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Prostate cancer (PCa) is the most common malignancy found in American men and the risk factors for
PCa include age, family history, ethnicity, hormonal status, diet and lifestyle. For the successful
development of cancer-preventive/therapeutic approaches, consumption of dietary agents capable of
inhibiting or delaying the growth and proliferation of cancer cells without significantly affecting normal
cells could be an effective strategy. Polyphenols derived from green tea, termed as green tea polyphenols

’é"’ywords-' (GTP) have received great attention in recent years for their beneficial effects, in particular, their
E""Gréccer significant involvement in cancer chemoprevention and chemotherapy. Several studies have reported
Creen tea beneficial effects of GTP using in vitro and in vivo approaches and in human clinical trials. Among green

tea catechins, epigallocatechin-3-gallate (EGCG) is best studied for its cancer preventive properties. In
this review article, we present available scientific literature about the effects of GTP and EGCG on
signaling pathways in PCa.

Signaling pathways
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1. Introduction

Prostate cancer (PCa) is the most commonly diagnosed
malignancy in males in the Western countries and its incidence
is also growing in Asian countries. A total of 241,740 new cancer
cases and 28,170 deaths from PCa were projected to occur in the
United Statesin 2012 [1].Itis a major public health problem and is
related with significant emotional stress and high economic
expenses. While it is possible to treat early stage PCa, advanced
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disease is very difficult to treat and is generally lethal. The
increasing frequency and mortality associated with PCa empha-
sizes the necessity for approaches to reduce its incidence and
prevent progression to advanced metastatic cancer. The risk of
PCais high in men with a family history of the disease and among
other factors, dietary habits are attributed to this. Asian men have
much lower disease incidence and mortality associated with PCa
than men in North America and Europe. Dietary habits in Asian
men are implicated in lower incidences of PCa. Environmental
factors also play a role in the risk for PCa with increased risk in
developed countries and among persons migrated from non-
Western countries. Asians adopting Western lifestyles and eating
habits consisting of red meat and an excess of fat and cholesterol
have increased incidence of PCa and other hormone-related
cancers [2].
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PCa is an attractive target for chemopreventive intervention
because it generally grows very slowly before symptoms arise and
a diagnosis is finally established. This offers several windows of
opportunities for chemopreventive intervention. Many dietary
polyphenols are being examined as potential PCa chemopreventive
agents. Among all dietary agents advocated for PCa chemopreven-
tion, green tea polyphenols (GTP) have received much attention. It
is important to emphasize that GTP possess both cancer
chemopreventive and chemotherapeutic effects [3,4]. Green tea
is manufactured by drying fresh tea leaves of the plant Camellia
sinensis. The major chemical constituents are GTP, which make up
to 30% of the dry weight of fresh leaf [5]. The predominant
polyphenolic compounds present in GTP are (—)-epigallocatechin-
3-gallate (EGCG), (—)-epigallocatechin (EGC), (—)-epicatechin-3-
gallate (ECG) and (—)-epicatechin (EC). Their chemical structures
are presented in Fig. 1. The other constituents of green tea are gallic
acid, chlorogenic acid, caffeic acid and flavonols such as
kaempferol, myricetin and quercetin. It has been suggested that
a cup of brewed green tea (2.5g of green tea leaves/200 ml of
water) may contain up to 90 mg of EGCG [6]. A typical tea beverage,
prepared in a proportion of 1 g leaf to 100 ml water in a 3-min
brew, usually contains 250-350 mg tea solids, comprised of 30-
42% catechins and 3-6% caffeine [7]. The active ingredients of
green tea are catechins and most of the research efforts devoted to
clarifying the beneficial effects of tea are concentrated on these
compounds. Catechins are present at high concentrations,
comprising more than a quarter of all solids in tea infusions and
have been repeatedly documented to possess strong antioxidant
properties in many experimental systems. EGCG is the major
catechin in green tea and is attributed with the majority of health
benefits related with the intake of green tea. There are several in
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vitro and in vivo studies which suggest that consumption of green
tea is associated with a decreased risk of PCa [3,8,9]. In this review,
we discuss the studies of GTP on diverse signaling pathways in PCa

(Fig. 2).

2. Effect of green tea polyphenols on nuclear factor (NF)-kB
signaling pathway

Nuclear factor-kappa B (NF-kB) is a sequence specific tran-
scription factor that is activated by proinflammatory cytokines,
free radicals and DNA damage. It is over-expressed in human
prostate adenocarcinomas compared with normal prostate tissues
[10,11]. EGCG-induced inactivation of NF-kB is linked to enhance-
ment of phosphorylation-dependent degradation of IkBa, subse-
quent increase in nuclear translocation of p65 protein and
inhibition of IKK activity [12].

We have earlier reported that EGCG-induced apoptosis in
human PCa cells was mediated via stabilization of p53 by
phosphorylation on critical serine residues, p14ARF-mediated
downregulation of murine double minute 2(MDM2) protein and
negative regulation of NF-kB activity, thereby decreasing the
expression of the proapoptotic protein Bcl-2. EGCG induced
stabilization of p53 causing an upregulation of its transcriptional
activity, resulting in the activation of its downstream targets p21/
WAF1 and Bax. EGCG had a simultaneous effect on transcription
factors p53 and NF-kB, causing a change in the ratio of Bax/Bcl-2
favoring the induction of apoptosis [13]. Treatment with EGCG
caused inhibition of the activation of c-jun and NF-kB in PCa
DU145 cells [14]. We studied the role of cell survival/apoptosis
related proteins involved in NF-kB signaling pathway and its
associated events in GTP-induced chemoprevention of PCa in
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Fig. 1. Chemical structures of the predominant green tea polyphenols.
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Fig. 2. Effect of green tea polyphenols on MAPK, NF-kB and IGF signaling.

transgenic adenocarcinoma of the mouse prostate (TRAMP) model.
Mice were given 0.1% GTP as sole source of drinking fluid. There
was increased expression of NF-kB, IKKa, IKK(, RANK, NIK and
STAT-3 in dorsolateral prostate of TRAMP mice as a function of age
and tumor growth and continuous GTP treatment caused
significant decrease in the levels of these proteins. There was also
a shift in the balance between Bax and Bcl2 proteins favoring
apoptosis by GTP treatment via inhibition of NF-kB signaling [15].
Hsu et al.,, [16] have recently examined the effects of dietary soy
and tea on NF-kB activation and inflammation in vivo using male
Noble rats implanted with estradiol and testosterone, which is a
hormone-induced rat model for PCa. On treatment with a
combination of soy and green tea, there was suppression of NF-
kB/p50 binding activity and protein levels via induction of IkBa,
decreased prostate inflammatory infiltration, increased Bax/Bcl2
ratio and decreased protein expression of tumor necrosis factor
(TNF)-a, interleukin (IL)-6 and IL-1[3 as compared to control group.
Treatment with soy and green tea also decreased prostate
malignancy by decreasing prostate hyperplasia, suggesting that
combination of soy and green tea may inhibit hormone-induced
proinflammatory NF-kB signals that contribute to development of
PCa [16].

3. Effect of green tea polyphenols on mitogen activated protein
kinases (MAPK) signaling pathway

Mitogen-activated protein kinases (MAPK) comprise a group of
serine/threonine-specific, proline directed protein kinases known
to modulate signal transduction activities. They are ubiquitous and
highly evolutionarily conserved mechanisms of eukaryotic cell
regulation [17]. The six distinct MAPK signaling pathways are
named according to their terminal tier kinases: the extracellular-
signal-related kinases (ERK1/2), the c-Jun N-terminal kinases/
stress-activated protein kinases (JNK1/2/3 or SAPKs), the p38
MAPK, ERK3/4, ERK5 and ERK7/8 [18]. Signaling pathways
downstream of the membrane-associated receptor-tyrosine
kinases control cell-cycle and induction of apoptosis. In this
signaling cascade, Ras activates Raf-1, which in turn phosphor-
ylates and activates ERK1/2 (Fig. 2). The effect of EGCG and black
tea polyphenol theaflavins was evaluated on phosphatidylinositol-
3-kinase (PI3K)/protein kinase B (PKB) and MAPK pathways. It was
shown that both EGCG and theaflavins treatment decreased the
levels of PI3K and phospho-Akt and increased ERK1/2 in DU145
and LNCaP cells, suggesting that ERK1/2 could be involved in the
anti-cancer effects of EGCG and theaflavins [19]. Treatment with
EGCG led to dose-dependent inhibition of fibroblast conditioned

medium (FCM)-induced both pro and active forms of MMP-2 and
MMP-9 concomitant with marked inhibition of phosphorylation of
ERK1/2 and p38 in PCa DU145 cells. In identical conditions,
treatment with EGCG or inhibitors of MEK/p38 inhibited FCM-
induced phosphorylation of ERK1/2 and/or p38 with concomitant
reduction in MMP-2 and -9 in DU145 cells. Treatment with EGCG
also caused inhibition of androgen-induced pro-MMP-2 expres-
sion in LNCaP cells and inhibition of the activation of c-jun and NF-
kB in in vitro in DU145 cells. Thus, it was shown that the inhibition
of MMP-2 and MMP-9 by EGCG is mediated via inhibition of
phosphorylation of ERK1/2 and p38 pathways, and inhibition of
activation of transcription factors c-jun and NF-kB in DU145 cells
[14].

EGCG inhibited early, but not late stage PCa in male TRAMP
offspring fed AIN-76A diet and 0.06% EGCG in tap water. In the
ventral prostate, EGCG significantly reduced cell proliferation,
induced apoptosis and decreased androgen receptor (AR), insulin-
like growth factor-1 (IGF-1), IGF-1 receptor (IGF-1R), phospho-ERK
1/2, cyclooxygenase-2 (COX-2), and inducible nitric oxide synthase
(iNOS). It was concluded in this study that the reduction of AR, IGF-
1, modulation of inflammation biomarkers and decrease in MAPK
signaling may contribute to the reduction in cell proliferation and
induction of apoptosis [20]. In DU145 PCa cells, the synergistic
effect of EGCG and ibuprofen was investigated to determine their
anti-proliferative and pro-apoptotic actions. It was found that
there was 90% growth inhibition on EGCG and ibuprofen
treatment, while 25% and 20% growth inhibition on treatment
with ibuprofen or EGCG alone, respectively. Treatment with EGCG
and ibuprofen also caused activation of MAPK, caspases and the
inhibition of Bfl-1 expression, which were blocked by N-acetyl-L-
cysteine [21]. EGCG inhibited PCa PC-3 cells proliferation in a
concentration-dependent manner but had no effect on the
proliferation of RWPE-1, a non-tumorigenic prostate epithelial
cell line. Treatment with EGCG caused time and concentration-
dependent activation of the ERK1/2 pathway in PC-3 cells, but did
not induce ERK1/2 activity in RWPE-1 cells. Treatment with
PD98059, a potent inhibitor of MEK, did not inhibit the activation
of ERK1/2, proposing a MEK-independent signaling mechanism.
Pretreatment with a PI3 K inhibitor partially reduced both EGCG-
induced ERK1/2 activation and its antiproliferative effects in PC-3
cells, suggesting that antiproliferative effects of EGCG in PC-3 cells
were mediated by ERK1/2 activation via a MEK-independent, PI3K-
dependent signaling pathway [22]. Treatment with hepatocyte
growth factor (HGF) caused increased scattering, motility and
invasion in DU145 cells and this was stopped by the addition of
EGCG which prevented phosphorylation of Tyr'234/123> in the
kinase domain of the c-Met receptor without effecting dimeriza-
tion. It was found that ECG was as effective as EGCG, while EGC and
EC were less effective. When EGCG treatment was given after the
addition of HGF, cell scattering was blocked and there was
reduction in the HGF-induced phosphorylation of c-Met, Akt, and
ERK1/2, signifying that EGCG could prevent activation of c-Met by
HGF and decrease the activity of pathways induced by HGF [23].

4. Effect of green tea polyphenols on insulin-like growth factor
(IGF)-I signaling pathway

Insulin-like growth factors (IGF) exert multiple effects on
glucose, fat and protein metabolism and play important roles in
regulating cell proliferation, differentiation, apoptosis and trans-
formation [24]. The IGF family consists of two ligands (IGF-I and
IGF-II), IGF-IR and IGF-II receptor (IGF-IIR), six high-affinity IGF-
binding proteins (IGFBP1-6), and other low-affinity IGFBP-related
proteins (IGFBPrP) [25]. IGFBP3 is the most abundant of the six
IGFBPs and controls the amount of IGF-I available to enter target
tissues [24].
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The binding of IGF ligands to its receptor results in intramolec-
ular receptor autophosphorylation and phosphorylation of cellular
substrates that consequently lead to activation of distinct signaling
pathways, including PI3K/Akt pathway and Ras/MAPK pathway,
thus inducing gene activation, DNA synthesis and cell proliferation
[26]. We have reported earlier that oral treatment with GTP at a
human achievable dose, equivalent to six cups of green tea per day,
significantly inhibited PCa development and increased survival in
TRAMP mice. GTP (0.1%, wt/vol) provided as the sole source of
drinking fluid to TRAMP mice from 8 to 32 weeks of age resulted in
significant delay in primary tumor incidence and tumor burden as
assessed sequentially by MRI, decrease in prostate and genitouri-
nary weight, significant inhibition of serum IGF-I, restoration of
IGFBP-3 levels and marked reduction in the protein expression of
proliferating cell nuclear antigen (PCNA) in the prostate compared
with water-fed TRAMP mice [27]. Consumption of GTP reduced the
levels of IGF-I and concomitantly increased IGFBP-3 with marked
inhibition of markers of angiogenesis and metastasis in TRAMP
mice causing reduction in the downstream signaling and inhibition
of protein expression, thereby inhibiting PCa development and
progression [28]. It has also been shown that combination
treatment with GTP and celecoxib resulted in enhanced tumor
growth inhibition and reduction of prostate-specific antigen (PSA)
and IGF-l in athymic nude mice implanted with androgen-
sensitive CWR22Rv1 cells [29]. The stage of PCa development
that is most vulnerable to chemopreventive intervention by GTP
was identified in a study from our laboratory. Animals were treated
with GTP (0.2% in drinking water ad libitum) at ages representing
different stages of the disease: 6 weeks, mice with normal prostate
pathology; 12 weeks, mice with prostatic intraepithelial neoplasia;
18 weeks, mice with well-differentiated adenocarcinoma and, 28
weeks, mice with moderately differentiated adenocarcinoma.
Serum IGF-I/IGFBP-3 levels were assessed in animals at 32 weeks
of age. It was found that there was inhibition of IGF-I, PI3K, p-Akt,
and phosphorylated ERK1/2, only when intervention was initiated
early when prostatic intraepithelial neoplasia lesions were
common [30]. The interaction between the effects of EGCG and
the two main regulators of prostate cell function, dihydrotestos-
terone (DHT) and IGF-I was demonstrated in PCa cells. Treatment
with EGCG decreased the proliferation of PCa cells in a dose-
dependent manner with an increase in apoptosis. A sub-apoptotic
dose of EGCG reduced IGF-induced growth in DU145 cells, while it
switched DHT from a growth promoter to a growth inhibitor in
LNCaP cells. On treatment with an IGF-I receptor inhibitor AG1024,
a similar reversal of DHT effect was observed [31].

The effects of short-term supplementation with Polyphenon E
on serum biomarkers in patients with PCa were studied. Daily
doses of Polyphenon E which contained 800 mg of EGCG and lesser
amounts of EC, EGC, and ECG were given until time of radical
prostatectomy to patients with positive prostate biopsies and
scheduled for radical prostatectomy. Treatment with Polyphenon E
caused reduction in the levels of HGF, vascular endothelial growth
factor (VEGF), prostate specific antigen (PSA), IGF-I and IGFBP-3.
The results of the study showed reduction in serum levels of PSA,
HGF, and VEGF in men with PCa after brief treatment with EGCG,
without elevation of liver enzymes [32].

5. Effect of green tea polyphenols on cyclooxygenase (COX)-2
signaling pathway

Cyclooxygenase (COX) is a rate limiting enzyme in the
prostaglandin biosynthesis [33]. It exists in two isoforms commonly
known as COX-1 and COX-2. COX-2 is a pro-inflammatory and
inducible enzyme and it is induced by mitogens, tumor promoters,
cytokines and growth factors in different cell types and controlled at
both the transcriptional and post-translational levels [34]. Its

overexpression has also been associated in the progression of
cancer [35]. The activation of AP-1 and NF-kB control the expression
of specific target genes, such as cyclin D1 and COX-2, since the
promoter region of these genes contains binding sites for both AP-1
and NF-kB [36,37]. Akt activates NF-«kB signaling pathway, which
plays an important role in regulating COX-2 expression via the NF-
kB binding site in the COX-2 promoter [38]. We have shown that in
androgen-sensitive LNCaP and androgen-insensitive PC-3 human
prostate carcinoma cells, EGCG inhibits COX-2 without affecting
COX-1 expression at both the mRNA and protein levels [39]. In
another study, the effect of EGCG was tested alone and in
combination with specific COX-2 inhibitor on the growth of human
PCa cells both in vitro and in vivo. It was found that combination of
EGCG and NS-398 caused enhanced cell growth inhibition, induction
of apoptosis, expression of Bax, procaspase-6, procaspase-9, and
poly(ADP)ribose polymerase cleavage (PARP), inhibition of peroxi-
some proliferator activated receptor gamma (PPARYy) and inhibition
of NF-kB compared with the either agent alone. In athymic nude
mice implanted with androgen-sensitive CWR22Rv1 cells, combi-
nation treatment with GTP and celecoxib caused enhanced tumor
growth inhibition and reduction in the levels of PSA and IGF-I, as
compared with treatment of single agent [29]. In male TRAMP
offspring, treatment with EGCG significantly reduced COX-2 in the
ventral prostate [20].

6. Effect of green tea polyphenols on cell-cycle regulation

A deregulated cell cycle is a hallmark of cancer and several
studies have reported a relationship between cell cycle regulation
and cancer [40]. We have earlier reported that treatment of PCa
LNCaP and DU145 cells with EGCG caused dose- and time-
dependent upregulation of the protein expression of WAF1/p21,
KIP1/p27, INK4a/p16, and INK4c/p18, downregulation of the
protein expression of cyclin D1, cyclin E, cdks-2, -4, and -6,
increase in the binding of cyclin D1 to WAF1/p21 and KIP1/p27 and
decrease in the binding of cyclin E to cdk2 [41]. Treatment of
human PCa LNCaP and PC-3 cells with GTP caused dose-dependent
inhibition of class I HDAC enzyme activity and its protein
expression along with increased expression of p21/WAF1, G(0)-
G(1) phase cell cycle arrest and induction of apoptosis [42].

7. Effect of green tea polyphenols on epigenetic events

Exploring the epigenetic events associated with PCa could lead
to the identification of potential molecular targets for its
prevention and therapy. Treatment of DU145 cells with EGCG
caused complete inhibition of TGF-a-induced activation of erbB1
followed by a moderate to strong inhibition of Shc activation
without an alteration in their protein levels. Treatment of PCa cells
with EGCG also caused strong induction of WAF1/p21 and KIP1/
p27, decrease in cdk4 and moderate effects on cdk2, cyclins D1 and
E [43]. Treatment of human PCa LNCaP cells with GTP caused a
concentration- and time-dependent expression of gluthathione-S-
transferase pi (GSTP1), which correlated with DNA methyltrans-
ferase (DNMT)1 inhibition. Cells treated with GTP had reduced
methyl-binding domain 2 association with accessible Sp1 binding
sites which caused increased binding and transcriptional activa-
tion of the GSTP1 gene. Exposure of cells to GTP promoted
maintenance of genomic integrity without activation of the
prometaststic gene S100P. A reverse response was noted after
exposure of cells to 5-aza-2’deoxycytidine. Thus, it was demon-
strated that GTP had dual potential to alter DNA methylation and
chromatin modeling [44]. Recently, Kanwal et al., [45] reported
that loss of GSTP1 contributes to increased DNA damage that may
predispose men to a higher risk of PCa. They found that there was
an increase in the levels of 8-0xo0-2’-deoxogunosine (8-OHdG) in

Please cite this article in press as: Khan N, Mukhtar H. Modulation of signaling pathways in prostate cancer by green tea polyphenols.
Biochem Pharmacol (2012), http://dx.doi.org/10.1016/j.bcp.2012.09.027



http://dx.doi.org/10.1016/j.bcp.2012.09.027

G Model
BCP-11422; No. of Pages 6

N. Khan, H. Mukhtar/ Biochemical Pharmacology xxx (2012) xXx-Xxx 5

adenocarcinomas compared to benign counterparts. Increased
intracellular production of ROS and higher susceptibility of cells to
H,0,-mediated oxidative stress was observed after silencing of
GSTP1 in normal human prostate epithelial RWPE1 cells. Human
PCa LNCaP cells, which contain a silenced GSTP1 gene were
genetically modified to constitutively express high levels of GSTP1.
The endogenous ROS levels in LNCaP-pLPCX-GSTP1 cells were
decreased by the induction of GSTP1 activity and these cells
exhibited reduced production of ROS and 8-OHdG levels, compared
to vector control LNCaP-pLPCX cells when treated with H,O-.
Treatment of LNCaP cells with GTP caused re-expression of GSTP1
[45].

8. Conclusion and perspectives

Green tea is enjoyed by millions as a healthy drink. Scientific
research on GTP has gained momentum since the last three
decades, although health benefits of green tea consumption were
known since long. Among many beneficial effects of green tea, its
effects on human PCa are noteworthy as many clinical trials
suggest that green tea is protective against PCa [46-49]. Many
mechanisms have been proposed for the biological activities of GTP
and EGCG such as antioxidant action, induction of apoptosis and
cell-cycle arrest, modulation of carcinogen-metabolizing enzymes,
inhibition of mitotic signal transduction through modulation of
growth factor receptor binding and inhibition of DNA methylation.
EGCG treatment has been reported to cause activation of cell death
signals and induction of apoptosis in cancer cells without affecting
normal cells, resulting in the inhibition of cancer. GTP inhibit
carcinogenesis by modulating one or more cell signaling pathways
(NF-kB/MAPK/IGFR/COX-2), inhibition of many protein kinases,
and suppression of the activation of transcription factors. This
leads to greater efficacy as GTP inhibit different stages of cancer
development by modulating key cellular proteins involved in
diverse signal transduction pathways and thus altering the
expression of genes involved in cell proliferation, angiogenesis
and apoptosis. It has also been reported that EGCG is a direct
antagonist of androgen action [50]. Therefore, green tea has been
shown to exert its chemopreventive effect by targeting various
deregulated intracellular signaling cascades. This will have greater
possibility for long-lasting cancer chemopreventive/chemothera-
peutic or synergistic effects in humans by targeting different
proteins involved in cellular pathways. There are several animal
models of carcinogenesis in which GTP have shown significant
chemopreventive/chemotherapeutic effects. Most of the studies
showing effect of green tea and its constituents on signaling
pathways were performed in vitro. The components of green tea
should be evaluated in vivo and in human clinical trials to better
establish the protective effects of green tea in relevance to its
effects on signaling pathways. PCa is the second most common
cause of cancer death in men and the patients generally respond to
androgen deprivation therapy, but majority of them sooner or later
undergo progression of the disease and become refractory to
constant hormonal manipulation. Although the effect of green tea
has been studied in detail in the progression of many cancers
including PCa, studies on its effect on signaling pathways in PCa are
limited. More in-depth studies in animal models and in humans
are required to ascertain the effect of GTP on signaling pathways in
PCa.
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