts or polyphenols [81, 82].

4. POSSIBLE ANTI-CANCER MECHANISMS OF
GREEN TEA CATECHINS

Green tea catechins, especially EGCG, have been exten-
sively investigated in order to clarify their anti-cancer
mechanisms. Several of the variety of mechanisms by which
EGCG has been hypothesized to exert biological molecular
activity in human cancer cells are described in the following
sections.

Anti-Oxidant Activity

The ability of green tea catechins to function as anti-
oxidants has been well demonstrated. In one study, green tea
catechins were shown to exert strong anti-oxidant action by
quenching free radical species and chelate transition metals
[14]. The anti-oxidant activity of EGCG is due to the pres-
ence of phenolic groups, which are sensitive to oxidation and
able to generate quinine, and is further increased by the pres-
ence of the trihydroxyl structure [14, 83]. Due to these char-
acteristics, EGCG is believed to exert the same level of anti-
oxidant activity exerted by powerful radical scavengers.

Nevertheless, investigation of EGCG anti-oxidant activ-
ity in animal models and human subjects has been inconclu-
sive. The direct anti-oxidant effects of tea catechins in vivo

have been primarily observed only under conditions of high
oxidative stress, such as ulcerative colitis and hepatitis [14].
Treatment with EGCG has also been observed to decrease
haptic levels of lipid peroxidation and protein carbonylation
in aged but not in young rats [84, 85]. In a recent review of
the anti-oxidant effects of green tea consumption in con-
trolled interventional studies, Ellinger et al [86] reported
that although these studies concluded that regular intake of at
least 0.6 to 1.5 l/day green tea increases plasma anti-oxidant
capacity and provides protection against DNA damage in
healthy subjects, they provided limited ex vivo and in vivo
evidence that it provides anti-oxidant effects in cancer pre-
vention. Therefore, green tea administration only clearly
appears to play an anti-cancer role in subjects exposed to
conditions of increased oxidative stress.

Induction of Apoptosis and Cell-Cycle Arrest

Programmed cell death, known as apoptosis, is hypothe-
sized to play an essential role in the elimination of cancerous
cells and act as an important protective mechanism against
malignancy [9]. Many recent studies have indicated that
EGCG treatment induces cell-cycle arrest during the G
phase through regulating expression of cyclin DI, cdk4,
p219"! and p275™!, and induces apoptosis through genera-
tion of reactive oxygen species and caspase-3 and -9 activa-
tion [87]. On the other hand, Fujiki et al. [88] demonstrated
that treatment with EGCG and other tea polyphenols inhibits
cellular growth of PC-9 human lung cancer cells through
cell-cycle arrest during the Go/M phase. In a study of the
effect of EGCG treatment on human head and neck
squamous carcinoma (HNSCC) cell lines, EGCG administra-
tion at a concentration of 10 pg/ml was found to increase the
proportion of HNSCC at the G; phase, decrease cyclin D1
protein levels, and increase p21“' and p27%"™' proteins
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levels [89]. Another study found that EGCG treatment de-
creases the levels of Bel-2 and Bel-xL proteins and enhances
the levels of Bax proteins before promoting caspase-3 activa-
tion [90]. In a study of the HT29 human colon cancer cell
line, treatment with either EGCG or PolyEat a concentration
of 20 pg/ml was found to increase the number of cells during
the G, phase, induce apoptosis, decrease cyclin D1 and Bcl-
xL protein levels, and increase caspase-3 and -9 activity [74].
In an in vivo examination using an obese and diabetic mice
model in which colon carcinogenesis had been induced using
the carcinogen AOM, we found that administration of EGCG
suppresses colon neoplastic lesions and causes a marked
decrease in the level of cyclin D1 protein in colonic mucosa
[78]. These results suggest that green tea and its constituents
exert anti-cancer activity by inducing cellular growth arrest
and apoptosis through various mechanisms.

Inhibition of NK-kBand AP-1

Recent studies have indicated that nuclear factor-xB (NF-
kB), a transcriptional factor known to be closely associated
with cancer development, has a significant role in suppress-
ing apoptosis in cancer cells [91]. In one study, Masuda ef al.
[67] demonstrated that EGCG treatment inhibits the activa-
tion of NF-xBin H891 human HNSCCcells and MDA-MB-
231 human breast cancer cells. EGCG treatment also down-
regulates NF-xB through inducing kinase expression in PC-9
human lung cancer cells [88]. Moreover, EGCG treatment
has been shown to inhibit not only NF-xB activity in human
colon cancer cells [91] but also inhibit NF-xB nuclear trans-
location in A431 epidermoid carcinoma cells in a dose- and
time-dependent manner [16]. Nuclear translocation of NF-
kB occurs when NF-kB is activated, which leads to numer-
ous forms of gene expression related to the suppression of
apoptosis and the induction of cellular transformation, pro-
liferation, invasion, metastasis, chemo-resistance, radio-
resistance, innate immunity, and inflammation.

Activator protein-1 (AP-1), another transcription factor
that regulates forms of gene expression associated with
apoptosis and proliferation, also appears to promote cellular
proliferation through up-regulating cyclin D1 gene expres-
sion and down-regulatin% tumor-suppressor genes, such as
p53, p21°"' and p16™* [91]. EGCG treatment has been
observed to inhibit AP-1 activation and cell transformation
in the JB6 mouse epidermal cell line [92] and Ras-activated
AP-1 activity in the H-ras-transformed JB6 cell line [93]. We
have also observed that EGCG treatment inhibits the tran-
scriptional activity of AP-1 and NF-xB promoters, as exam-
ined by reporter assay [94], and that EGCG or PolyE treat-
ment causes a dose-dependent inhibition of AP-1 and NF-xB
luciferase reporter activity in the HT29 human colon cancer
cell line [74]. These findings indicate that inhibition of the
NF-kB and/or AP-1 pathways is a possible mechanism un-
derlying the anti-cancer activity of green tea catechins.

Inhibition of Receptor Tyrosine Kinases

Recent studies have indicated that receptor tyrosine
kinases (RTKSs), which play an essential role in cellular pro-
liferation and apoptosis, are possible targets of green tea
catechins in cancer prevention [95, 96]. RTKs and their mul-
tiple downstream signaling pathways, including the
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Ras/extracellular signal-regulated kinase (ERK) and phos-
phatidylinositol 3-kinase (PI3K)/Akt signaling pathways,
regulate the expression of multiple target genes associated
with cellular proliferation and apoptosis [97, 98]. Binding of
specific ligands, such as growth factors and cytokines, to the
extracellular domain of RTKs stimulates their intrinsic tyro-
sine kinase activity and triggers phosphorylation of specific
tyrosine residues, which leads to the creation of docking sites
for downstream targets {97, 98]. As such, the activation of
cell-surface RTKs and their downstream signaling play piv-
otal roles in the regulation of various fundamental processes
in normal cells.

Cancerous cells often exhibit inappropriate activation of
RTKSs due to several mechanisms, including gene mutation
and overexpression [99, 100]. The epidermal growth factor
receptor (EGFR) is a member of the ErbB family of recep-
tors, a subfamily of four closely related RTKs—EGFR
(ErbB-1), human epidermal growth factor receptor (HER)
2/neu (ErbB-2), HER3 (ErbB-3), and HER4 (ErbB-4)—
while insulin-like growth factor-1 receptor (IGF-1R) and
vascular endothelial growth factor receptor (VEGFR) belong
to a separate family of RTKs. Abnormalities in several
RTKs, especially EGFR, IGF-1R, and VEGFR2, are strongly
related to malignant properties in various organ sites [99,
100]. This association, combined with supporting preclinical
and clinical evidence, indicates that EGFR and HER2 are
valid therapeutic targets in the treatment of malignancies,
including lung and breast cancer [101]. Green tea catechins
have been demonstrated to impact several RTKs in a benefi-
cial manner, a detailed discussion of which can be found in
previous reviews [18, 95] and in the following sections.

As previously described, delivery of green tea polyphe-
nols in drinking water at a 0.1% concentration has been
found to inhibit the development of prostate cancer and dis-
tant metastatic lesions in TRAMP mice [79]. This treatment
is hypothesized to decrease IGF-1 levels and restore IGF-
binding protein-3 (IGFBP-3) levels in a manner associated
with reduced levels of PI3K and phosphorylated forms of
Akt and ERK [79, 102]. Similar experimental results were
observed in a study of obese and diabetic db/db mice in
which colon carcinogenesis had been induced [78]. Observa-
tion that in vitro treatment with 20 pg/ml of EGCG decreases
levels of the activated form of IGF-1R protein and IGF-1
while increasing levels of IGFBP-3 in SW837 human colon
cancer cells and HepG2 human hepatoma cells further sug-
gests that EGCG exerts inhibitory action on the IGF/IGF-1R
axis [103, 104].

Several studies have also reported observation of the anti-
cancer effects of EGCG on the VEGF/VEGFR axis. In one
study of human HNSCC and breast cancer cells, EGCG
treatment was observed to inhibit the production of VEGF
through inhibiting activation of signal transducer and activa-
tor of transcription(STAT)-3 and NF-xB [67]. In another
study, EGCG treatment was observed to inhibit phosphoryla-
tion of both VEGFR1 and VEGFR2 and induce apoptosis in
B-cell chronic lymphocytic leukemia cells [105]. Our re-
search group demonstrated that EGCG suppresses growth of
xenografts generated from HuH7 human hepatoma cells and
SW837 human colon cancer cells by suppressing VEGFR2,
ERK, and Akt activation and VEGF expression [75, 106].
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Several studies conducted by researchers at Columbia
University demonstrate that EGCG treatment not only inhib-
its activation of EGFR and HER2 and decreases the fre-
quency of their downstream signaling in human HNSCC,
breast cancer, and colon cancer cell lines [67, 68, 74, 89] but
also inhibits activation of HER3 in SW837 cells [94]. They
also found that EGCG and PolyE treatment decreases levels
of phosphorylated forms of EGFR and HER2 proteins, sub-
sequently causing a decrease in the phosphorylation of ERK
and Akt proteins [74], effects that are summarized schemati-
cally in Fig. (1). Based on their results, the research group
indicated a promising target of EGCG for its anti-cancer
mechanisms associated with RTKs, particularly detergent-
insoluble ordered plasma membrane domains known as
“lipid rafts”, which play a critical role as signal processing
hubs of RTKs.

Adachi et al. [107, 108] found that EGCG alters lipid
organization on the plasma membrane and induces the inter-
nalization of EGFR into endosomes, preventing ligands from
binding to EGFR. Such degradation of EGFR following in-
ternalization has been found to be induced by phosphoryla-
tion of the receptor at serine 1046/1047, which is related
with the activation of p38 MAPK caused by EGCG [109].

Shirakami et al.

This newly suggested mechanism of EGCG activity may be
able to account for ubiquitous effects of EGCG on modulat-
ing various types of RTKs, as most of RTKs function on
lipid rafts, and explain why EGCG might alter lipid organi-
zation on the entire cellular membrane, including lipid rafts.

Inhibition of Cyclooxygenase-2 Overexpression

Cyclooxygenase (COX), the key regulatory enzyme for
prostaglandin synthesis, is transcribed from two distinct
genes, COX-1 and COX-2. While COX-1 is constitutively
expressed in many tissues, COX-2 expression is regulated by
various factors, such as mitogens, tumor promoters, cytoki-
nes, and growth factors. Overexpression of COX-2 has been
observed in a variety of pre-malignant and malignant condi-
tions, including colon, liver, pancreatic, breast, lung, bladder,
skin, stomach, head and neck, and esophageal cancer [110].
EGCG has been reported to inhibit mitogen-stimulated
COX-2 expression in both androgen-sensitive LNCaP and
androgen-insensitive PC-3 human prostate carcinoma cells
[111], down-regulate COX-2 expression in TPA-stimulated
human mammary cells [112], and decrease COX-2 expres-
sion in the SW837 human colon cancer cell line [94]. In a
recent study using a mouse model in which inflammation-

Target Gene
Expression

Fig. (1). Effects of green tea catechins on RTKs and their intracellular signaling pathways. Activation of RTKs including EGFR, IGF-1R,
and VEGFR2 by specific ligands leads to the induction of their intrinsic tyrosine kinase activities and auto-phosphorylation of tyrosine resi-
dues. The activated RTKSs then create docking sites for downstream effector molecules such as Ras, Raf-1, and PI3K, which subsequently
stimulate several intracellular processes. Activated Raf-1 stimulates MEK and its signaling cascade, resulting in the phosphorylation of the
MAPK protein ERK. In its active state, MAPK activates a variety of transcription factors, including ELK and c-Jun, and subsequently pro-
motes the expression of target genes by stimulating the transcriptional activity of AP-1, a dimeric complex that comprises members of the
Jun and Fos families of transcription factors. The activation of PI3K triggers the activation of the downstream pathways that involve Akt.
The NF-xB family of transcription factors, which is important in cell survival, is one of the functional targets of Akt. EGCG inhibits the acti-
vation of certain RTKs, which takes place in lipid rafts, as well as the activation of the MAPK cascade, such as Ras/Raf/MEK/ERK path-
ways and PI3K pathways. Molecules that appear to be cellular targets for EGCG are indicated by a black arrow (downregulation). These
multiple effects of EGCG result in the induction of apoptosis and cell cycle arrest in the Go—G; phase, thus inhibiting cell proliferation in
cancer cells.
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related colon carcinogenesis had been induced using AOM
and DSS, our research group observed that oral administra-
tion of EGCG and PolyE has an inhibitory effect on COX-2
expression in the colon epithelium [77]. These recent find-
ings suggest that development of a compound that can inhibit
COX-2 expression, preferably without affecting COX-1 ex-
pression, is a promising strategy for cancer chemoprevention
[113].

Epigenetic Modification

Epigenetics is the study of the reversible heritable gene
expression changes that occur without altering DNA se-
quences. These changes play a role in the regulation of gen-
eral gene expression and contribute to carcinogenesis by
affecting histone modification, alteration of chromatin struc-
ture, and control of the expression of non-coding microRNA
[114]. MicroRNA has recently been found to function as a
key regulator of the expression of a variety of genes. Epige-
netic silencing of DNA-repairing and tumor-suppressor
genes, which is typically caused by hypermethylation and
occurs during early stages of carcinogenesis, is frequently
associated with various diseases [115].

The effects of EGCG, which has been established as an
epigenetic modulator in cancer cells, on epigenetic alteration
have been primarily attributed to DNA methylation. How-
ever, a recent study revealed that EGCG also functions as a
histone modifier [116]. Fang et al. [117] reported that EGCG
treatment inhibits the activity of DNA methyltransferase,
which leads to cytosine-phosphate-guanine demethylation
and reactivation of silenced tumor-suppressor genes, such as
p16™%  retinoic acid receptor-B (RAR B), O6-methyl gua-
nine-DNA methyltransferase, and human mutl homologue 1
in human esophageal cancer cells. Other i vitro studies have
found that EGCG treatment promotes partial demethylation
of hypermethylated R4AR 3 in both the MCF-7 and MDA-
MB-231 breast cancer cell lines, as well as a time-dependent
decrease in human telomerase reverse transcriptase pro-
moter methylation in the MCF-7 cell line [114, 118]. How-
ever, other in vivo studies have observed no significant
changes in the extent of demethylation or the reactivation of
methylation-silenced genes with EGCG treatment [119,
120]. Moreover, the results of several in vivo studies investi-
gating the effects of EGCG on the reversal of hypermethyla-
tion and reactivation of silenced genes have been inconclu-
sive [121-123], with one study using a TRAMP mice model
finding that oral consumption of green tea polyphenols nei-
ther inhibits prostate tumor progression nor promotes dose-
dependent alterations in DNA methylation status [122].

Modulation of the Immune System

Immunity is defined as the ability to fight against various
abnormal agents or conditions within the body to prevent the
development of infections and diseases, including cancer
[124]. Immunity in humans is provided by the immune sys-
tem, which consists of organs, including the spleen and thy-
mus, as well as the lymph nodes and bone marrow, which
regulate the activity of immune system by specific immuno-
cytes [125]. Green tea consumption has been reported to
enhance humoral and cell-mediated immunity, resulting in
decreased risk of certain cancers [126].
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Although inflammation is largely an immune-system
response, inappropriate inflammation frequently becomes a
cause of disease. EGCG has been reported to be a potent
anti-inflammatory compound with therapeutic potential, with
many animal studies having observed that administration of
green tea polyphenols decreases inflammation. Among them,
a study conducted by Yang ef al. [127] demonstrated that
production of tumor necrosis factor (TNF) caused by
lipopolysaccharide injection can be decreased by administra-
tion of green tea polyphenols.Likewise, our research group
found that EGCG and PolyE administration decreases levels
of various inflammatory cytokines, including TNF-0,, in the
colon epithelium and suppresses inflammation-related colon
carcinogenesis induced by AOM and DSS injection in a
mouse colon cancer model [77]. These findings suggest that
administration of green tea and its constituents might have a
beneficial effect on inflammatory disorders, possibly, at least
in the case of EGCG, by exerting anti-inflammatory activity
via inhibition of NF-xB activation [58].

Indoleamine 2, 3-dioxygenase (IDO) is a tryptophan
catabolic enzyme believed to play an important role in induc-
tion of immune tolerance [128]. In an investigation of the
effects of EGCG on the expression IDO induced by inter-
feron (IFN)-y, we found that EGCG treatment causes a sig-
nificant decrease in IFN-y-induced expression of IDO in co-
lon cancer cells in a dose-dependent manner and signifi-
cantly inhibits IDO enzymatic activity by suppressing the
activation of STATI [129]. These results are consistent with
those of previous studies using human oral cancer cells
[130]. In an in vivo study examining the effects of treatment
with 1-methyltryptophan (1-MT), an IDO inhibitor, and
EGCG on the development of AOM-induced colonic neo-
plastic lesions in male F344 rats, we found that both 1-MT
and EGCG significantly suppress production of ACF and
BCAG:s that overexpress IDO protein; that EGCG decreases
IDO expression in both the colonic epithelium and stroma;
and that both 1-MT and EGCG significantly inhibit the in-
crease of IDO activity induced by AOM injection in the se-
rum and stroma [131]. These findings and those of our recent
study suggest that EGCG might exert anti-cancer effects on
colorectal cancer by inhibiting both the expression and func-
tion of IDO, indicating that IDO inhibitors, such as 1-MT
and EGCG, are potential agents for anti-tumor immuno-
modulation in the chemoprevention of colorectal cancer.

5. INTERVENTIONAL STUDIES

Treatment with tea catechins, including EGCG, appears
to offer many potential clinical advantages relative to treat-
ment with other traditional anti-cancer agents. Moreover, tea
catechins offer the advantages of being globally available
from common beverages; being able to be isolated inexpen-
sively; and, based on their long history of safety as bever-
ages, having a high level of safety. Although several studies
have reported observation of tea-catechin-induced toxicity, a
number of animal experiments and human interventional
studies have observed no adverse events, even with admini-
stration of relatively high doses [132, 133].

Nevertheless, only a few clinical trials have investigated
cancer chemoprevention by administration of tea catechins
and/or EGCG. Among them, one interventional study found
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that oral administration of mixed tea products causes a sig- and should thus be primarily considered as agents in chemo-
nificant decrease in the size of leukoplakia, a precancerous prevention.

lesion of the oral mucosa [134]. This study was a double-
blind trial and the treated group was administered with 3 g
mixed tea products for 6 months. Another found that deliv-
ery of green tea extracts either topically in ointment form or
orally in capsule form at a dose of 200 mg for 12 weeks can
effectively treat human papilloma virus-infected cervical
lesions [135]. In a randomized, double-blind, placebo-
controlled study, Bettuzzi e al. [136] found that oral admini-
stration of 600 mg/day of green tea catechins for 12 months
can inhibit the progression of high-grade prostate intraepithe-
lial neoplasia (PIN) to prostate cancer. Moreover, in a Jong-
term follow-up study of a subset of the participants, they also
observed continued inhibition of development of prostate
cancer from PIN even two years after initial treatment with
green tea catechins {137]. These findings provide support of
the beneficial effects of green tea catechins on the prevention
of human malignancies. Although three other interventional
studies investigating the efficacy of green tea against pros-
tate cancer found no evidence of beneficial effects [138-

In a recent pilot study of the effects of treatment with
green tea extracts on the development of colorectal adenoma,
a pre-cancerous lesion of the colon, in patients who had un-
dergone polypectomy for removal of colorectal adenomas
[141], our research group found that administration of 1.5
g/day of green tea extracts for 1 year suppressed the devel-
opment of metachronous colorectal adenoma to a significant
extent compared to an untreated control group Fig. (2). We
also found that the relapsed adenomas in the experimental
group were significantly smaller in size compared to those of
the untreated control group, and observed no adverse reac-
tions in the experimental group. The very encouraging find-
ings of our study and those of Bettuzzi et al. [136] suggest
the possibility of their application to human clinical trials. A
similar trial for investigating the effect of green tea extract
on recurrence of colorectal adenomas is being conducted,
which is planned to have much more participants and longer
observation period [142].

140], these studies included patients with established pros- One potential mechanism underlying the cancer chemo-
tate malignancies, whereas Bettuzzi et al. examined only preventive effect of tea is the anti-oxidant activity of green
patients with premalignant lesions. This discrepancy in find- tea catechins. In a phase II randomized controlled interven-
ings regarding patients at different stages of malignancy tional trial evaluating the efficacy of regular green tea con-
suggests that treatment with green tea catechins might be sumption in reducing DNA damage in heavy smokers, con-
effective at only very early stages of cancer development, sumption of 4 cups/day of decaffeinated green tea for 4
A
[¢] 12 24 months
g 5
i i g
A A A
18t Colonoscopy 2 Colonoscopy 3 Colonoscopy
(polypectomy) (confirmation of no polyp) (end-point)
GTEGroup |  DailyGreentea+ GTE tablets |
Control Group ‘ Daily Green tea l
B
Characteristic GTE Group Control Group P
Total no. of patients 60 65 -
No. of patients with metachronous adenomas (%) 9 (15) 20 (31) <0.05
Size of relapsed adenomas (mm), mean + SD 3.0x10 40+13 <0.001

Fig. (2). Pilot study revealing the preventive effect of green tea extract (GTE) on metachronous adenomas after polypectomy. (A) Study
design. The study included 136 participants who underwent endoscopic resection of one or more colorectal adenomas. Twelve months later,
the participants received another total colonoscopy to confirm the absence of remaining endoscopically detectable adenoma (confirmation of
the “clean colon™). The participants were then randomized into two groups while maintaining a daily green tea drinking; the GTE group (71
patients) was given 3 GTE tablets per day for 12 months and the control group (65 patients) received no supplement. After 12 months of
GTE supplements, a follow-up (end-point) colonoscopy was conducted in 125 patients (60 in the GTE group and 65 in the control group) to
test for the presence of new adenomas. One tablet of GTE (500 mg), which contains 52.5mg EGCG, 12.3mg EC, 34.6mg EGC, 11.1mg (-)-
epicatechingallate, and 15.7 mg caffeine, is equivalent to approximately 2 Japanese-size cups of green tea. (B) Effects of the GTE supple-
mentation on the incidence and the size of metachronous adenomas at the end-point colonoscopy. The incidence of metachronous adenomas
was 15% (9 of 60) in the GTE group and 31% (20 of 65) in the control group. The size of relapsed adenomas was significantly smaller in the
GTE group compared to the control group.
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months led to a statistically significant decrease in levels of
urinary 8-hydroxydeoxyguanosine (8-OHdG), a surrogate
biomarker of oxidative DNA damage, compared with base-
line levels [143]. However, another study found evidence of
an inverse association between green tea consumption and
lung cancer risk in smokers [26], suggesting that the anti-
oxidant properties of green tea play a limited role in decreas-
ing lung cancer risk and, thus, the existence of an alternative
mechanism by which green tea decreases risk. Nevertheless,
a double-blind, placebo-controlled phase Ila trial of the ef-
fect of administration of green tea catechins to residents of a
region with high levels of aflatoxin, a risk factor for develop-
ing hepatocellular carcinoma (HCC), found that green tea
catechin administration not only significantly decreased lev-
els of urinary 8-OHdG in subjects who had tested seroposi-
tive for both HBs-Ag and aflatoxin-albumin adducts [144]
but also modulated aflatoxin biomarkers [145]. Interven-
tional studies, including fairly recent publications [146], with
green tea on malignancies and cancer-related clinical condi-
tions are summarized in (Table 3).

Although many studies have used animal models of car-
cinogenesis to demonstrate the significant cancer chemopre-
ventive effects of green-tea catechin administration, the re-
sults of epidemiological studies examining the effects of
green tea consumption on the risk of various human cancers
have been inconclusive, as described in previous sections.
This discrepancy in results between laboratory experiments
and human epidemiological studies has been attributed to a
variety of confounding factors, including variations in hu-
man genetics, cancer etiology, and lifestyle, as well as in the
quantity, quality, and type of tea intake [13]. Among these
factors, the amount and type of tea consumption appear to
affect the correlation between tea consumption and cancer
risk reduction to a significant extent. Prospective cohort
studies conducted in Japan indicated that daily consumption
of at least 10 cups of tea, equivalent to consumption of 2.5 g
of green tea extract, is required to derive a cancer preventive
effect [21, 147]. Green tea appears to be more consistently
related with reduced risk of cancer, at the very least gastroin-
testinal and lung cancer in nonsmokers, than black tea, pos-
sibly because of the relatively higher concentrations of tea
catechins in green tea [13].

The existence of other confounding factors, such as
smoking, alcohol intake, and obesity, may be responsible for
the inconsistent results among epidemiological studies that
analyzed the anti-cancer effects of green tea catechins. For
instance, smoking and alcohol intake have been found to
significantly affect the development of esophageal and liver
cancer [40, 148], while the development of liver cancer, es-
pecially HCC, is often related to chronic haptic inflammation
induced by a persistent infection with hepatitis viruses. In
addition, increasing evidence indicates that obesity and asso-
ciated metabolic abnormalities, especially insulin resistance,
increase the risk of HCC [149, 150]. Since green tea cate-
chins appear to provide anti-obesity and anti-diabetic action,
additional interventional studies should analyze whether ad-
ministration of green tea catechins prevents the development
of HCC in obese, high-risk patients with chronic hepatic
inflammation. To collect explicit and definitive data regard-
ing the chemopreventive effects of green tea catechin ad-
ministration in the prevention of many types of malignancies
in various organ sites, well-designed cohort studies and care-
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fully conducted interventional trials should be performed
with large numbers of subjects and designed to eliminate any
potential confounding factors.

6. CONCLUDING REMARKS

As described in the present review, the anti-cancer effects
of green tea catechins, especially EGCG, and their molecular
mechanisms have been observed in a variety of animal mod-
els and cell culture experiments using various cancer cell
lines. The results of many epidemiological and interventional
studies indicate that administration of green tea catechins has
clinical relevance and efficacy in human cancer chemopre-
vention. As the bioavailability and plasma concentration of
green tea catechins following tea consumption are critically
important factors, they must be considered when reviewing
the results of in vivo experimental and human clinical studies
of the absorption, distribution, and metabolism of green tea
catechins [151]. In several cell culture experiments, the con-
centrations of EGCG required to observe biological effects
were much higher than the plasma and tissue concentrations
detected in human trials or experimental animal studies
[127]. In fact, the concentrations examined in previous in
vitro studies have ranged from 20 to 100 uM, exceeding the
concentrations achievable in plasma and tissues by 10- to
100-fold [25, 152]. In consequence of their extensive me-
tabolism in humans, tea catechins usually reach plasma con-
centrations only in the low micro-molar range following
typical tea consumption [153]. Hence, it remains unclear
whether the findings obtained from in vitro studies using
much higher concentrations of EGCG can be directly ex-
trapolated to animal and human cancer chemoprevention. In
this regard, recent affinity chromatography studies have re-
vealed that although EGCG appears to bind to a number of
high-affinity EGCG-binding proteins, including IGF-IR, at
low concentrations, relatively high concentrations of EGCG
are required for exertion of its physiological functions [154-
156]. Another important clinical consideration is that the
direct contact provided by oral administration likely leads to
much higher levels of green tea catechins in the epithelia of
the oral-digestive tract compared to other means of
administration, indicating that tea catechins might be even
more effective against malignancies in oral and gastro-
intestinal tissues.

In order to obtain high concentrations of tea catechins in
the blood and tissues, relatively high doses of tea catechins
are often used in human interventional studies. As previously
discussed, many studies have reported observation of no
adverse reactions with administration of tea polyphenols at
doses ranging from 600 to 1800 mg/day [132, 136, 157].
There have been, however, a growing number of case reports
of side effects in humans related to intake of green tea die-
tary supplements, with excess gas, upset stomach, nausea,
heartburn, stomachache, abdominal pain, dizziness, head-
ache, muscle pain, and hepatotoxicity (elevated serum trans-
aminase and bilirubin levels) having been reported with
doses ranging from 700 to 2100 mg/day[133, 157]. In several
case reports, liver biopsy samples indicated portal and peri-
portal inflammation and necrosis [158, 159]. While notable,
these side effects were observed in studies that administered
high doses of tea catechins in non-traditional forms, such as
pills and capsules, rather than via consumption of green tea
[160].
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Table 3. Interventional studies with green tea on malignancies or cancer-related clinical condition. data were obtained from articles
searched by PubMed since 1980

Cancersor Can- |y ¢ Stud Green Tea Stat Observati No. of Inhibit
servation .
Reference Country cer-Related Clini- ypIe)oA n Y and Q:: t.a us Period PaniZioant nElﬁlcotry
1 nt
cal Condition esig ty pants
Human papilloma PolyE ointment
Ahn et al. Korea virus iafye)cted Placebo- and/or PolyE 12 weeks 90 Yes
2003 [135] . . controlled or EGCG capsule
cervical lesions
200 mg/day
Prostate cancer Randomized
. from high-grade andom . Green tea catechins
Bettuzzi et al. i ) double-blind,
2006 [136] Italy prostate intraepi- lacebo capsule 1 year 60 Yes
thelial neoplasia c[:)nterIe d 600 mg /day
(HG-PIN)
Green tea catechins
Brausi et al. Prostate cancer Placebo- capsule ’
Ttal 2 <60 Y
2008 [137] Y from HG-PIN controlled 600 mg /day (in the years e
first year)
. Multi-
Jatoi et al. USA Prostate cancer institutional Green tea powder 6 4 months 42 No
2003 [139] g/day
phase IT
Ch fal . St'l:ug;e;lal Green tea extract
oan ef al Canada Prostate cancer st 10. capsule 2 months 19 No
2005 [138] prospective
. 500 mg/day
single arm
MeLarty ef al. Op milabel’ S PolyE capsule 1.3 g
Ty et a. USA Prostate cancer gie-arm (800 mg EGCG) 1 month 26 Yes
2009 [140] two-stage phase
/day
I
.. Metachronous Randomized,
Shimizu et al. Japan colorectal ade- lacebo: Green tea extracts 1 year 125 Yes
2008 [141] P P 1.5 g/day Y
noma controlled
Three-arm ran-
i Decaffei
Hakim et al. DNA damage in domized ecaffeinated green
USA placebo- tea 4 months 133 Yes
2003 [143] heavy smokers
controlled phase 4 cups/day
11
DNA damage in
subjects with sero- Double-blind,
Lo et al. itive for both laceb Green tea polyphe-
erat USA positive for bo placebo- nol capsule 3 months 124 Yes
2006 [144] HBs-Ag and afla- controlled phase
. K 500 or 1000 mg/day
toxin-albumin Ila
adducts
Randomized, PolyE capsule
Nguyen et al. Prostate cancer double-blind containin;
g ' USA before prostatec- ? g 3 weeks 50 No
2012 [146] tom placebo- 800 mg of
Y controlled EGCG/day
Significant evidence indicates that consumption of green catechins [147, 161, 162], with our findingsshowing that
tea in its whole form provides greater cancer chemopreven- combined EGCG and EC administration resulted in synergis-
tion efficacy compared to administration of EGCG alone. tic inhibition of growth and induction of apoptosis in the
Indeed, EGCG has been found to be significantly more effi- HT29 colon cancer cell line [74]. Performing combination
cacious when administered in combination with other tea assay, we found that the optimal ratio of EGCG to EC for
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efficacious anti-cancer action is 60:7, which reflects the rela-
tive concentration of EGCG (60%) to EC (7%) of PolyE
[74]. This appears to be one reason why PolyE, which con-
tains less EGCG compared to pure EGCG by weight, was
observed to exert an anti-cancer effect almost equivalent to
that of the same concentration of EGCG alone in our study
[74] and other studies that observed the efficacy of total
green tea extracts and PolyE in inhibiting tumor develop-
ment in rodents [163, 164].

As previous research has indicated that EC enhances cel-
lular incorporation of *H-EGCG in lung cancer cells [162],
the mechanism by which combined administration of EC and
EGCG exerts these synergistic effects might be increased
cellular uptake of EGCG. Among the enhanced anti-tumor
effects provided by combinations of green tea extract and
other drugs reported by Suganuma et al., combined treatment
with green tea extract and sulindac, a COX inhibitor, has
been found to enhance inhibition of tumor development in
multiple intestinal neoplasia mice [165], and combined
treatment with EGCG and celecoxib, another COX inhibitor,
to suppress the development of chemically induced lung tu-
mors and enhance the inhibitory effect of EGCG in A/J mice
[166]. Cell culture experiments have also revealed that com-
bined treatment with EGCG and celecoxib induces new gene
expressions, such as GADDI53 and p21"”' which are not
induced by EGCG or COX inhibitors alone, and also induces
stronger apoptosis than that of EGCG or COX inhibitors
alone {147, 167-169].

Such observation of the synergistic anti-cancer effects
provided by combined administration of green tea catechins
and existing anti-cancer drugs has revealed a particularly
promising strategy in the prevention and treatment of human
malignancies that appears to have no or few side effects. As
such, it has recently attracted much interest in the cancer
field, in which tea is currently considered one of the most
beneficial dietary agents in the prevention and treatment of
many lifestyle-related diseases, especially cancer. The pre-
sent review provides evidence that the effects of treatment
with green tea catechins on the inhibition of carcinogenesis
are mediated by various possible mechanisms, including
anti-oxidant activity, anti-inflammation activity, RTK inhibi-
tion, epigenetic modification, and/or immune system modu-
lation. To explicate these molecular mechanisms and their
recognized and newly discovered anti-cancer effects, as well
as account for the inconsistency and discrepancy between
laboratory experiments and human clinical investigations,
future research must continue to investigate administration of
tea catechins in the prevention and treatment of cancers in
various organ sites. The results of laboratory studies should
be compared with those of in vivo studies to evaluate
whether these mechanisms are applicable to cancer chemo-
prevention in humans and identify the optimal conditions for
future interventional studies. For the clinical application of
green tea catechins as chemopreventive agents, a greater
number of well-designed epidemiological and interventional
studies should be conducted to investigate the anti-cancer
activity of green tea and its constituents in humans.
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ABBREVIATIONS

ACF = Aberrant Crypt Foci

AOM = Azoxymethane

AP-1 = Activator Protein-1

BCAC = Beta-Catenin Accumulated Crypt

COX = Cyclooxygenase

DSS = Dextran Sodium Sulfate

EC = (-)-epicatechin

EGC = (-)-epigallocatechin

EGCG = (-)-epigallocatechin-3-gallate

EGFR = Epidermal Growth Factor Receptor

ERK = Extracellular Signal-Regulated Kinase

HER = Human Epidermal Receptor

MAPK = Mitogen-Activated Protein Kinase

NF-xB = Nuclear Factor kappaB

PI3K = Phosphatidylinositol-3-Kinase

PIN = Prostate Intraepithelial Neoplasia

PolyE = Polyphenon E

RAR = Retinoic Acid Receptor

RTK = Receptor Tyrosine Kinase

TRAMP = Transgenic Adenocarcinoma of the Mouse
Prostate

VEGF = Vascular Endothelial Growth Factor

VEGFR = Vascular Endothelial Growth Factor Re-
ceptor

TNF = Tumor Necrosis Factor
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