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Abstract
The prevention of prostate cancer (PCa) is a crucial medical challenge in developed countries. PCa
remains surrounded by puzzles in spite of the considerable progress in research, diagnosis and
treatment. It is an ideal target for chemoprevention, as clinically significant PCa usually requires
more than two decades for development. Green tea and its major constituent epigallocatechin
gallate (EGCG) have been extensively studied as a potential treatment for a variety of diseases
including cancer. In this review, we highlight the evidences of green tea polyphenols from
preclinical and clinical studies in the chemoprevention/chemotherapy of PCa.

INTRODUCTION
Prostate cancer (PCa) is one of the most common cancers in men in the United States and is
the second leading cause male cancer death worldwide after lung cancer. The number new
PCa cases expected to be diagnosed in the United States alone in 2009 are 19,280, with an
estimated 27,360 disease-related deaths (1). Therefore, it is essential to find strategies for the
prevention of PCa. Death rates from PCa vary worldwide, with Westernized nations having
the highest risk of incidence and death and Asian nations having the lowest. Many factors
have been suggested to take part in the development of PCa, but the most consistent risk
factors associated with an increased incidence rate of the disease are race, age, and family
history of PCa (2,3). It is mostly unknown the extent to which the racial/ethnic differences
affects variables in screening methods, environmental exposures, and/or hormonal and
genetic factors. PCa results due to the accumulation of both genetic and epigenetic
alterations that transform normal glandular epithelium to preneoplastic lesions and on to
invasive carcinoma. Morphologically, PCa often reveals heterogeneity in histological grade
within individual tumors and multifocal histogenesis within the prostate. In some cases, this
heterogeneity may, in fact, be the result of multifocal tumorigenesis with multifocal tumors
of varying grades growing closer together with the passage of time, finally culminating in
the fusion of separate lesions (4). The identification of molecular markers specific to early
and late events in PCa progression is critical for the development of improved detection and
diagnostic strategies. PCa is an attractive and appropriate larget for primary prevention
because of its incidence, prevalence, and disease-related morbidity and mortality. PCa is an
ideal candidate disease for chemopreventive intervention. First, it is a unique malignancy
that generally grows very slowly, before symptoms arise and a diagnosis is finally
established. Second, because of long latency period, it is typically diagnosed in men more
than 50 yr of age.
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Many dietary agents are being examined as potential PCa chemopreventive agents (5). The
tea plant (Camellia sinensis) has been cultivated in Asia for thousands of years. Currently,
more than two-thirds of the world population consumes this popular beverage. Green tea is
manufactured by drying fresh tea leaves. It contains characteristic polyphenolic compounds,
(–)-epigallocatechin-3-gallate (EGCG), (–)-epigallocalechin (EGC), (–)-epicatechin-3-
gallate (ECG) and (–)-epicatechin (EC) (6). Catechin, gallocatechin, epigallocatechin
digallates, epicatechin digallate, 3-O-methyl EC and EGC, catechin gallate, and
gallocatechin gallate are present in smaller quantities. EGCG appears to be the most
powerful of all the catecmns, with an antioxidant activity about 25–100 times more potent
than that of vitamins C and E (7). Various in vitro and in vivo studies suggest that
consumption of green tea polyphenols (GTP) is associated with decreased risk and/or slower
progression of PCa (6,8). In this review, we discuss the studies of GTP in cell culture,
animal models, and humans in the chemoprevention/chemotherapy of PCa.

CELL-CULTURE STUDIES
We have shown for the very first time that EGCG induced apoptosis and cell cycle arrest in
many cancer cells without affecting normal cells (9), an observation that has been
reproduced with similar effects in many cancer cells. We have recently shown that
combination of EGCG and NS-398, a specific COX-2 inhibitor resulted in enhanced cell
growth inhibition, apoptosis induction, expression of Bax, pro-caspase-6, and pro-caspase-9,
and poly(ADP)ribose polymerase (PARP) cleavage, inhibition of peroxisome proliferator
activated receptor (PPAR)-γ and inhibition of NF-κB compared with the additive effects of
the two agents alone, suggesting a possible synergism (10). We have reported that EGCG
sensitizes TRAIL-resistant LNCaP cells to TRAIL-mediated apoptosis through modulation
of intrinsic and extrinsic apoptotic pathways. When combined with EGCG, Apo2L/TRAIL
exhibited enhanced apoptotic activity in LNCaP cells accompanied by the upregulation of
PARP cleavage and modulation of proapoptotic and antiapoptotic Bcl2 family proteins.
Pretreatment of cells with EGCG resulted in modulation of DR4/TRAIL R1, FADD, and c-
FLIP. There was also a synergistic inhibition in the invasion and migration of LNCaP cells
through inhibition in the protein expression of VEGF, uPA, and angiopoietin 1 and 2. The
activity and protein expression of MMP-2, -3, and -9 and upregulation of TIMP1 in cells
treated with a combination of EGCG and TRAIL was also observed (11). We have
demonstrated using isogenic cell lines that EGCG activates growth arrest and apoptosis in
prostate carcinoma cells primarily via p53-dependent pathway that involves the function of
both p21 and Bax such that downregulation of either molecule confers a growth advantage
to the cells (12). In androgen-sensitive LNCaP and androgen-insensitive PC-3 human
prostate carcinoma cells, EGCG inhibited COX-2 without affecting COX-1 expression at
both the mRNA and protein levels (13). In a dose-dependent manner, EGCG was found to
inhibit degradation of gelatin, degradation of type IV collagen in reconstituted basement
membrane, and activation of MMP-2, but not pro-MMP-9, in a cell-free system (14). Both
EGCG and theaflavins treatment was found to decrease the levels of PI3K and phospho-Akt
and increase ERK1/2 in both DU145 and LNCaP cells (15). The high levels of fatty acid
synthase activity in LNCaP cells was dose-dependently inhibited by EGCG, and this
inhibition was paralleled by decreased endogenous lipid synthesis, inhibition of cell growth,
and induction of apoptosis (16). We have earlier reported that EGCG-induced apoptosis in
human prostate carcinoma LNCaP cells is mediated via modulation of stabilization of p53
by phosphorylation on critical serine residues and p14ARF-mediated downregulation of
murine double minute 2(MDM2) protein, and negative regulation of NF-κB activity, thereby
decreasing the expression Bcl-2. EGCG-induced stabilization of p53 caused an upregulation
in its transcriptional activity, thereby resulting in activation of WAF1/p21 and Bax. This
altered expression of Bcl-2 family members triggered the activation of capsase-9 and 8
followed by activation of caspase-3 and cleavage of PARP (17). EGCG treatment of LNCaP
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and DU145 cells resulted in significant dose- and time-dependent upregulation of the protein
expression WAF1/p21, KIP1/p27, INK4a/p16, and INK4c/p18, downmodulation of the
protein expression of cyclin D1, cyclin E, cdk2, cdk4, and cdk6, but not of cyclin D2,
increase in the binding of cyclin D1 toward WAF1/p21 and KIP1/p27, and decrease in the
binding of cyclin E toward cdk2 (18). It has been shown that ester bond-containing tea
polyphenols, such as EGCG, potently and specifically inhibit the chymotrypsin-like activity
of the proteasome in vitro and in vivo at the concentrations found in the serum of green tea
drinkers. The inhibition of the proteasome by EGCG in several tumor and transformed cell
lines resulted in the accumulation of two natural proteasome substrates, KIP1/p27 and IκBα
followed by growth arrest in the G(1) phase of the cell cycle (19). Green tea catechins
(GTC) and extract were found to suppress the growth and caused induction of apoptosis in
human PCa DU145 cells through an increase in reactive oxygen species formation and
mitochondrial depolarization (20). We have reported previously that EGCG negatively
modulated PCa cell growth by affecting mitogenesis as well as inducing apoptosis, in a cell-
type-specific manner, which may be mediated by WAF1/p21-caused G(0)/G(1)-phase cell-
cycle arrest, irrespective of the androgen association or p53 status of the cells. EGCG
treatment resulted in a dose-dependent increase of p53 in LNCaP cells carrying wild-type
p53 but not in DU145 cells carrying mutant p53 (21). Pretreatment of the cells with GTP
resulted in a significant inhibition of testosterone-caused induction of ornithine
decarboxylase (ODC) activity in a dose-dependent manner. Pretreatment of the cells with
GTP was found to result in dose-dependent inhibition of colony formation in anchorage-
independent growth assay of LNCaP cells. Prior treatment of the cells with GTP completely
abolished the testosterone-mediated significant increase in the level of ODC mRNA (22).

ANIMAL STUDIES
We have shown, employing transgenic adenocarcinoma of the mouse prostate (TRAMP)
mice, that oral infusion of GTP at a human achievable dose (equivalent to 6 cups of green
tea/day) significantly inhibits PCa development and increases tumor free and overall
survival of mice. GTP, provided as the sole source of drinking fluid to TRAMP mice from 8
to 32 wk of age, resulted in significant delay in primary tumor incidence and tumor burden
as assessed sequentially by MRI, significant decrease in prostate and genitourinary weight;
inhibition in serum insulin-like growth factor-I (IGF-1), and restoration of insulin-like
growth factor binding protein-3 (IGFBP-3) levels and reduction in the protein expression of
proliferating cell nuclear antigen (PCNA) in the prostate compared with water-fed TRAMP
mice (23). The cellular DNA replication factor minichromo-some maintenance protein
(MCM)-7 has been implicated in PCa progression, growth, and invasion. Recently, it has
been shown by DNA microarray, immunohistochemistry, and Western blot analysis that
MCM-7 gene expression was reduced by GTC in TRAMP mice (24). Recently, we have
demonstrated that continuous GTP infusion for 32 wk resulted in substantial reduction in
expression of NFκB, IKKα, IKKβ, RANK, NIK, and STAT-3 in dorsolateral prostate of
TRAMP mice. The level of transcription factor osteopontin was also downregulated, and
there was shift in balance between Bax and Bel2 favoring apoptosis in the dorsolateral
prostate of TRAMP mice fed GTP (25). It has been reported that EGCG inhibited early but
not late stage PCa in the TRAMP mice. In the ventral prostate, EGCG significantly reduced
cell proliferation, induced apoptosis, and I decreased androgen receptor (AR), insulin-like
growth factor-1 (IGF-1). IGF-1 receptor, phospho-ERK1/2, COX-2, and inducible nitric
oxide synthase (iNOS) (26). In athymic nude mice implanted with androgen-sensitive
CWR22Rβ1 cells, combination treatment with GTP and celecoxib resulted in enhanced
tumor growth inhibition, lowering of prostate-specific antigen (PSA) levels, lowering of
IGF-1 levels, and circulating levels of serum IGF-BP-3 compared with results of single-
agent treatment (10). In athymic nude mice implanted CWR22Rβ1 cells, treatment with
GTP, water extract of black tea, EGCG, and theaflavins resulted in significant inhibition in
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growth of implanted prostate tumors, reduction in the level of serum PSA, induction of
apoptosis accompanied with upregulation in Bax and decrease in Bcl-2 proteins, and
decrease in the levels of VEGF protein (27). In athymic nude mice implanted with human
PCa PC-3 cells, diet containing lysine, proline, arginine, ascorbic acid, and green tea extract
caused inhibition of tumor growth, inhibition of MMP-9, VEGF secretion, and mitosis in
tissues (28). GTP feeding to TRAMP mice resulted in marked inhibition of PCa progression,
which was associated with reduction of S100A4 and restoration of E-cadherin (29).
Continuous GTP administration for 24 wk to TRAMP mice resulted in reduction in the
levels of IGF-1 and increase in the levels of IGFBP-3 in the dorsolateral prostate with an
inhibition of protein expression of PI3K, Akt, and ERK 1/2. There was also inhibition of
VEGF, uPA, and MMP-2 and -9 (30). In TRAMP mlce, treated with GTC, clusterin mRNA
and protein progressively accumulated in the prostate gland. Upregulation of histone H3 and
downregulation of growth arrest-specific gene 1 mRNAs in PCa-developing TRAMP mice
demonstrated a high proliferation rate in tumors, whereas the opposite occurred in the glands
of GTC-treated animals. Failure of GTC chemoprevention caused induction of both histone
H3 and Gas1 and downregulation of clusterin. Immunohistochemistry experiments
confirmed downregulation of clusterin during PCa onset and progression, and c1usterin
sustained expression in GTC treated TRAMP mice (31). In a mouse model of orthotopic
androgen-sensitive human PCa, soy phytochemical concentrate (SPC), black tea, and green
tea significantly reduced tumorigenicity. The combination of SPC and green tea
synergistically inhibited final tumor weight and metastasis and significantly reduced serum
concentrations of both testosterone and DHT in vivo. Inhibition of tumor progression was
associated with reduced tumor cell proliferation and tumor angiogenesis (32). We earlier
reported that oral feeding of GTP in drinking water for 7 days before testosterone
administration resulted in decrease in testosterone-caused induction of ODC activity in
sham-operated and castrated rats. Similar results were obtained with C57BL/6 mice in which
testosterone treatment at similar dosage resulted in a twofold increase in ODC activity in the
ventral prostate, and prior oral feeding with GTP resulted in inhibition of this induction (33).

STUDIES IN HUMANS
The effects of green tea consumption in humans have been reported (Table 1). In a Phase II
trial exploring green tea's anti-neoplastic effects in patients with androgen independent
prostate carcinoma, 42 patients who were asymptomatic and had manifested, progressive
PSA elevation with hormone therapy were evaluated. Patients were instructed to take 6 g of
green tea per day orally in 6 divided doses and were monitored monthly for response and
toxicity. Tumor response, defined as a decline in the baseline PSA value, occurred in a
single patient or 2% of the cohort and was not sustained beyond 2 mo. The median change
in the PSA value from baseline for the cohort increased by 43% at the end of the first month.
Green tea toxicity, usually Grnde 1 or 2, occurred in 69% of patients; however, 6 episodes of
Grade 3 toxicity and one episode of Grade 4 toxicity also occurred. Thus, it was concluded
that green tea carried limited antineo-plastic activity, as defined by a decline in PSA levels,
among patients with androgen independent prostate carcinoma (34). Efficacy of green tea,
prescribed as an alternative complementary formulation, was tested on hormone refractory
prostate cancer (HRPCa). Patients with HRPCa were prescribed green tea capsules at 250
mg twice daily. Efficacy and toxicity were evaluated during monthly visits. The primary
endpoint was PSA or measurable disease progression after a minimum of 2 mo of therapy.
The treatment was generally well tolerated. Among 19 patients enrolled in the study, 12
patients reported at least one side effect, and only 2 of these were of moderate or severe
grade. Four patients did not complete the minimum 2 mo of therapy, and 15 patients
completed at least 2 mo of therapy. Of these patients, 9 had progressive disease within 2 mo
of starting therapy, and 6 patients developed progressive disease after an additional 1 to 4
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mo of therapy. It was concluded that green tea had minimal clinical activity against HRPCa
(35).

In the Japan Public Health Center-based Prospective Study, 49,920 men aged 40 to 69 yr
completed a questionnaire that included their green tea consumption habit. During this time,
404 men were newly diagnosed with prostate cancer, of which 114 had advanced cases, 271
were loca1ized, and 19 were of an undetermined stage. Green tea was not associated with
localized PCa. However, consumption was associated with a dose-dependent decrease in the
risk of advanced PCa. The multivariate relative risk was 0.52 for men drinking 5 or more
cups/day compared with less than 1 cup/day (36). A proof-of-principle clinical trial was
conducted to assess the safety and efficacy of GTC for lhe chemoprevention of PCa in high-
grade prostate intraepithelial neoplasia (HG-PIN) volunteers. Daily treatment consisted of 3
GTC capsules, 200 mg each. After 1 yr, only one tumor was diagnosed among the 30 GTCs-
treated men with an incidence of 3%, whereas 9 cancers were found among the 30 placebo-
treated men with an incidence of 30%. There was no significant change in total PSA
between the two arms, GTC-treated men showed values constantly lower with respect to
placebo-treated ones. International Prostate Symptom Score and quality of life scores of
GTCs-treated men with coexistent benign prostate hyperplasia (BPH) improved, reaching
statistical significance in the case of International Prostate Symptom Scores. No reports of
significant side effects were documented. Administration of GTC also reduced lower urinary
tract symptoms, suggesting that GTC might also be of help for treating the symptoms of
BPH (37). Another round of prostate mapping was done in a subset of these HG-PIN
patients after a 2-yr follow-up. The mean follow-up from the end of GTC dosing was 23.3
mo for the placebo arm and 19.1 mo for the GTC arm. The third prostate mapping was done
in only 9 from the placebo arm and 13 from the GTC arm. There was appearance of three
further cancer diagnoses during follow-up, two in the placebo arm and one in the GTC arm.
Long-lasting inhibition of PCa progression was achieved in these subjects after 1 yr GTC
administration. The treatment effect on early lesions suggested the early emergence of
benefit observed at 6 mo. There was an almost 80% reduction in PCa diagnosis, from 53%
to 11%, on treatment with GTC (38). Bettuzzi et al. (39) described and validated a RT-qPCR
method based on an 8-genes signature that significantly discriminated benign tissue from
PCa in both humans and TRAMP mice spontaneously developing PCa. The GTC-resistant
PCa was significantly discriminated from GTC-sensitive PCa in the animal model. It has
also been shown that this method can be successfully applied to a single tissue needle biopsy
specimen in humans by preliminary experiments (39). A case-control study was conducted
in Hangzhou, southeast China, and the cases were 130 incident patients with histologically
confirmed adenocarcinoma of the prostate. The controls were 274 hospital inpatients
wilhout PCa or any other malignant diseases and matched to the age of cases. Face-to-face
interviews were conducted using a structured questionnaire to gain information on duration,
quantity, and frequency of usual tea consumption as well as the number of new batches
brewed per day. The risk of prostate cancer for tea consumption was assessed using
multivariate logistic regression adjusting for age, locality, education, income, body mass
index, physical activity, alcohol consumption, tobacco smoking, total fat intake, marital
status, age at marriage, number of children, and family history of PCa. The PCa risk
declined with increasing frequency, duration, and quantity of green tea consumption; and the
dose-response relationships were also significant, suggesting that green tea is protective
against PCa (40).

CONCLUSION AND FUTURE PROSPECTS
The possible cancer-preventive activity of green tea constituents has been studied
extensively. Various evidences from in vitro, in vivo, and clinical trials suggest that green
tea and its constituents are effective in preventing PCa. The descriptive epidemiology of
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PCa suggests that it is a preventable disease. Prevention has the potential of saving lives and
reducing the morbidity of radical PCa therapy. The development of chemo-prevention
strategies against PCa will have a huge impact both medically and economically. For
example, if green tea consumption could be shown to retard emergence of BPH or androgen
resistance, then it could prove to delay the onset of PCa. However, green tea is ineffective as
a treatment, or an adjuvant treatment, for patients with pea, especially hormone-independent
PCa. Despite this, it appears from epidemiology and animal model studies that green tea
does play a role in the prevention of Pea. It is important to develop strategies to strategically
proceed for the design and selection of test agents to demonstrate clinical benefit with the
minimum of adverse effects.
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TABLE 1

Reported effects of green tea in humansa

Effect of Green Tea in Humans Reference

In a phase II trial, decrease in PSA in 2% of cohort, green tea toxicity in 69% of patients with androgen independent PCa 34

In patients of HRPCa, 9 had progressive disease within 2 months of starting therapy and 6 developed progressive disease after
additional 1 to 4 months of therapy.

35

In the Japan Public Health Center-based Prospective Study, green tea consumption was associated with a dose-dependent decrease
in the risk of advanced PCa

36

In HG-PIN volunteers, there was 3% tumor incidence in GTC-treated men as compared to 30% in placebo-treated men with no
significant side-effects and lower urinary tract symptoms.

37

In a 2-yr follow-up, long-lasting inhibition of PCa progression was achieved after 1 yr of GTC administration; there was an
almost 80% reduction in PCa diagnosis, from 53% to 11%, on treatment with GTC

38

In a case-control study conducted in southeast China in patients with histologically confirmed adenocarcinoma of the prostate, the
PCa risk declined with increasing frequency, duration, and quantity of green tea consumption

40

a
Abbreviations are as follows: PSA, prostate-specific antigen; PCa, prostate cancer; HRPCa, hormone refractory PCa; HG-PIN, high-grade

prostate intraepithelial neoplasia; GTC, green tea catechins.
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