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Abstract
Tea is the second most consumed beverage in the world reported to have multiple health benefits.
Preventive and therapeutic benefits of tea polyphenols include enhanced general well being and
anti-neoplastic effects. The pharmacologic action of tea is often attributed to various catechins
present therein. Experiments conducted in cancer cell lines and animal models demonstrate that
tea polyphenols protect against cellular damage caused by oxidative stress and altered immunity.
Tea polyphenols modify various metabolic and signaling pathways in the regulation of
proliferation, apoptosis, angiogenesis, and metastasis and therefore restrict clonal expansion of
cancer cells. Tea polyphenols have been shown to reactivate tumor suppressors, block the
unlimited replicative potential of cancer cells, and physically bind to nucleic acids involved in
epigenetic alterations of gene regulation. Remarkable interest in green tea as a potential
chemopreventive agent has been generated since recent epigenetic data showed that tea
polyphenols have the potential to reverse epigenetic modifications which might otherwise be
carcinogenic. Like green tea, black tea may also possess chemopreventive and chemotherapeutic
potential; however, there is still not enough evidence available to make any conclusive statements.
Here we present a brief description of tea polyphenols and discuss the findings of various in vitro
and in vivo studies of the anticancer effects of tea polyphenols. Detailed discussion of various
studies related to epigenetic changes caused by tea polyphenols leading to prevention of
oncogenesis or cancer progression is included. Finally, we discuss on the scope and development
of tea polyphenols in cancer prevention and therapy.
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INTRODUCTION
Cancer is a complex biologic disorder resulting from integrated effects of environmental,
physical, metabolic, and genetic factors [1, 2]. Despite the progress made in scientific
research, additional studies are necessary to determine how to prevent cancer at early stages
and reduce morbidity and mortality [2–4]. The current treatment options available are
limited because they do not differentiate between cancer and normal cells and thus kill both
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causing adverse side effects and early termination of therapy ultimately impairing patient
outcome.

The fundamental traits acquired by primary cells to transform into cancer cells require the
ability to evade apoptosis by inhibiting proapoptotic signaling and stimulating survival
factors pathways. Cancer cells attain self-sufficient growth through uncontrolled activation
of oncogenes and attain unlimited replicative potential through increased telomerase
activity. These changes render cancer cells unresponsive to antigrowth signals with the loss
of tumor suppressor gene activity. Over activation of invasion-related proteases in cancer
cells offer a distinct advantage in tissue invasion and metastasis. Cancer cells also acquire
the ability to sustain angiogenesis and build an extensive network of blood vessels to
maintain continuous supply of nutrients [1]. Hence, rational anticancer treatments would
disrupt these mechanisms and cause cancer cell death. The ideal chemopreventive agent
would be one which can inhibit these processes in neoplastic cells or reverse them and thus
inhibit the cell from converting to a malignant phenotype.

In view of these concerns about the existing treatment modalities for cancer, researchers are
putting considerable efforts toward finding new therapeutic strategies which can protect
normal cells and efficiently kill cancer cells [2]. In the past two decades, nutraceuticals or
'natural' substances isolated from food, developed as medicines have attracted considerable
interest in the field of cancer. The major advantages of using nutraceuticals are that these
agents are part of the daily diet and can be consumed within a fairly broad concentration
range without significant side effects. Natural polyphenols are group of compounds which
are widely prevalent in fruits, beverages (such as tea), vegetables, and spices, and have been
reported to participate in a wide range of signaling and metabolic pathways that may lead
normal cells to neoplastic transformation if left unchecked.

Tea a popular beverage consumed since ancient times which provides health benefits and
reduces the risk of several human diseases including cancer [2–5]. Next to water, it is most
widely consumed beverage with a per capita worldwide consumption of approximately 0.12
liters per day. It is produced from the leaves of Camellia sinensis. Based on the
manufacturing process used tea is available in four different forms such as green, black,
oolong, and white tea. The process of preparation of green tea prevents the oxidation of
green leaf polyphenols; in black tea most of these substances are oxidized; and in oolong tea
they are partially oxidized. White tea is made from newly growth buds and young leaves by
inactivating polyphenol oxidation through steaming and drying. Out of all tea produced only
20% is green tea and less than 2% is oolong tea. Green tea is consumed primarily in China
and Japan and most widely studied for its health benefits. The polyphenolic composition of
green tea includes catechins (30–42%), flavonols (5–10%), and other flavonoids such as
theogallin (2–3%), gallic acid (0.5%), quinic acid (2%), theanine (4–6%), and
methylxanthins (7–9%). The major catechins present in green tea are (−)-epigallocatechin-3-
gallate (EGCG), (−)-epicatechin-3-gallate, (−)-epigallocatechin, and (−)-epicatechin. EGCG
accounts for 50–65% of the total catechin content in green tea. The major polyphenols in
black tea are catechins (3–10%), flavanols (6–8%), methylxanthines (8–11%), theaflavins
(3–6%) and thearubigens (12–18%) [2].

Green tea polyphenols have gained increasing attention from researchers in the field of
cancer biology since it was discovered that polyphenols could affect cancer cell growth.
Initial evidence from epidemiologic studies suggest reduced risk of some cancers in a region
of the world where green tea was regularly consumed [2 and references therein]. Recent
review on clinical studies critically assessed association between green tea consumption and
the risk of cancer incidence and mortality. Reports indicate that 51 prospective controlled
interventional and observational studies of 1.6 million participants conducted assessed either
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the associations between green tea consumption and risk of cancer incidence or cancer
mortality. These results assessed associations between green tea and risk of digestive tract
cancer incidence which was inconclusive and conflicting. Although, there was limited
evidence that green tea could reduce the incidence of liver cancer, the evidence for
esophageal, gastric, colon, rectum, and pancreatic cancers were contradictory. Observational
studies and one randomized controlled trial on prostate cancer suggested a decrease risk in
men consuming higher quantities of green tea or green tea extracts. Moreover, there was
limited to moderate evidence that the consumption of green tea reduced the risk of lung
cancer, especially in men. There was also evidence that green tea consumption could
increase the risk of bladder cancer [3].

Studies on black tea polypheols and its extract have been conducted in rodent models using
chemical carcinogens or ultra-violet (UV) radiation. Limited studies which include studies
on skin, lungs, buccal pouch, liver, colon, esophagus, small intestine, prostate and mammary
gland cancers have been reported [6]. Results of these studies demonstrate that black tea
possesses chemopreventive and chemotherapeutic potentials. Studies with black tea
indicated that the mechanisms of chemopreventive actions are multi-factorial and include
effects on xenobiotic phase I, phase II and antioxidant enzymes, xenobiotic-induced DNA
damage, cellular kinases, transcription factors, and oncogenes. However, because of limited
available data on black tea and cancer this review will focus on studies conducted with green
tea polyphenols.

EFFECTS OF TEA POLYPHENOLS
Effect of tea polyphenols on the survival pathways in cancer cells

The cell cycle is controlled by cyclic activation and inactivation of cyclin-dependent kinases
(CDKs) and their inhibitors. The cell monitors and regulates the cell cycle at checkpoints to
ensure that damaged or incomplete DNA is not passed on to daughter cells. The tumor
suppressor proteins p53 and retinoblastoma (Rb) play an important role in triggering the
control mechanisms at both G1/S and G2/M checkpoints. p53, the major regulator of cell
cycle checkpoints can cause cell arrest through induction of p21, therefore allowing time for
DNA repair before the cell progresses into the cell cycle. Overexpression of cyclins and
CDKs, and inactivation of tumor suppressor proteins p53 and Rb lead to cell cycle
deregulation, which is a hallmark of cancer [4]. Tea polyphenols have been demonstrated to
induce cell cycle arrest in several different cancer cell lines. In vitro studies demonstrated
that EGCG causes cell cycle arrest through modulation on the levels and activity of cyclins,
CDKs, CDK inhibitors, and tumor suppressors: p53 and Rb in human breast, prostate,
cervical, pancreatic, bladder, and head and neck cancer cells [7–8]. EGCG inhibits protein
synthesis, lipogenesis, and cell cycle progression through activation of AMPK and inhibition
of mammalian target of rapamycin (mTOR) in p53-positive and p53-negative human
hepatoma cells [9].

In response to DNA damage, p53 can initiate cell death via apoptosis if DNA damage is
irreparable. Tea polyphenols cause induction of apoptosis in many cancer cell lines such as
melanoma, leukemia, neuroblastoma, hepatocellular carcinoma and cancers of pancreas,
colon, prostate, lung, and breast [10]. EGCG causes apoptosis through induction of p53 and
by influencing the ratio of pro- to anti- apoptotic factors in favor of apoptosis [7,11].
Apoptosis induced by polyphenols in cancer cells is caspase 3-dependent, which is
concurrent with the ability of cancer cells to inhibit proteasome activity and accumulate the
proapoptotic protein, Bax [8,12]. Studies have shown that tea polyphenols have the ability to
stimulate H2O2 generation and induce apoptosis of lung cancer cells and H-ras-transformed
bronchial epithelial cells which can by prevented by introducing catalase [13]. In colon
cancer cells, EGCG induces apoptosis via inhibition of NAG-1 in p53-independent manner
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[14]. However, another study showed that tea polyphenols can impart protective effects on
PC12 cells through inhibition of the 6-hydroxydopamine-induced cell apoptosis [15]. Tea
polyphenols including EGCG can induce cell cycle arrest and apoptosis in cells lacking
functional p53 by activating p73, a closely related p53 family member expressing p53 target
genes p21 and MDM2 [16]. Recent studies demonstrate that EGCG can sensitize tumor
necrosis factor–related apoptosis-inducing ligand (TRAIL)-mediated apoptosis in prostate,
malignant glioma, pancreatic, and hepatocellular carcinoma cells [7,8,17]. Upregulation of
proapoptotic BH3-only protein p53-upregulated modulator of apoptosis (PUMA) by tea
polyphenols cause both p53 dependent and independent apoptosis of colorectal cancer cells
[18]. Tissue factor pathway inhibitor-2 (TFPI-2) overexpression in renal cell carcinoma
[13]; or down-regulation of inhibitor of DNA binding 2, a dominant negative helix-loop-
helix protein in prostate cancer cells inhibits cell growth and induces apoptosis after EGCG
treatment [19]. In preclinical studies, infusion of green tea significantly reduced the
incidence of chemical-induced lung carcinoma or mouse skin carcinogenesis, upregulated
p53 and Bax expression, and dowregulated Bcl2 and survivin [20–21]. However, in a recent
study EGCG protected non-small cell lung carcinoma cells from apoptosis induced by serum
deprivation via Akt activation [22]. This effect may limit the clinical use of EGCG in
treating and preventing non-small cell lung carcinoma.

Effect of tea polyphenols on self-sufficiency growth signals in cancer cells
The insulin-like growth factor/insulin growth factor-1 receptor (IGF/IGF-IR) system plays
important role in the development and growth of various malignancies and remains an
important target in cancer. EGCG inhibited IGF-IR levels and activity, increased expression
of TGF-beta2 and insulin growth factor binding protein-3 (IGFBP-3) and decreased levels of
matrix metalloproteinase’s (MMPs)-7 and MMP-9 mRNA in colon cancer cells [23]. EGCG
also caused apoptosis of malignant brain tumors and hepatocellular carcinoma cells through
inhibition of IGF-I [24,25]. Oral infusion of green tea polyphenol inhibited development and
progression of prostate cancer in a transgenic adenocarcinoma of the mouse prostate
(TRAMP), reduced IGF-I levels, decreased activation of Akt and ERK, and inhibited
vascular endothelial growth factor (VEGF); MMP-2 and MMP-9 levels in the dorso-lateral
prostate of these mice. IGF-I signaling was significantly inhibited only when intervention
was initiated at early stages of cancer development [7,23,25]. In a clinical study, twenty-six
men with positive prostate biopsies and scheduled for radical prostatectomy received
Polyphenon E supplementation until the time of surgery demonstrated a significant
reduction in serum levels of prostate-specific antigen (PSA), HGF, and VEGF [26].
Furthermore, inhibition of protein expression and activity of VEGF, MMP-2 and MMP-9
and elevation of TIMP1 expression was observed after administration of GTPs in the
drinking water of mice bearing UVB-induced skin tumors. [27].

Tea polyphenols modulate the activity of membrane-associated receptor tyrosine kinases
which play important role in the control of many fundamental cellular processes.
Overexpression of the human epidermal growth factor receptor-2 (HER-2/neu) is associated
with poor prognosis in patients with breast cancer and head and neck squamous-cell
carcinoma. EGCG inhibits activation of these receptors and exerts anti-proliferative and
anti-angiogenic activities by inhibiting STAT3 and NF-κB activation. EGCG and
Polyphenon E have shown to cause a decrease in phosphorylation of epidermal growth
factor receptor (EGFR) and HER-2 proteins resulting in activation of Akt and extracellular
signal-regulated kinase (ERK) proteins, and transcriptional activity of AP-1 and NF-κB
promoters in HT29 human colon cancer cells. EGCG inhibited HER-3 signaling,
cyclooxygenase-2 (COX-2) transcription, and prostaglandin E2 (PGE-2) production in
human colon cancer cell lines [23]. EGCG causes downregulation of EGFR by inducing
mitogen-activated protein kinase (MAPK) which phosphorylates EGFR at sites critical for
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receptor internalization [28]. EGCG also inhibits the activation of platelet-derived growth
factor receptors (PDGFR) and fibroblast growth factor receptors (FGFR) in human
epidermoid carcinoma cell line, and PDGFR in human glioblastoma and hepatic stellate cell
lines [23, 29]. EGCG has shown responsiveness to cancer cells by affecting the 67KDa
laminin receptor present in the lipids raft on the membrane thereby modulating the activity
of tyrosine kinases [30–31].

Effect of tea polyphenols on the replicative potential of cancer cells
In most somatic human cells telomeres shorten in length with every cell division and
eventually reach a critical length. This shortening causes a cell to loose its proliferative
ability, and the cell undergoes permanent cell cycle arrest or senescence. Unlike somatic
cells, hematopoietic stem cells, keratinocytes in the basal layers of the epidermis, uterine
endometrial cells, germ cells, and various tumors possess unlimited replicative potential
because of their ability to maintain constant telomere length and presence of active
telomerase activity. Increased telomerase activity correlated with upregulation of the human
telomerase reverse transcriptase gene (hTERT) and increased levels of hTERT mRNA.
Studies demonstrated that green tea polyphenols block telomerase activity as a major
mechanism for limiting the growth of human cancer cells. Tea polyphenols significantly
inhibited telomerase activity of HepG2 cells compared with the control group. EGCG
treatment caused inhibition of proliferation and telomerase activity and induction of
apoptosis in cervical adenocarcinoma cells. Tea polyphenols cause repression of hTERT
mRNA expression in lung, oral cavity, thyroid and liver carcinoma cells. Another study
using tongue cancer cell lines indicated that tea polyphenols reduced hTERT activity in a
time- and dose-dependent manner, disabling telomerase activity and terminating unlimited
cell proliferation [32]. EGCG induced telomere fragmentation in HeLa and 293 cells but not
in MRC-5 cells [33]. This could be relevant to the apoptosis-inducing effect of EGCG on
cancerous cells but not on normal cells.

Effect of tea polyphenols on invasion, metastasis, and angiogenesis of cancer cells
Malignant cells require continuous supply of nutrients to maintain high metabolic activity
which could be achieved through chemotaxis toward a preexisting vascular network, or by
infiltration of vascular endothelial cells leading to neo-vascularization. In this context,
urokinases, VEGF, FGF, transforming growth factor-beta (TGF-β), PGDF, endothelin-1,
extracellular matrix (ECM) proteolytic enzymes, MMPs and tissue inhibitor of
metalloproteinases (TIMPs) play critical roles. Tea polyphenols inhibit angiogenesis and cell
invasion by affecting the expression of these molecules. Urokinase-type plasminogen
activator (uPA) is over-expressed in breast, ovarian, and prostate malignancies and was
implicated in cell invasion and metastasis. By inhibiting uPA, EGCG reduced the size or
caused complete remission of tumors in mice. GTP inhibited invasion of breast cancer cells
by inhibiting AP-1 and NF-κB and suppressing uPA secretion. Invasion of human oral
cancer cells was blocked by EGCG by inhibiting uPA, MMP-2 and MMP-9 [34]. EGCG
inhibited MMP-2 and MMP-9 while inducing the activity of their inhibitors TIMP-1 and
TIMP-2 in neuroblastoma, fibrosarcoma, glioblastoma, prostate, endothelial, and human
gastric cancer cells [8,13,34,35]. In TRAMP mice, green tea polyphenol infusion resulted in
marked inhibition of effectors of angiogenesis and metastasis, notably VEGF, uPA, MMP-2,
and MMP-9 [7]. EGCG has been shown to directly inhibit metallothionein-1 (MT1)-MMP
activity in HT-1080 human fibrosarcoma cells and human umbilical vein endothelial cells
(HUVEC) cells, leading to accumulation of non-activated MMP-2 at the cell surface. EGCG
treatment of human breast cancer cells reduced MMP-2 activity and expression at the
translational and transcriptional level. EGCG treatment reduced the expression of focal
adhesion kinase (FAK), membrane type-1-matrix metalloproteinase (MT1-MMP), NF-κB,
and VEGF, and reduced adhesion of cells to ECM, fibronectin, and vitronectin [36]. In oral
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squamous cell carcinoma cells, EGCG significantly enhanced the expression of reversion-
inducing cysteine-rich protein with Kazal motifs (RECK) mRNA and inhibited MMP-2 and
MMP-9. Administration of black tea polyphenols also reduced the incidence of DAB-
induced hepatomas as demonstrated by the markers of invasion viz. MMP-2, MMP-9, tissue
inhibitor of matrix metalloproteinase, TIMP-2, and RECK; angiogenesis viz. hypoxia-
inducible factor (HIF)-1alpha, VEGF, and its receptor, VEGFR-1, and the expression of
histone deacetylase (HDAC)-1 [13].

In addition to the inhibitory effects of tea polyphenols on migration, invasion, and metastasis
of cancer cells it also modulates the expression of adhesion molecules. EGCG inhibited
melanoma cell migration and spreading by inhibiting tyrosine phosphorylation of FAK and
MMP-9 activity. EGCG can prevent the metastatic spread of breast, colon and
hypopharyngeal carcinoma cells by inhibiting HGF/Met signaling [13,37,38]. Tea
polyphenols also mediate its anti-metastatic activity at nanomolar concentrations by
interacting with laminin receptors [30]. EGCG inhibited the migration/invasion of breast
carcinoma cells by suppressing the HRG-stimulated activation of ErbB2/ErbB3/Akt
pathway [39]. EGCG inhibited invasion of melanoma cells by up-regulation the expression
of E-cadherin and inhibited growth, invasion, angiogenesis, and metastasis of human
pancreatic cancer by inhibiting proliferation (Ki-67 antigen and proliferating cell nuclear
antigen (PCNA), angiogenesis (von Willebrand factor, VEGF, and CD31), metastasis
(MMP-2, MMP-7, MMP-9, and MMP-12), inducing apoptosis, and growth arrest in tumor
xenograft model [40]. Furthermore, EGCG administration reduced primary tumor growth
and lung metastasis in mice bearing B16-F3m melanomas and increased their survival [41].
EGCG binds to and inhibit phosphorylation of vimentin thereby limiting the tumor
promotion and proliferation [13]. On the contrary, EGCG enhanced the production of pro-
MMP-7 via generation of reactive oxygen species and activation of JNK1/2 and c-JUN/c-
FOS induction, as well as AP-1 transactivation, in colon cancer cells [42].

Epigenetic regulation by tea polyphenols
Until recently, it was hypothesized that mutations in genes consequent to internal or external
insult to the cell, leads to generation of structurally and functionally abnormal proteins
progressing to cancer. Because of an improved understanding of epigenetic processes, it is
now evident that gene expression can be switched “on” or “off” without abrupt changes in
the nucleotide sequences [43]. This can be achieved by modifying either the functional
moieties on the nucleotides or on histone proteins or activity of enzymes, especially DNA
methyltransferases (DNMTs), histone acetyltransferases, and/or histone deacetylases. These
changes control higher organizational genetic information and determine gene expression
changes which explain how a cell can differentiate into many different cell types and organs
by epigenetic switching. These processes are highly regulated in normal cells, but loss of
this regulation leads to genesis of disease processes including carcinogenesis.

DNA methylation is the only genetically programmed DNA modification in mammals and
perhaps the best studied epigenetic mechanism. This post-replication modification is almost
exclusively found on the 5’ position of the pyrimidine ring of cytosine in the context of the
dinucleotide sequence CpG [43]. 5-methylcytosine accounts for 1% of all bases, varying
slightly in different tissue types; and the majority (75%) of CpG dinucleotides are
methylated in mammalian genomes. The composition of the genome is reflected in and
dictates the epigenetic machinery to establish particular local and global epigenetic patterns
using CpG spacing, sequence motifs, and DNA structure [44]. A global hypomethylation of
the genome is also observed in cancers [45]. This decreased methylation may initiate
oncogenesis by causing chromosome instabilities and transcriptional activation of oncogenes
and genes involved in metastasis [46]. A region and gene specific increase in methylation of
multiple CpG islands is observed along with global genomic hypomethylation in malignant
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cells [43,47]. In contrast, hypermethylation of CpG islands in the promoter region of a tumor
suppressor or otherwise cancer-related gene is often associated with transcriptional gene
silencing. A number of genes involved in DNA repair, cell cycle regulation, apoptosis, and
other physiologic processes are modulated by hypermethylation of respective CpG islands
present on promoter regions. A recent study suggested that methylation of multiple genes
plays an important role in prognosis of patients with breast cancer. This study not only
described the association of methylation mediated silencing of multiple genes with the
severity of disease, but also speculated that the molecular crosstalk between genes or genetic
pathways is individually regulated [48].

Several studies indicate that DNA methylation can be reversed by intake of multiple food
components including tea polyphenols. For example, methyl deficient diets have lead to
changes in the methylation patterns consistent with alterations observed during
transformation of normal cells to neoplasms [43]. Thus, changes in these methylation
patterns by tea polyphenols may be responsible for their chemopreventive action. Together,
silencing and unsilencing of genes can occur through modification of histones, as well as by
changes in the DNA methylation [49–51]. In addition to factors that govern the overall
recruitment and release of histones (histone occupancy), there is a complex interplay of
reversible histone modifications that govern gene expression, including histone acetylation,
methylation, phosphorylation, ubiquitination and biotinylation. Modification of histone
deacetylase has also surfaced as a strategy for changing tumor behavior [49–51].

Earlier studies demonstrated that tea polyphenols bind to DNA and RNA, accumulate
through regular consumption playing a significant role in cancer prevention [13,52]. It was
reported that catechol-containing dietary polyphenol inhibited enzymatic DNA methylation
in vitro largely by increasing the formation of S-adenosyl-L-homocysteine (a potent
noncompetitive inhibitor of DNMTs) during the catechol-O-methyltransferase-mediated O-
methylation of the dietary catechol [43]. EGCG and (−)-epigallocatechin repressed
telomerase mRNA in lung, oral cavity, thyroid, and liver cancer cells might be linked to
inhibition of cell growth [32]. EGCG also demonstrated anti-neoplastic activity by
suppressing the telomerase activity of digestive cancer cells [53]. EGCG can inhibit DNMT
activity and reactivate methylation silenced genes p16INK4a, retinoic acid receptor β (RAR
β), O6-methylguanine methyltransferase (MGMT), and human mutL homologue 1 (hMLH1)
genes in human colon, esophageal, and prostate cancer cells [13]. In another study,
methylation of CDX2 and other genes involved in gastric carcinogenesis was investigated in
relation to the clinico-pathologic and selected lifestyle factors of patients with gastric cancer.
An inverse association of CDX2 methylation was observed with the intake of green tea [43].
Decreased annexin-I expression is a common event in early-stage bladder cancer
development. In part, green tea induced the expression of mRNA and protein levels of
annexin-I through demethylation of its promoter and actin remodeling [54]. EGCG, an
efficient inhibitor of human dihydrofolate reductase, altered the p16 methylation pattern
from methylated to unmethylated after folic acid deprivation resulting in growth inhibition
of human colon carcinoma cells. This same study demonstrated that through disruption of
purine metabolism, EGCG caused adenosine release from the cells modulating different
signaling pathways via binding to adenosine-specific receptors [43]. Treatment of oral
cancer cells with EGCG partially reversed the hypermethylation status of the RECK gene
significantly enhanced RECK mRNA expression. In another study, tissue factor pathway
inhibitor-2 (TFPI-2), a member of the Kunitz-type serine proteinase inhibitor family, is
inversely related to an increasing degree of malignancy. EGCG inhibited growth and
induced apoptosis in renal cell carcinoma through TFPI-2 mRNA and protein
overexpression [13]. Epigenetic silencing of glutathione-S-transferase pi (GSTP1) by
hypermethylation is recognized as being a molecular hallmark of human prostate cancer.
Recently our laboratory reported that exposure of LNCaP cells to GTP at physiologically
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attainable concentrations caused demethylation in the proximal GSTP1 promoter and
regions distal to the transcription factor binding sites. GTP exposure caused a concentration-
and time- dependent re-expression of GSTP1 and DNMT1 inhibition. GTP exposure also
increased mRNA and protein levels of MBD1, MBD4 and MeCP2; HDAC 1–3 whereas
levels of acetylated histone H3 (LysH9/18) and H4 decreased. In addition, GTP reduced
MBD2 association with accessible Sp1 binding sites causing increased binding and
transcriptional activation of the GSTP1 gene. Importantly, GTP treatment did not result in
global hypomethylation and promoted maintenance of genomic integrity. Unlike 5-
aza-2'deoxycitidine treatment, GTP exposure did not activate prometastatic gene S100P.
This study demonstrates the dual potential of tea polyphenols at physiologically attainable
non-toxic doses to alter DNA methylation and chromatin modeling, the two global
epigenetic mechanisms of gene regulation. Another report demonstrated a significant
reduction in the number of newly formed tumors in Apc (Min/+) mice treated with
azoxymethane-treatment and supplementation with a solution of green tea caused
downregulation RXR alpha. These results correlated with decreased CpG methylation in the
promoter region of the RXR alpha gene [43].

Recent reports demonstrated that treatment of breast cancer and promyelocytic leukemia
cells with EGCG resulted in a decrease in E2F-1 binding sites, hTERT promoter
methylation and ablation of histone H3Lys9 acetylation causing an increase in binding of
E2F-1 repressor at the hTERT promoter resulting in cell death. The Polycomb Group (PcG)
proteins are epigenetic repressors of gene expression and their repression is achieved via
action of two multi-protein PcG complexes-PRC2 (eed) and PRC1 (Bmi-1). These
complexes increase histone methylation and reduce acetylation that leads to a closed
chromatin conformation. Bmi-1 is over-expressed in breast, prostate, colon, pancreatic and
non-small cell lung cancers. EGCG treatment caused suppression of two key PcG protein,
Bmi-1 and Ezh2 and lead to global reduction in histone H3-K27-trimethylation. This caused
reduced expression of key cell cycle regulated proteins viz. cdk1, cdk2, cdk4, cyclin D1,
cyclin E, cyclin A, and cyclin B1 and increased expression of cell cycle kinase inhibitors viz.
p21/waf1 and p27/kip1. EGCG treatment resulted in induction of apoptosis through
increased expression of Bax, caspase -9, -8 and -3 and poly ADP-ribose polymerase (PARP)
cleavage along with decrease Bcl-xL expression [43].

Another important epigenetic regulation occurs via modifications of microRNA (miRNA)
expression. Not many studies are available in the literature that explored the influence of tea
polyphenols on the expression of miRNAs in human cancers. A recent study demonstrated
that EGCG treatment altered the expression of miRNAs in human hepatocellular carcinoma
HepG2 cells. Thirteen miRNAs were upregulated and 48 were downregulated. Among the
miRNAs upregulated by EGCG, some target genes included RAS, Bcl2, E2F, TGFBR2 and
c-Kit. Among those miRNAs downregulated by EGCG include the target genes comprised
of HOX family proteins, including PTEN, SMAD, MCL1, SLC16A1, TTK, PRPS1,
ZNF513, and SNX19 with diversified functions. Treatment with EGCG down-regulated
Bcl-2, an anti apoptotic protein, and transfection with anti-miR-16 inhibitor suppressed
miR-16 expression and counteracted the EGCG effects on Bcl-2 down-regulation and
induced apoptosis in these cells [43]. These results suggest that EGCG may exert its biologic
functions through modulation of miRNA expression.

In another study of 42 non-smoking healthy individuals supplementation of green tea
polyphenols significantly increased both the activity and the levels of glutathione S-
transferase Pi (GSTP1), a phase 2 enzyme, in individuals with low baseline enzyme activity/
level suggesting tea polyphenol intervention may enhance the detoxification of carcinogens
in individuals with low baseline detoxification capacity [13]. Though such studies are
limited, the results are encouraging and might be indicative of epigenetic modification
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imparted by regular consumption of tea to decrease the risk of certain cancers. However,
well planned and controlled studies are needed.

POTENTIAL LIMITATIONS
The concentrations of tea polyphenols used for in vitro studies range from 20µM to100µM
or even higher. These levels cannot be achieved in vivo, especially inside or surrounding
cancer cells. Therefore, it may be unwise to extrapolate the results of in vitro studies to in
vivo situations. The levels which can be achieved in blood after 2 to 3 cups of tea range from
0.1µM to 0.6µM and even after 7 to 9 cups, it is less than 1µM. Furthermore, the
concentrations of catechins in the tissue depend on the duration of tea intake. This might be
the reason that the results from clinical trials have not been encouraging. Tea polyphenols
are partially absorbed as demonstrated through a study that 0.012% of EGCG was absorbed
after 30 minutes of an oral dose of 56 mg in rats and 0.32% after 60 min of an oral dose 97
mg in human [55]. This low absorption of polyphenols is probably because of increased
breakdown in the intestines at high pH as tea catechins have been shown to be more stable at
low pH [56]. Tea polyphenols have a half-life of less than 2 hrs which can be extended
multiple folds by addition of superoxide dismutase or catalase. Tea polyphenols are
considered natural antioxidants but have been shown to oxidize to form prooxidant species
depending on the physiologic conditions. The extent of this conversion depends on the
partial pressure of oxygen in in vivo and in vitro conditions. Hence, elucidation of in vitro
results to in vivo situations needs further investigation, especially in light of reports
describing that under physiologic conditions, biotransformation reactions, such as
methylation, can modify green tea polyphenols and therefore limit their in vivo cancer-
preventive activity [57].

To overcome these potential problems, derivatives of tea polyphenols have been developed
to increase their bioavailability and potency. Peracetate protection groups on the reactive
hydroxyls of (−)-EGCG are 6 times more stable than natural (−) EGCG under slightly
alkaline conditions. Hydroxylated EGCG increased proteasome-inhibitory activity in intact
leukemic cells more than natural (−)-EGCG, but not in bioassays indicating an intercellular
conversion [56]. Ester bond-containing tea polyphenols potently and selectively inhibit the
proteasomal chymotrypsin-like but not trypsin-like activity in vitro and in vivo [7]. A
trimethoxy derivative of epicatechin-3-gallate showed high anti-proliferative and
proapoptotic activity against melanoma in a mouse melanoma model by stably and strongly
inhibiting dihydrofolate reductase after conversion to a stable quinone methide product by
specific melanocyte enzyme tyrosinase [58]. Reports suggest that non-gallated flavon-3-ols
in green and black teas have higher bioavailability compared with gallated flavan-3-ols [59].
Numerous reports confirmed that a mixture of catechins is more effective in anti-
carcinogenic and chemotherapeutic potential compared with EGCG alone indicating that
other catechins in tea also have a significant role in anticancer activities either by modifying
the effectiveness of EGCG or through complementary activities [60 and references therein].
Therefore, further experiments are needed to address the most effective composition of
various catechins or their derivative to design effective formulations.

Tachibanam and co-workers determined an effective concentration of EGCG to inhibit the
biologic activity of many proteins by competitive or noncompetitive mechanisms.
Interestingly, these effective concentrations ranged from 0.003µM to 10mM [30]. To
achieve higher concentrations of polyphenols in the tissues either higher intake of tea
polyphenols or derivatives of tea polyphenols with increased stability and bioavailability
may be required. However, the increased bioavailability and effectiveness of tea
polyphenols derivatives and increased concentrations of natural tea polyphenols are difficult
to achieve and may be toxic to normal cells. Therefore, development of synthetic derivatives
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is needed or new technologies to achieve higher concentrations of tea polyphenols in the
systemic circulation and target tissue is required. One such effort using encapsulated green
tea polyphenol epigallocatechin-3-gallate (EGCG) in polylactic acid-polyethylene glycol
nanoparticles showed that encapsulated EGCG retains its biologic effectiveness with a more
than 10-fold dose advantage for exerting its proapoptotic and angiogenesis inhibitory effects
[61].

SYNERGISM WITH TEA POLYPHENOLS
Many studies have shown that tea polyphenols reversed the cancer multi-drug resistance and
may reduce their effective doses and prevent side effects [62]. A study demonstrated that
EGCG enhanced chemoresistance to both doxorubicin and paclitaxel by increasing Nrf2 and
detoxification enzyme levels in breast cancer cell lines and this effect was more prominent
in cell lines with very low basal Nrf2 levels [63]. Tea polyphenols have been shown to
modulate the activity of various xenobiotic metabolic enzymes. Decreased activity of
CYP3A4, 2A6, 2C19, and 2E1 and increased activity of the CYP1A2 and 2B isoforms in
humans and rodents were observed after infusion with tea polyphenols [64–66]. A study
demonstrated EGCG-mediated apoptosis in multiple myeloma cells was potentiated by
bortezomib [67]. However, in another study green tea polyphenols blocked the anticancer
activity of bortezomib and boronic acid in multiple myeloma and glioblastoma cell lines
[68]. Therefore, the use of tea polyphenols in synergistic studies requires further scrutiny in
view of these recent reports. In addition, tea polyphenols upregulate phase II enzymes in
neoplastic cells affecting xenobiotic metabolism which can alter the efficacy and toxicity of
cancer chemotherapeutic agents. Further studies are required with tea polyphenols
complemented with radio or chemotherapy to reduce the dose and increase its efficacy.

CONCLUSIONS AND FUTURE DIRECTIONS
Green tea polyphenols have shown potential to decrease the risk of various human diseases
including cancer by targeting various signaling pathways. Therefore, tea polyphenols remain
an excellent candidate for chemoprevention and further research is warranted to understand
the involvement of particular mechanisms and/or pathways. A schematic representation of
targets and pathways modulated by green tea polyphenols is shown in Fig. (1). A better
understanding of the mechanisms of epigenetic changes with tea polyphenols is required for
the precise use in chemoprevention regimens. Recent reports on the additive or synergistic
effects of tea polyphenols to increase the efficacy of chemo- or radiation therapy is a
promising area of research and emphasis on more well-designed and well-planned studies is
needed. This approach has the potential to enhance the efficacy of conventional therapies by
adjustment of dose and time periods needed to achieve optimum results. In addition,
development of new derivatives of tea polyphenols with improved bioavailability and
efficacy are required. Studies to develop techniques like nanotechnology should be
encouraged which could lead to sustained and precise delivery of polyphenols to the target
site(s), thereby achieving improved efficacy and effective treatments to improve patient
outcomes as an ultimate goal.
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Figure 1. Pathways affected by tea polyphenols
Numerous pathways are deregulated in cancer cells that include i) evasion of apoptosis by
activating survival or inhibiting proapoptotic factors, ii) achieve self-sufficiency by
modulating oncogenes, iii) attain insensitivity to antigrowth signals by modulating tumor
suppressors, iv) gaining replicative potentials by modulating telomerase activity, v) invasion
of neighboring tissues through increase activity of metastatic and invasion molecules, and
vi) enhancing angiogenesis for supply of nutrients, growth factors and oxygen consumption.
Tea polyphenols have shown to affect epigenetic and various signaling pathways. →
demonstrates activation, – demonstrates regulation, ⊥ demonstrates inhibition.
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