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Abstract
Tea ranks second only to water as a major component of fluid intake worldwide and has been
considered a health-promoting beverage since ancient times. For the past two decades, we and
others have been investigating the potential cancer preventive and therapeutic effects of green tea
and its polyphenolic mixture termed GTP. It has become clear that much of these effects of GTP
are mediated by its most abundant catechin, epigallocatechin gallate (EGCG). Large amount of
encouraging data from in vitro and animal models have emerged making clear that green tea is a
nature's gift molecule endowed with anticancer effects. Epidemiological and geographical
observations suggest that these laboratory data may be applicable to human population. Clinical
trials of GTP, especially in prostate cancer patients have yielded encouraging results. This article
briefly reviews properties of GTP, especially EGCG with reference to multitargeted therapy of
cancer.
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1. Introduction
The history of tea began over 5,000 years ago in ancient China. Currently, tea is the most
popular beverage consumed by two-thirds of the world's population. Green tea, black tea,
and Oolong tea are all derived from the leaves of Camellia sinensis plant and contain an
assortment of compounds, the most significant components of which are catechins or
polyphenols. To produce green tea, freshly harvested leaves are steamed to prevent
fermentation, yielding a dry, stable product. To produce black tea, the fresh leaves are
allowed to wither, and then rolled and crushed, initiating fermentation of polyphenols.
Oolong tea is produced by a partial oxidation of the leaf, intermediate between the process
for green and black tea. Among all teas consumed in the world, green tea is best studied for
its health benefits, including chemopreventive and cancer treatment efficacy. It is
noteworthy that tea polyphenols are considered to contribute to the prevention of various
other degenerative diseases like cardiovascular diseases, arthritis and diabetes. Tea

© 2008 Elsevier Ireland Ltd. All rights reserved
*Author for correspondence: Hasan Mukhtar, Ph.D. Helfaer Professor of Cancer Research, Director and Vice Chair for Research,
Department of Dermatology, University of Wisconsin-Madison, Medical Sciences Center, B-25, 1300 University Avenue, Madison,
WI 53706. Phone: 608-263-3927, Fax: 608-263-5223 hmukhtar@wisc.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Cancer Lett. Author manuscript; available in PMC 2010 December 2.

Published in final edited form as:
Cancer Lett. 2008 October 8; 269(2): 269–280. doi:10.1016/j.canlet.2008.04.014.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



polyphenols, known as catechins, account for 30–42% of the dry weight of the solids in
brewed green tea. [1]. Catechins contain a benzopyran skeleton with a phenyl group
substituted at the 2-position and a hydroxyl (or ester) function at the 3-position. Variations
to the catechin structure include the stereochemistry of the 2,3-substituents and the number
of hydroxyl groups in the B- and D-ring. Belonging to the flavan-3-ol class of flavonoids,
major catechins found in tea leaves are (−)-epigallocatechin-3-gallate (EGCG), (−)-
epigallocatechin (EGC), (−)-epicatechin-3-gallate (ECG) and (−)-epicatechin (EC) and their
structures are shown in Fig. 1. Catechin, gallocatechin, epigallocatechin digallates,
epicatechin digallate, 3-O-methyl EC and EGC, catechin gallate, and gallocatechin gallate
are present in smaller quantities. Flavonols, including quercetin, kaempferol, myricitin and
their glycosides are also present in tea. A typical tea beverage, prepared in a proportion of 1
g leaf to100 ml water in a 3-min brew, usually contains 250–350 mg tea solids, comprised of
30–42% catechins and 3–6% caffeine [2].

In our initial work, we prepared a polyphenolic mixture from green tea leaves and termed it
green tea polyphenols (GTP) [3]. Since that time, GTP and especially the most abundant
catechin present therein, epigallocatechin gallate (EGCG) has been the subjects of intense
research. In recent years, the number of studies investigating the roles of green tea and
EGCG has risen dramatically. Laboratory research during the last decade has characterized
the cancer-preventive and treatment properties and bioavailability of tea constituents. EGCG
makes up about 10–50% of the total catechin content and appears to be the most powerful of
all the catechins with an antioxidant activity about 25–100 times more potent than that of
vitamins C and E. EGCG has both antimatrix metalloproteinase and antiangiogenesis
activities [4]. The aim of this article is to review the existing scientific evidence for the
biotransformation and bioavailability of GTP, especially EGCG and effects on pathways of
signal transduction and clinical trials.

2. Biotransformation and bioavailability
The major metabolic pathways for tea catechins include glucuronidation, sulfation, and
methylation. There are species and tissue-specific differences in EGCG and EGC
glucuronidation, with humans and mice being more similar than humans and rats.
Methylated catechins have been observed in the rat including 3′ and 4′-O-methyl EC, 4′-O-
methyl EGC, and 4″-O-methyl EGC and EGCG. The major metabolite detected in the bile
of the rat following oral EGCG administration was 4′, 4″di-O-methyl-EGCG [5].

The greatest catalytic efficiency for glucuronidation is in mouse intestinal microsomes
followed in decreasing order by mouse liver, human liver, rat liver and rat small intestine.
EC undergoes sulfation catalyzed by human and rat intestinal and liver cytosol with the
human liver being the most efficient [6]. EGC is detected mainly as the glucuronidated form
or sulfated form with only a small amount present as the free form in humans [7]. Tea
catechins undergo metabolism in the gut to form the ring fission products 5-(3′,4′,5′-
trihydroxyphenyl)-γ-valerolactone (M4), 5-(3′,4′-dihydroxyphenyl)-γ-valerolactone (M6)
and 5-(3′,5′-dihydroxyphenyl)-γ-valerolactone (M6′) [8]. These metabolic intermediates are
further broken down by gut flora to phenylacetic and phenylpropionoic acids. M6 was
previously shown to form during anaerobic incubation of ECG and EC with human
intestinal bacteria [9].

In rats, detailed pharmacokinetic and biotransformation studies of the tea catechins have
been conducted [10]. The plasma levels of EGCG, EGC and EC following intragastric
administration of decaffeinated green tea to rats were fit to a two-compartment model with
elimination half-lives of 165, 66 and 67 min, respectively. The absolute bioavailability of
EGCG, EGC and EC after intragastric administration of decaffeinated green tea is 0.1, 14
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and 31%, respectively. After oral administration of 100 mg of EGCG, in studies with bile
duct-cannulated rats, 3.28% of the dose is recovered in the bile as EGCG (2.65%), 4”-O-
methyl-EGCG (0.25%), 3”-O-methyl-EGCG (0.11%), 4'-O-methyl-EGCG (0.11%), 3'-O-
methyl-EGCG (0.10%) and 4',4”-di-O-methyl-EGCG (0.06%) [11]. It has been shown that
treatment of rats with a green tea polyphenol (GTP) preparation in the drinking fluid result
in increasing plasma levels over a 14-d period with levels of EGC and EC being higher than
those of EGCG. Plasma levels then decrease over the subsequent 14 days suggesting an
adaptive effect. The levels of EGCG were found to be highest in the rat esophagus, intestine
and colon, which have direct contact with tea catechins, whereas EGCG levels are lower in
the bladder, kidney, colon, lung and prostate. The EGCG levels in the plasma, lung and liver
are much higher than in rats when the same polyphenol preparation is given to mice. These
levels appear to peak on day 4 and then decrease to <20% of the peak values on days 8–10
[12].

The oral administration of 20 mg green tea solids/kg body weight results in Cmax in the
plasma for EGC, EC and EGCG of 223, 124 and 77.9 μg/L, respectively. Tmax was found to
range from 1.3 to 1.6 h with t1/2β of 3.4, 1.7 and 2 h for EGCG, EGC and EC, respectively.
Plasma EC and EGC are present mainly in the conjugated form whereas 77% of the EGCG
was in the free form. The plasma EC is largely in the sulfated form with less glucuronide.
EGC but not EC is also methylated (4'-O-methyl-EGC) in humans. EGCG has also been
shown to undergo methylation. The maximum plasma concentration of 4',4”-di-O-methyl-
EGCG is 20% that of EGCG but the cumulative excretion of 4',4”-di-O-methyl-EGCG is
10-fold higher than that of EGCG over 24 h [10].

3. Green tea polyphenols and cancer
Various studies have demonstrated that GTP, especially EGCG can inhibit carcinogenesis
and also the growth of established cancers at various organ sites. For a detailed discussion,
readers are advised to refer our recently published reviews [2,4].

4. Green tea polyphenols and effects on signal transduction pathways
GTP has been known to modify the activities of various receptor tyrosine kinases and
particular pathways of signal transduction, thereby altering the expression of genes involved
in cell proliferation, angiogenesis, and apoptosis. Here, we discuss the effects of GTP on
signal transduction pathways that are related to cancer chemoprevention. Fig. 2 shows the
effect of EGCG on various pathways of signal transduction.

4.1. Inhibition of mitogen activated protein (MAP) kinases and activator protein-1 (AP-1)
MAPK has received increasing attention as a target molecule for cancer prevention and
therapy. Activation of the MAPK pathways may cause the induction of phase II detoxifying
enzymes, and its inhibition may inhibit AP-1-mediated gene expression. Once activated,
MAPKs (ERK, JNK, and p38) can activate a variety of transcription factors, including ELK
and c-Jun, a component of AP-1, thus leading to changes in the expression of genes that play
critical roles in cell proliferation, migration and apoptosis. It has been shown that treatment
of H2O2 resulted in phosphorylation of extracellular signal-regulated kinases 1 and 2
(ERK1/2), JNK, and p38 in human epidermal keratinocytes. H2O2-induced phosphorylation
of ERK1/2, JNK, and p38 was found to be significantly inhibited when these cells were
pretreated with EGCG. These findings demonstrate that EGCG has the potential to inhibit
oxidative stress-mediated phosphorylation of MAPK signaling pathways [13]. EGCG
inhibited the phosphorylation of ERK1/2, and suppressed p38 MAPK activity in human
fibrosarcoma HT1080 cells [14]. In breast cancer cell line T47D, catechin containing
approximately 53% of EGCG has been shown to phosphorylate JNK and p38. The
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phosphorylated JNK and p38 inhibited the phosphorylation of cdc2, and regulated the
expression of cyclin A, cyclin B1 and cdk proteins, thereby causing G2 arrest [15]. It has
been shown recently that EGCG rapidly and substantially hampered UV-B irradiation-
induced activation of ASK-1 and phosphorylation of ERK1/2, JNK and p38 in dermal
fibroblasts. These results demonstrate that EGCG has abilities to hamper UV-B-induced
collagenolytic MMP production via interfering with the MAPK-responsive pathways [16].
We have shown that topically application of GTP decreased UVB-induced phosphorylation
of ERK1/2 and JNK and p38 proteins in SKH-1 mice [17]. In SKH-1 mice, it has also been
reported that GTP when applied in topical hydrophilic ointment or through drinking water,
prevented UVB-induced depletion of antioxidant enzymes in skin. GTP treatment also
decreased UVB-induced phosphorylation of ERK1/2, JNK and p38 proteins [18]. In normal
human epidermal keratinocytes (NHEK), low concentrations of EGCG increased cell
proliferation and inhibited UV-induced apoptosis, possibly through activating ERK and Akt
pathways and changing the Bax/Bcl-2 balance [19].

AP-1 is a dimeric complex that comprises members of the Jun and Fos families. Binding of
the AP-1 complex to the TRE sequence present in the promoter region of several genes is
induced by growth factors, cytokines and oncoproteins, which play roles in cell
proliferation, survival, differentiation and transformation. Indeed, the functional activation
of AP-1 is associated with both tumor promotion and malignant transformation [20]. EGCG
has been shown to exert anti-invasive effect in gastric cancer by controlling MMP
expression through the suppression of MAPK and AP-1 activation [21]. EGCG inhibited
TPA or epidermal growth factor (EGF)-induced transformation of mouse epidermal cell line
JB6, and the activity was closely related to the inhibition of activation of the transcription
factor AP-1 [22]. Tea polyphenols, EGCG and theaflavins, have been shown to effectively
block arsenite-induced apoptosis of JB6 cells and inhibited arsenite-induced AP-1
transcription activity and AP-1 DNA binding activity. EGCG and theaflavins also potently
inhibited arsenite-induced ERK1/2 activity, but not p38 kinase activity [23].

4.2. Inhibition of Nuclear factor-κB (NF-κB) signaling pathway
NF-κB is a sequence specific inflammatory and innate immune responses. It is sequestered
in the cytoplasm in an inactive form through interaction with IκB. Phosphorylation of IβB
by IβB kinase (IKK) causes ubiquitination and degradation of IβB, thus releasing NF-βB
which then translocates to the nucleus, where it binds to specific κB binding sites in the
promoter regions of several genes. The MAPKKK protein MEKK1, which plays a role in
the JNK-mediated signaling pathway, also activates NF-κB via activation of IKKβ.
Dysregulation of the NF-κB pathway plays an important role in the development of various
types of cancer [24,25]. EGCG inhibited TPA-induced DNA binding of NF-κB and CREB
in mouse skin in vivo. EGCG also suppressed TPA-induced phosphorylation and subsequent
degradation of IκBα, and prevented nuclear translocation of p65 [26]. EGCG has been
reported to exert an anti-inflammatory effect in endothelial cells by controlling monocyte
chemotactic protein-1 expression, at least in part, mediated through the suppression of p38
and NF-κB activation [27]. EGCG has been shown to be helpful in regulating mast-cell-
mediated allergic inflammatory response by inhibiting the production of TNF-α, IL-6 and
IL-8 through the inhibition of the intracellular Ca(2+) level, ERK1/2 and NF-κB activation
[28]. EGCG markedly inhibited IL-1β-mediated IL-1β-receptor-associated kinase (IRAK)
degradation and the signaling events downstream from IRAK degradation such as IKK
activation, IκBα degradation, and NF-κB activation. In addition, EGCG inhibited
phosphorylation of the p65 subunit of NF-κB. The functional consequence of this inhibition
was evident by inhibition of IL-8 gene expression [29]. We have reported that EGCG-
induced apoptosis in human prostate carcinoma LNCaP cells by negative regulation of NF-
κB activity, thereby decreasing the expression of the proapoptotic protein Bcl-2 [30].
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We have shown that treatment of EGCG dose and time-dependently increased IκB level, and
inhibited NF-κB nuclear translocation in A431 epidermoid carcinoma cells [31]. It has also
been shown that UVB irradiation-induced NFκB activation in NHEK was associated with
increased IκB phosphorylation and degradation and EGCG was shown to block NFκB
activation and nuclear translocation [32]. Topical application of GTP to UVB-irradiated
SKH-1 hairless skin decreased phosphorylation and degradation of IκB and the subsequent
activation of NF-κB [17]. Pretreatment of NHBE cells with EGCG suppressed cigarette
smoke condensate (CSC)-induced phosphorylation of IκBα and activation and nuclear
translocation of NF-κB/p65. NHBE cells transfected with a luciferase reporter plasmid
containing an NF-κB-inducible promoter sequence showed an increased reporter activity
after CSC exposure that was specifically inhibited by EGCG pretreatment [33].

4.3. Inhibition of Epidermal growth factor receptor (EGFR)-mediated pathways
EGFR is a transmembrane glycoprotein with intrinsic tyrosine kinase activity that regulates
cell proliferation and differentiation. Four EGFR family members have been identified in
mammals, erbB1 (also termed EGFR), erbB2, erbB3, and erbB4. Six different ligands,
including epidermal growth factor (EGF) and TGF-α are also known to exist. EGFR is
expressed by many types of cells, particularly epithelial cells that commence cell cycle
progression upon binding to a ligand [34]. Thus, interactions between EGFR and its ligands
are thought to play an important role in the regeneration of injured epithelium. EGFR is also
expressed by various epithelial tumors and its high levels of expression in these cells
indicate a poor prognosis or a late stage of disease. Therefore, EGFR has become a novel
molecular target of cancer therapies. EGCG was found to inhibit EGFR autophosphorylation
in YCU-N861 and YCU-H891 head and neck carcinoma cells and MDA-MB-231 breast
carcinoma cells [35,36]. EGCG was shown to inhibit the activation of the EGFR, HER2 and
multiple downstream signaling pathways in colon cancer cell lines [37]. It has been reported
that EGCG binds to a specific metastasis associated 67-kDa laminin receptor that is
expressed on a variety of tumor cells. It was shown using a subtraction cloning strategy
involving cDNA libraries constructed from cells treated or untreated with all trans-retinoic
acid that the anticancer action of EGCG is mediated by LR and it allows EGCG to bind to
the cell surface [38]. We have reported that GTP resulted in substantial reduction in the
levels of IGF-I and significant increase in the levels of IGFBP-3 in TRAMP mice [39]. GTP
inhibited the activation of platelet-derived growth factor β (PDGF-β) receptor in A431 cells,
mouse NIH3T3 fibroblast cells, and A172 human glioblastoma [40]. It has been shown
using in vitro kinase assays that EGCG potently inhibited the kinase activity of EGFR,
PDGFR, and fibroblast growth factor-R. In A431 human epidermoid carcinoma cells,
pretreatment with EGCG completely abolished ligand-induced autophosphorylation.
Binding studies with 132I-EGF showed that pretreatment with EGCG dose-dependently
inhibited binding of EGFR [41]. Recently, it has been shown that EGCG inhibits the binding
of EGF to the EGFR and the subsequent dimerization and activation of the EGFR by
altering membrane organization [42]. EGCG has also been reported to suppress gene
expression of EGFR in rat activated hepatic stellate cells in vitro mediated by reducing the
trans-activation activity of Egr-1 [43]. EGCG has been shown to suppress the
phosphorylation of EGFR in esophageal squamous cell carcinoma KYSE 150 cells and
epidermoid squamous cell carcinoma A431 cells [44]. EGCG inhibited EGF-dependent
activation of EGFR, and EGFR-dependent activation of ERK1/2 and AKT activity in
cervical cells [45]. EGCG has also been found to inhibit activation of the HER-2 receptor in
human head and neck squamous cell carcinoma and breast carcinoma cell lines that display
constitutive activation of HER-2. This was associated with inhibition of Stat-3 activation,
inhibition of c-fos and cyclin D1 promoter activity, and decreased cellular levels of the
cyclin D1 and Bcl-xL proteins [46].
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4.4. Inhibition of Insulin-like growth factor (IGF)-I mediated signal transduction pathway
The IGF pathway comprises a complex system of molecules involved in regulation of a
diverse array of normal and pathological biological functions. The IGF is a complex system
of peptide hormones, cell surface receptors and circulating binding proteins. IGF-1 and -2
are mitogens that play a role in regulating cell proliferation, differentiation and apoptosis.
Their effects are mediated through the IGF-R1 which initiates signaling cascades that result
in regulation of a number of biological responses. IGF-R2, together with IGF-BPs is
involved in binding, internalization and degradation of IGF-2. The overexpression of IGF-1
receptor (IGF-1R) has been linked to neoplastic development and has a role in regulating
proliferation and differentiation. A final important determinant of IGF activity is through a
family of at least six distinct IGF-binding proteins (IGFBP) that modulate bioavailability of
IGFs in the circulation. Low circulating levels of IGFBPs favor an increased IGF mitogenic
activity. IGF could be an appropriate target for cancer chemoprevention as increasing levels
of IGF-I are associated with an increased risk of cancer [47]. We have shown that GTP
resulted in substantial reduction in the levels of IGF-I and significant increase in the levels
of IGFBP-3 in TRAMP mice [39]. EGCG has been reported to abrogate anchorage-
independent growth induced by IGF-IR overexpression and also prevented human breast and
cervical cancer cell phenotype expression through inhibition of IGF-IR downstream
signaling [48]. We have also shown recently that combination treatment with GTP and
celecoxib resulted in enhanced tumor growth inhibition by lowering of IGF-1 levels and
increase in circulating levels of serum IGFBP-3 compared with results of single-agent
treatment [49]. EGCG also caused inhibition of activation of IGF-1R, a decrease in the
IGF-1 and an increase in the IGFBP-3 proteins. EGCG also caused a decrease in the levels
of mRNAs that encode MMPs-7 and -9, proteins that proteolyze IGFBP-3 and a transient
increase in the expression of TGF-β2, an inducer of IGFBP-3 expression in the HT29 human
colon cancer cells [50]. We have earlier shown that 0.1% GTP (wt/vol) provided as the sole
source of drinking fluid to TRAMP mice from 8 to 32 weeks of age resulted in significant
inhibition in serum IGF-1 and restoration of IGFBP-3 levels in the prostate compared with
water-fed TRAMP mice [51].

4.5. Inhibition of proteasome activities
The proteasome is a multicatalytic enzyme found in all eukaryotic cells and is now
recognized as a novel and promising target for chemotherapy. Over the past decade, the
proteasome has become increasingly appreciated as an important component of a complex
pathway that targets and destroys intracellular proteins. Numerous substrates of the
proteasome have been identified including cyclins, cyclin-dependent kinase inhibitors, p53,
Bcl-2, and IκB among others. These proteins have various functions like regulation of the
cell cycle, protection from apoptosis, and transcriptional regulation. The proteasome
regulates cell growth, survival, and metastasis of cancer cells makes it an attractive target for
new treatments [52]. It has been reported that EGCG and ECG, but not EGC and EC,
potently inhibited the chymotryptic activity of the 20s proteasome both in cell-free systems
and in tumor cell lines at the concentrations found in the serum of green tea drinkers. This
inhibition of the proteasome by EGCG in several tumor and transformed cell lines results in
the accumulation of two natural proteasome substrates, p27(Kip1) and IκBα, followed by
growth arrest in the G(1) phase of the cell cycle [53]. EGCG analogs with acetyl protected -
OH groups were reported to be much more potent than natural EGCG in inhibiting the
proteasome in cultured tumor cells. Consistently, these protected analogs showed much
higher potency than EGCG to inhibit proliferation and transforming activity and to induce
apoptosis in human leukemic, prostate, breast, and simian virus 40-transformed cells [54].

Khan and Mukhtar Page 6

Cancer Lett. Author manuscript; available in PMC 2010 December 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



4.6. Inhibition of Matrix metalloproteinases (MMPs)
The matrix metalloproteinase (MMP) family consists of more than 25 structurally related,
zinc-dependent, endopeptidases that are capable of degrading various components of the
extracellular matrix (ECM). They occupy a pivotal role in the ECM remodelling that
accompanies several physiologic processes and pathological conditions including
inflammatory, vascular, autoimmune disorders and carcinogenesis. Tumor invasion and
metastasis is a multistep process that involves proteolytic degradation of the ECM, alteration
of the cell-cell and cell-ECM interactions, and migration of the cancer cell through the
basement membrane. Several in vivo and in vitro studies have demonstrated the important
role of MMPs in these processes. MMPs promote angiogenesis, stimulate tumor growth,
regulate innate immunity and exhibit antiapoptotic properties. Overexpression of MMPs in
animal models induces cellular hyperproliferation and increases the susceptibility to
tumorigenesis after exposure to chemical carcinogens or activation of oncogenes. Although
some of these activities can be attributed to the matrix-degrading abilities of the MMPs, the
majority of these biologic effects are mediated primarily by the proteolytic activity of MMPs
on several non-matrix substrates such as chemokines, adhesion molecules, growth factors,
growth factor receptors, proapoptotic and antiapoptotic molecules [55]. EGCG reduced the
expression of MMP-2 mRNA and protein in rat hepatic stellate cells and concanavalin A-
induced activation of secreted MMP-2 and reduced membrane-type 1-MMP activity in a
dose-dependent manner [56].

EGCG was also found to inhibit G(1) to S-phase cell cycle progression and MMP-9
expression through the transcription factors NF-κB and AP-1 in TNF-α induced vascular
smooth muscle cells [57]. EGCG, ECG, theaflavin and TFdiG inhibit collagenase activity in
vitro [58]. EGCG also inhibited the invasion of Lewis lung cancer cells through a Matrigel
basement membrane in vitro. EGCG has been shown to inhibit the activity of secreted
MMP-2 and MMP9 [59]. We have earlier shown that orally administered GTP (0.1% in
drinking water) caused marked inhibition of MMP-2 and MMP-9 in the prostate in TRAMP
mice [38]. EGCG has also been reported to inhibit the invasion and migration of human oral
cancer cells and that the effects may partially because of the decreased productions of
MMP-2, MMP-9, and uPA [60].

4.7. Inhibition of urokinase-plasminogen activator (uPA)
uPA is primarily associated with the degradation and regeneration of the basement
membrane and extracellular matrix that leads to metastasis. It also aids in anti-thrombolytic
activities to remove blood clots and helps stimulate angiogenesis in tumor cells. It also
catalyzes the activation of plasminogen into plasmin by cleaving the arginine-valine bond.
In turn, plasmin facilitates the release of several proteolytic enzymes, including gelatinase,
fibronectin, fibrin, laminin and latent forms of collagenases and stromelysins [61]. It has
been reported that EGCG inhibited the activity of uPA. With the use of molecular modeling,
it was shown that EGCG binds to urokinase, blocking His 57 and Ser 195 of the urokinase
catalytic triad and extending toward Arg 35 from a positively charged loop of urokinase
[62].

EGCG was found to decrease the expressions of MMP-2, MMP-9 and uPA in a
concentration-dependent manner in human oral cancer cell line [60]. GTP inhibited
constitutively active transcription factors AP-1 and NF-κB, which further suppressed
secretion of uPA from breast cancer cells [63]. We have reported that GTP infusion to
TRAMP mice resulted in marked inhibition of uPA in the dorso-lateral prostate [39].
Recently, we have shown that EGCG sensitizes TRAIL-resistant LNCaP cells to TRAIL-
mediated apoptosis in part, through inhibition in the protein expression of VEGF, uPA and
angiopoietin 1 and 2 in prostate cancer cells [64].
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4.8. Induction of apoptosis and cell cycle arrest
We have shown for the very first time that EGCG induces apoptosis and cell cycle arrest in
many cancer cells without affecting normal cells [65]. This observation has been verified by
many subsequent studies in several cell types including lung, colon, pancreas, skin and
prostate [66]. We have reported that in EGCG-treated LNCaP cells, p53 protein was
stabilized, and EGCG inhibited NFκ transcription activity. The balance between pro- and
anti-apoptotic Bcl-2 family proteins favored apoptosis and LNCaP cells were arrested in the
G0/G1 phase [67]. A study with NMR spectroscopy showed the direct binding of tea
polyphenols to the BH3 pocket of anti-apoptotic Bcl-2 family proteins, suggesting a
mechanism for EGCG to inhibit the anti-apoptotic function of Bcl-2 proteins. The BH3
domain was recognized as one of the binding sites of tea polyphenols [68]. In SKH-1 mice,
an increase in the number of apoptotic epidermal cells was observed when green tea was
administered in drinking fluid prior to UVB exposure [69]. Topical application of EGCG to
the skin of SKH-1 mice also caused increase in the number of caspase-3 positive apoptotic
tumor cells which were induced by prior irradiation with UVB [70]. In the A/J mouse
model, green tea in drinking fluid increased the apoptosis index in lung adenoma in
chemically induced lung tumors [71]. EGCG induced expression of p21 and p27, inhibited
the activity of CDK2 and CDK4 and caused Rb hypophosphorylation. In prostate cancer
cells, EGCG increased the expression of p16, p18, p21, and p53, which are associated with
negative regulation of cell cycle progression [72,73]. It has also been shown that treatment
of MCF7 breast cancer cells with EGCG resulted in G0/G1 phase cell cycle arrest [74].

5. Relevance to humans
Green tea catechins given in the form of capsules when given to men with high-grade
prostate intraepithelial neoplasia (PIN) demonstrated cancer preventive activity by inhibiting
the conversion of high grade PIN lesions to cancer. There was 3% incidence of prostate
cancer in men given green tea catechins capsules, whereas 30% incidence in placebo-treated
men after one year [75]. Evidence from a case-control study conducted in south-east China
assessing 130 patients with histologically confirmed incidental prostate cancer and 274
patients without cancer matched by age, showed that the prostate cancer risk declined with
increasing frequency, duration and quantity of green tea consumed. This reduction was
statistically significant, suggesting that green tea protects against prostate cancer [76]. In a
case control study, conducted in southeast China in 2004–2005 on 1009 female patients
aged 20–87 years with histologically confirmed breast cancer, green tea consumption was
found to be associated with a reduced risk of developed breast cancer [77]. A prospective
cohort study over 10 years in Japan showed that the daily consumption of green tea delayed
the onset of cancer in both smokers and nonsmokers [78]. In the Japan Public Health Center-
based Prospective Study, 49,920 men aged 40–69 years completed a questionnaire that
included their green tea consumption habit. Green tea was not associated with localized
prostate cancer. However, consumption was associated with a dose-dependent decrease in
the risk of advanced prostate cancer [79]. A recent meta-analysis of 13 papers on breast
cancer showed that the combined results of green tea consumption from four studies showed
a reduced risk of breast cancer for highest versus lowest intake groups [80]. It has been
reported that plasma estrone levels were significantly lower in regular green tea drinkers
than in non- or irregular green tea drinkers. Tea was found to be more protective against
breast cancers in individuals with low catechol O-methyltransferase activity alleles
compared those with high activity alleles in one study, but such an association was not
found in another [81]. A study in Shanghai demonstrated that daily consumption of the
equivalent of two or three cups of green tea reduced the risk for esophageal cancer among
non-smokers/non-drinkers of alcoholic beverages [82]. On the other hand, studies in Japan
usually suggest that ten cups of green tea is cancer-preventive [83]. In patients with
androgen independent prostate carcinoma, the antineoplastic effects of green tea have been
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reported [84]. Daily consumption of green tea in a prospective cohort study with over 8000
individuals resulted in delayed cancer onset, and a follow-up study of breast cancer patients
found that stages I and II breast cancer patients experienced a lower recurrence rate and
longer disease-free period [85]. EGCG delivered in the form of capsule (200 mg orally for
12 weeks) has been reported to be effective in the patients with human papilloma virus
(HPV) infected cervical lesions [86].

6. Conclusion and future prospects
Tea is now moving from a traditional beverage to a healthy drink, a source of
pharmacologically active molecules, an important member of the antioxidant food group,
and a functional food endowed with beneficial health properties. Nowadays, green tea is
considered one of the most promising dietary agents for the prevention and treatment of
many diseases and consequently, it is being studied extensively worldwide. The amount of
experimental evidence documenting the properties of tea and its constituents continues to
increase. Numerous studies in a variety of experimental animal models have demonstrated
that GTP possesses antioxidant, antimutagenic, antidiabetic, anti-inflammatory, antibacterial
and anticancer properties. Better understanding of the fundamental mechanism(s) of action
of the tea constituents and their bioavailability is needed to more effectively determine the
potential usefulness of tea as a cancer preventive agent. Integration of new molecular
findings into clinical practice is a major challenge of cancer prevention. Therefore,
identification of more molecular targets and biomarkers for tea polyphenols is essential for
improving the design of clinical trials and will greatly assist in better understanding of the
mechanisms underlying its anti-cancer activity. A fundamental understanding in this area is
important for the rational design of future human intervention trials and cohort studies to
elucidate the relationship between tea consumption and cancer.
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Figure 1.
Chemical structures of major green tea polyphenols.
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Figure 2.
Effect of green tea polyphenol, EGCG on the modulation of various signal transduction
pathways.
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