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Purpose. This study examines the role of cell survival/apoptosis related proteins involved in NFkB
signaling pathways and its associated events in GTP-induced chemoprevention of prostate cancer in
TRAMP mice.
Methods. Mice were given 0.1% GTP as drinking fluid. Western blot and immunohistochemical analysis
performed to examine NFkB and its regulated pathway in response to GTP.
Results. Our data demonstrated increased expression of NFkB, IKKα, IKKβ, RANK, NIK and STAT-3
in dorso-lateral prostate of TRAMP mice as a function of age and tumor growth and continuous GTP
infusion for 32 weeks resulted in substantial reduction in these proteins. The levels of transcription factor
osteopontin, a non-collagenous extracellular matrix protein, were also downregulated. Inhibition of
NFκB signaling is known to activate apoptotic and inhibit anti-apoptotic proteins. Therefore, we
analyzed Bax and Bcl2 levels in the dorsolateral prostate of TRAMP mice fed GTP and observed a shift
in balance between Bax and Bcl2 favoring apoptosis.
Conclusions. Based on the data we suggest that oral consumption of GTP might inhibit osteopontin and
NFkB signaling that may contribute to induction of apoptosis observed in GTP fed TRAMP mice.
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INTRODUCTION

Cancer of the prostate gland (PCa) is one of the most
common non-cutaneous cancers of men and is currently the
second leading cause of cancer related deaths in the United
States (1,2) with similar trends in other western countries
(3–5). In the absence of satisfactory treatment options for
PCa, chemoprevention could be an effective approach to
reduce the incidence of the disease, an area of investigation
which we recently reviewed (6 and the references therein).
PCa represents an ideal candidate disease for chemopreven-
tion because it is diagnosed in elderly males; thus even a
moderate delay in the neoplastic changes achieved through
pharmacologic or dietary intervention could result in a
substantial reduction in the incidence of the clinically

detectable disease (6–8). There is currently intense effort in
identifying mechanism-based naturally occurring agents pres-
ent in diet and beverages consumed by humans for their
cancer chemopreventive and possibly cancer therapeutic
efficacy against PCa (6–9). The identification of new predic-
tive biomarkers will be important for improving clinical
management, outcome of treatment protocols, and assessing
the effectiveness of chemopreventive regimens, all of which
could lead to improved survival of patients with the disease.
Molecular targets for PCa, especially those that are indicative
of invasiveness of the disease, will be excellent candidate
targets for staging the disease and establishing effectiveness
of chemoprevention of PCa. Among these agents, reports
from this laboratory and elsewhere (6,7,10–12) have shown
that polyphenols derived from green tea (GTP) are potential
chemopreventive agents against PCa. We have earlier shown
that oral infusion of GTP to transgenic adenocarcinoma of
the mouse prostate (TRAMP), inhibits the development of
PCa and identified that IGF-I/IGFBP-3 signaling pathway as
a prime pathway for GTP-mediated inhibition of PCa that
limits the progression of cancer through inhibition of
angiogenesis and metastasis (12).

IGF-1 is recognized to stimulate a continuous activation
of NFkB signaling which in turn modulates its downstream
and other associated cellular events (13,14). NFkB plays an
important role in cancer as it has been documented to be involved
in variety of cellular events. Understanding the molecular
mechanisms of GTP-mediated inhibition of PCa is essential in
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devising rationale and mechanism-based chemopreventive
approaches. Here, we show that green tea polyphenol-induced
suppression of PCa progression may be mediated through
inhibition of NFκB and its linked events.

MATERIALS AND METHODS

Reagents

Antibody against RANK, NIK, IKK-α, IKKβ were
purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA), antibody against Stat-3 from Cell Signaling
Technology (Danvers, MA, USA), antibody against Osteo-
pontin from Abcam (Cambridge, MA, USA) and anti β-
actin was obtained from Sigma (St. Louis, MO, USA). The
bicinchoninic acid (BCA) protein assay kit was obtained
from Pierce Biotechnology (Rockford, IL, USA) Novex
precast Tris glycine gels were obtained from Invitrogen
(Carlsbad, CA, USA).

Animals

Themale and female heterozygous C57BL/TGNTRAMP
mice, Line PB Tag 8247NG, were bred and maintained in
the Animal Care Facility of University of Wisconsin, School
of Medicine. Housing and care of the animals was in
accordance with the guidelines established by the Univer-
sity’s Animal Research Committee consistent with the NIH
Guidelines for the Care and Use of Laboratory Animals.
Transgenic males and non-transgenic littermates for these
studies were routinely obtained as [TRAMP × C57BL/6] F1 or
as [TRAMP × C57BL/6] F2 offspring. Isolation of mouse-tail
DNA and PCR-based screening assay were performed as
described previously (15).

Study Design and Green Tea Polyphenol Supplementation

Green tea polyphenols (GTP >95% enriched prepara-
tion) were obtained from Natural Resources & Products
(Charlottesville, VA, USA). Throughout the experiment, the
animals were housed under standard animal housing con-
ditions and had free access to laboratory chow ad libitum. As
described previously (12), freshly prepared solution of 0.1%
GTP in tap water was supplied every Monday, Wednesday,
and Friday to experimental animals as the sole source of
drinking fluid for 24 weeks (green tea polyphenol-fed group),
and the control (water-fed group) animals were supplied with
the same tap water throughout the experiment. This feeding
regimen is well tolerated by animals and has been used in
mice in many previous studies from this and other laborato-
ries and is equivalent to an approximate consumption of six
cups of green tea per day by an average adult human (16).
Forty 4-week-old male TRAMP mice were divided into two
equal groups consisting of 20 animals in water-fed control
group and 20 in GTP-fed treated group. At each time point
i.e. 8, 16, 24 and 32 weeks, five mice were removed and killed
by cervical dislocation, and the dorso-lateral prostate was
removed under a dissecting microscope for biochemical and
histological analysis. Water fed non-transgenic littermates
were run in parallel as controls.

Immunoblot Analysis

The dorso-lateral prostate removed from both treated and
control groups was homogenized in lysis buffer [50 mmol/l Tris–
HCl, 150 mmol/l NaCl, 1 mmol/l EGTA, 1 mmol/l EDTA,
20mmol/l NaF, 100mmol/l Na3VO4, 0.5% NP40, 1% Triton X-
100, 1 mmol/l phenylmethylsulfonyl fluoride, 10 mg/ml apro-
tinin, and 10 mg/ml leupeptin (pH 7.4)] at 4°C to prepare cell
lysates. The protein concentration was determined by BCA
assay using the manufacturer’s protocol and western blot was
performed as previously described (17).

Densitometric Analysis

Immunoblots were scanned by HP Precisionscan Pro
3.13 (Hewlett-Packard Co., Palo Alto, CA, USA). Densitom-
etry measurements of the scanned bands were performed using
digitalized scientific software program UN-SCAN-IT (Silk
Scientific Corporation, Orem, UT, USA). Data were normal-
ized to β-actin or suitable loading controls and expressed as
mean±SEM followed by appropriate statistical analysis.

Statistical Analysis

Results were analyzed using a two-tailed Student’s t test
to assess statistical significance. To assess change in protein
expression during the course of cancer progression, compar-
isons were made with water-fed animals of the preceding age.
To access the effect of oral feeding of GTP, comparisons were
made with age-matched water-fed TRAMP mice. Values of
P<0.05 were considered statistically significant.

RESULTS

Effect of Green Tea Infusion on Nuclear Factor Kappa B
Pathway During Progressive Stages of Prostate Cancer Devel-
opment in TRAMP Mice. Because NFkB is considered to
play an important role in cancer chemoprevention due to its
involvement in a number of cellular events like tumor cell
growth, proliferation, angiogenesis, invasion, apoptosis, and
survival. We examined the effect of oral administration of
GTP on the constitutive activation of NFkB in dorso-lateral
prostate tissue of TRAMP mice of increasing age and cancer
progression (Fig. 1A). We observed a progressive increase in
the phosphorylation of NFkB at Ser536 as cancer progressed
from not detectable cancer at 8 weeks to well differentiated
adenocarcinoma at 16 weeks to moderately differentiated
adenocarcinoma at 24 weeks and finally to poorly differ-
entiated adenocarcinoma at 32 weeks of age. The phos-
phorylation of NFkB in the non-transgenic littermates was
not significant. As shown in Fig. 1A, continuous GTP infusion
to TRAMP mice resulted in significant inhibition in the
protein expression of p-NFkB at all time points of prostate
cancer progression as compared to water infused TRAMP
mice. NFkB is a ubiquitous nuclear transcription factor that
plays a major regulatory role in carcinogenesis. In the
absence of stimulatory signals it resides in the inactive state
in the cytoplasm as a heterotrimer consisting of p50, p65, and
IkBα subunits. IKK has been identified that phosphorylates
serine residues in IkBα. The phosphorylation and proteolytic
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degradation of IkBα results in activation and nuclear
translocation of NFkB. We observed that IKKα protein
expressions were significantly lowered by infusion of GTP at
all the time points (Fig. 1B), we also observed a highly
significant inhibition in the phosphorylation of IkBα in
dorso-lateral prostate of TRAMP mice that were given
green tea as sole source of drinking fluid (Fig. 1C).

Effect of Green Tea Infusion on Receptor Activator of
Nuclear Factor Kappa B and Nuclear Factor Kappa B
Inducing Kinase During Progressive Stages of Prostate Cancer
Development in TRAMP Mice. The receptor activator of
NFkB (RANK) is a member of TNF-receptor super family
that is known to induce osteoclastogenesis and dendritic cell
survival and plays a role in growth inhibition and apoptosis
(18). This receptor can interact with various TRAF family
proteins, through which this receptor induces the activation of
NFkB and MAPK8/JNK. As shown in Fig. 2A, we observed a
decreased protein expression of RANK in the dorsolateral
prostate of green tea polyphenol-fed TRAMP mice compared
with the age dependent increase of the protein in water-fed
control group. RANK-mediated NF-kB activation proceeds
via a novel TRAF6 interaction motif, which then activates
NF-kB Inducing Kinase (NIK), subsequently leading to NF-kB
activation. We observed age dependent increase in the
protein expression of NIK which was subsequently inhibited
by oral infusion of green tea to the TRAMP mice (Fig. 2B).
The protein expression of RANK and NIK were not
observed to be significant in the non-transgenic littermates
(Fig. 2A,B).

Effect of Green Tea Infusion on Osteopontin and STAT3
During Progressive Stages of Prostate Cancer Development in
TRAMP Mice. Osteopontin is a secreted glycosylated phospho-
protein known to be associated with the progression of several
cancers including cancer of the prostate gland (19). Over-
expression of osteopontin contributes to a proliferative advan-
tage in PCa cells and also influences their in-vitro invasive
ability. We observed a comprehensive up-regulation in the
protein expression of this protein as the cancer progressed in
TRAMP mice (Fig. 3A). Continuous GTP infusion to these
mice resulted in significant inhibition in the protein expression
of osteopontin at all the time points tested. Similar results were
observed by immunohistochemical analysis of the prostate
tissue of TRAMP mice (Fig. 3B). Mice with poorly differenti-
ated adenocarcinoma (32 weeks) exhibited strong staining for
osteopontin. This staining was especially seen in the stroma and
also in the epithelia of prostatic acini. Continuous GTP infusion
to these mice resulted in significant inhibition in the expression
of osteopontin.

Persistent activation of signal transducer and activator of
transcription (STAT-3) is a common feature of PCa (20,21)
and increased resistance to apoptosis occurs due to constitu-
tive activation of STAT-3. Western blot analysis was per-
formed to look at the protein expression of STAT-3, we
observed a consistent upregulation of the protein as the
tumor progressed from not-detectable at 8 weeks to poorly-
differentiated at 32 weeks in dorsolateral prostate of TRAMP
mice. This upregulation was significantly inhibited in age
matched mice with continuous GTP infusion (Fig. 4A). These
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Fig. 1. Effect of GTP infusion on p-NFkB, IKKα, and p-IkBα in the
dorso-lateral prostate of TRAMPmice during progressive stages of PCa
development. Protein levels by immunoblot analysis ofA p-NFkB (p65)
at Ser536, B IKKα and C p-IkBα. As detailed in “MATERIALS AND
METHODS”, the protein levels were determined in the dorso-lateral
prostate of 8-, 16-, 24-, and 32-week-old control (water-fed) and treated
(GTP-fed) TRAMP mice along with their age matched non-transgenic
littermates. Equal loading of protein was confirmed by stripping the
blot and re-probing with β-actin antibody. Western blot analysis was
conducted in five animals in each group, and only representative blots
are shown. Histogram represents relative density data of the
immunoblots in relative units ± SEM normalized to β-actin. *P<0.05;
compared with water-fed TRAMP mice of the preceding age.
**P<0.001 compared with age matched water-fed TRAMP mice.
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results were further confirmed by immunohistochemical
analysis of STAT-3 levels (Fig. 4B), indicating a significant
decrease in STAT-3 protein expression in green tea polyphenol-
fed TRAMP mice.

Effect of Green Tea Infusion on bax/bcl2 Ratio During
Progressive Stages of Prostate Cancer Development in
TRAMP Mice. We earlier demonstrated that oral infusion
of GTP to TRAMP mice is associated with an induction of
apoptosis (16). The ratio of the pro-apoptotic Bax and anti-
apoptotic Bcl2 is critically balanced during cell proliferation
such that an increase in the levels of Bax or a decrease in the

level of Bcl2 can shift the ratio and trigger a signal initiating
apoptosis. The expression of the anti-apoptotic protein Bcl2 is
positively regulated by the transcription factor NFkB. Since
GTP infusion resulted in modulation of NFkB and its
regulated pathway, we hypothesized that EGCG treatment
would result in altered levels of the Bcl2 family of proteins. To
test our hypothesis, we determined the protein levels of Bax
and Bcl2 in dorsolateral prostate of TRAMP mice given oral
infusion of GTP. We observed that GTP infusion induced a
decrease in Bcl2 levels with a concomitant increase in Bax
levels (Fig. 5). Densitometry of the immunoblot indicated
that the ratio of Bax/Bcl2 was higher in GTP infused mice
prostate compared to the water fed mice, thus supporting our
contention that a shift in the Bax/Bcl-2 ratio activated the
apoptotic pathway.

DISCUSSION

The limited available options for the treatment of PCa
have prompted the need for developing alternative strategies
for the management of the disease. Chemoprevention by the
use of dietary or nontoxic synthetic agents has offered a
viable option to block neoplastic inception or delay disease
progression. We earlier demonstrated that oral infusion of GTP
at a human achievable dose (equivalent to six cups of green tea
per day) inhibits the development of PCa and its metastasis in
TRAMPmice (16) and identified that IGF-I/IGFBP-3 signaling
pathway is a prime pathway for GTP-mediated inhibition of
PCa and its metastasis in TRAMP mice (12).

It is well recognized that IGF-I stimulates a sustained
activation of NFkB as the tumor progresses and constitutive
activation of NFkB is observed in a time dependent manner
in human and TRAMP. In the present study we investigated
the role of GTP in suppressing prostate carcinogenesis in
TRAMP mice. As development of therapy resistant PCa is
often associated with constitutive activation of NFkB, we
investigated the ability of GTP (which is known to induce
apoptosis in a variety of human cancer cells) to inhibit NFκB
activation in TRAMP mice model, which closely mimics the
progression of the human disease. To initiate, we evaluated
NFkB protein expression in the dorsolateral prostate of age
matched TRAMP mice that were given water (control group)
or GTP (treated group) as sole source of drinking fluid. We
conducted experiments at time periods that represent various
stages of tumor development. At 8 weeks there is no detectable
cancer which progressively develops into well differentiated
adenocarcinoma at 16 weeks to moderately differentiated ade-
nocarcinoma at 24 weeks and finally to poorly differentiated
adenocarcinoma at 32 weeks of age. We observed that as can-
cer progressed from undetectable cancer at 8 weeks to poorly
differentiated adenocarcinoma at 32 weeks, there was a
considerable upregulation in the phosphorylation of NFkB at
Ser536. These results are consistent with previous observation
where NFkB was observed to be upregulated, with increasing
age in TRAMP mice (22) and prostate carcinoma cells
(23,24). This up-regulation of this transcription factor was
significantly inhibited (P<0.001) in the groups given GTP in
drinking water (Fig. 1A). To further test the effect of GTP on
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Fig. 2. Effect of GTP infusion on RANK and NIK in the dorso-lateral
prostate of TRAMP mice during progressive stages of PCa develop-
ment. Protein levels by immunoblot analysis of A RANK and B NIK.
As detailed in “MATERIALS AND METHODS”, the protein levels
were determined in the dorso-lateral prostate of 8-, 16-, 24-, and
32-week-old control (water-fed) and treated (GTP-fed) TRAMP mice
along with their age matched non-transgenic littermates. Equal loading
of protein was confirmed by stripping the blot and re-probing with β-
actin antibody. Western blot analysis was conducted in five animals in
each group, and only representative blots are shown. Histogram
represents relative density data of the immunoblots in relative units ±
SEM normalized to β-actin. *P<0.05; compared with water-fed
TRAMP mice of the preceding age. **P<0.001 compared with age
matched water-fed TRAMP mice.
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Fig. 3. Effect of GTP infusion on osteopontin protein levels in the dorso-lateral prostate during progressive stages of PCa development in
TRAMP mice. A protein levels of osteopontin by immunoblot analyses. As detailed in “MATERIALS AND METHODS”, the protein levels
were determined in the dorso-lateral prostate of water-fed control and green tea polyphenol-fed TRAMP mice at 8, 16, 24, and 32 weeks of age
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shown. Histogram represents relative density data of the immunoblots in relative units ± SEM normalized to β-actin. *P<0.05 compared with
water-fed TRAMP mice of the preceding age. **P<0.001 compared with age matched water-fed TRAMP mice. B protein levels of osteopontin
by immunohistochemical analyses. As detailed in “MATERIALS AND METHODS”, the protein levels were determined in the dorso-lateral
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graphs (magnification, ×10 and ×40) of immunohistochemical staining for osteopontin in non-transgenic, water-fed control and GTP-fed
TRAMP mice. Immunostaining data were confirmed in two slides from five animals.
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the activation of NFkB, we evaluated the levels of IKK which
frees NFkB by inactivating its repressor and consequently
allows it to shuttle to nucleus where it up regulates the
expression of target genes. Interestingly in non transgenic
littermates we observed a decrease in IKK protein levels from
8th to 24 weeks of age indicating a progressive decrease in the
cellular requirement of NFkB activation in-vivo. However,
significant upregulation of IKK levels was observed as a

function of age in TRAMP mice and GTP treatment led to
further inhibition of IKK levels indicating an opposing role of
GTP in NFkB activation similar to the observed inhibition
of IKK isoforms by GTP, EGCG in osteosarcoma cells (25).
As the IKK phosphorylates and deactivates IkB, the
inhibitory component of NFkB signaling and hence plays
important role in NFkB activation, with the increase in IKK
expression level in TRAMP, a concomitant increase in IkB
phosphorylation was found however GTP infusion strongly
repressed this phosphorylation at 8th, 16th and 24th and 32nd
weeks of age. These results point towards a crucial role of
GTP in repressing NFkB activation primarily via 1)
repressing its release from the inhibitor IkB and 2)
repressing the ser536 activating phosphorylation in its
activation loop and hence repressing its transactivation
function. To further test the effect of GTP on TRAMP, we
focused on other key molecules which regulate the activation
of NFkB signaling pathway. Receptor activator of NFkB
(RANK) is a recently cloned member of the TNFR super-
family with no significant homology to other members of this
family. RANK ligand binds to RANK on dendritic cells, up
regulates the expression of anti-apoptotic protein BcL-XL

suggesting a role in dendritic cell survival. Its cytoplasmic
domain interacts with TRAF2, TRAF5 and TRAF6 which in
turn activate NFkB inducing kinase (NIK). An interesting
finding here was the decrease in RANK expression in dorso
lateral prostate of non transgenic littermates in an age
dependent manner. TRAMP mice, in contrast exhibited an
increase in RANK expression as a function of age indicating
its role in bypassing cell growth inhibition and cell cycle
arrest, treatment however of GTP to TRAMP mice led to a
repression of RANK expression indicating an indirect link to
inhibit NFkB function. We also found consequent increase in
Bcl2 expression suggesting that RANK also up regulates Bcl2
expression in TRAMP mice similar to that observed in
dendritic cells. Orally infused GTP efficiently inhibited Bcl2
expression in dorso-lateral prostate of TRAMP at different
ages. Intriguingly, we found a dose dependent increase in
NIK expression not only in TRAMP mice but also in their
non transgenic littermates indicating a non redundant role of
NIK in cell survival. Here although the increase was dose
dependent, the expression of NIK was more robust in
TRAMP prostate. As osteopontin plays important role in
inflammation and some splice variants are specific for
cancers, we tested the effect of GTP oral infusion on the
TRAMP mice. Although, its steady state level is maintained
throughout different ages (8, 16, 24 and 32 weeks) in non
transgenic, a robust age dependent increase was observed in
osteopontin expression in TRAMP mice. Here, oral infusion
of GTP showed a very potent inhibition of osteopontin
expression in TRAMP mice dorso lateral prostate tissue. In
order to further explain the inhibitory effect of GTP on
prostate carcinogenesis, we evaluated the expression of
STAT3, whose constitutive activation in cells leads to the
resistance of apoptosis (26,27). As expected, a concordant
increase in STAT3 expression was found in TRAMP in
contrast to steady state levels maintained in non transgenic
littermates of various age. GTP infusion however had a
profound effect on STAT expression at all time points tested.
Taken together this study highlights the chemo-preventive
effects of oral infusion of GTP in TRAMP mice. We suggest
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Fig. 5. Effect of GTP infusion on Bax and Bcl2 protein levels in the
dorso-lateral prostate of TRAMP mice during progressive stages of
PCa development. Protein levels of Bax and Bcl2 by immunoblot
analysis. As detailed in “MATERIALS AND METHODS”, the
protein levels were determined in the dorso-lateral prostate of 8-, 16-,
24-, and 32-week-old control (water-fed) and treated (GTP-fed)
TRAMP mice along with their age matched non-transgenic litter-
mates. Equal loading of protein was confirmed by stripping the blot
and re-probing with β-actin antibody. Western blot analysis was
conducted in five animals in each group, and only representative blots
are shown. Histogram indicates the ratio between Bax and Bcl2
obtained by densitometric analysis of the bands shown above
normalized to β-actin.

Fig. 4. Effect of GTP infusion STAT3 protein levels in the dorso-
lateral prostate during progressive stages of PCa development in
TRAMP mice. A protein levels of STAT3 by immunoblot analyses.
As detailed in “MATERIALS AND METHODS”, the protein levels
were determined in the dorso-lateral prostate of water-fed control
and green tea polyphenol-fed TRAMP mice at 8, 16, 24, and 32
weeks of age with their non-transgenic littermates. Western blot
analysis was conducted in five animals in each group, and only
representative blots are shown. Histogram represents relative density
data of the immunoblots in relative units ± SEM normalized to β-
actin. *P<0.05 compared with water-fed TRAMP mice of the
preceding age. **P<0.001 compared with age matched water-fed
TRAMP mice. B protein levels of STAT3 by immunohistochemical
analyses. As detailed in “MATERIALS AND METHODS”, the
protein levels were determined in the dorso-lateral prostate of non-
transgenic, water-fed control and GTP-fed TRAMP mice at 24 weeks
of age. Representative photomicrographs (magnification, ×10 and
×40) of immunohistochemical staining for STAT3 in non-transgenic,
water-fed control and GTP-fed TRAMP mice. Immunostaining data
were confirmed in two slides from five animals.
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that the observed inhibition of NFkB signaling pathway along
with STAT3 inhibition may potentially be involved in
repressing tumor progression in TRAMP mice.
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