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Abstract
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Constitutive nuclear factor-κB (NF-κB) activation is observed in androgen-independent prostate
cancer and represents a predictor for biochemical recurrence after radical prostatectomy. Dietary
agents such as pomegranate extract (PE) have received increasing attention as potential agents to
prevent the onset or progression of many malignancies, including prostate cancer. Here, we show
that PE inhibited NF-κB and cell viability of prostate cancer cell lines in a dose-dependent fashion
in vitro. Importantly, maximal PE-induced apoptosis was dependent on PE-mediated NF-κB
blockade. In the LAPC4 xenograft model, PE delayed the emergence of LAPC4 androgenindependent xenografts in castrated mice through an inhibition of proliferation and induction of
apoptosis. Moreover, the observed increase in NF-κB activity during the transition from androgen
dependence to androgen independence in the LAPC4 xenograft model was abrogated by PE. Our
study represents the first description of PE as a promising dietary agent for the prevention of the
emergence of androgen independence that is driven in part by heightened NF-κB activity.

Introduction
A large body of literature has linked inflammation to prostate carcinogenesis. Areas of
chronic inflammation are almost universally present in pathologic specimens of the prostate,

Requests for reprints: Matthew B. Rettig, Department of Medicine, VA Greater Los Angeles Healthcare System-West Los Angeles,
Building 304, Room E1-113, 11301 Wilshire Boulevard, Los Angeles, CA 90073. Phone: 310-268-3622; Fax: 310-268-4508.
mrettig@mednet.ucla.edu.
Disclosure of Potential Conflicts of Interest
A. Pantuck, grant support from POM Wonderful and Sence Foundation. No other potential conflicts of interest were disclosed.

Rettig et al.

Page 2

NIH-PA Author Manuscript

including biopsy cores, transurethral resection chips, and total prostatectomy specimens. In
one series, a 98% incidence of inflammatory lesions was observed in 162 surgically resected
hyperplastic prostates (1). The prostatic lesion known as proliferative inflammatory atrophy
occurs at sites of chronic inflammation and is frequently found in association with and
adjacent to prostate intraepithelial neoplasia and prostate cancer in patient specimens (2).
Based on spatial association and on genetic and protein expression analyses, proliferative
inflammatory atrophy has been proposed as a precursor to prostatic intraepithelial neoplasia
and prostate cancer.
One of the most well-established signaling pathways mediating inflammatory responses
relevant to cancer is the nuclear factor-κB (NF-κB) pathway. NF-κB represents a family of
transcription factors that modulate expression of genes with diverse functions. The activity
of NF-κB is regulated by the inhibitor of κB (IκB), the NF-κB-inhibitory protein that binds
to and sequesters NF-κB family members in the cytoplasm. When the NF-κB pathway is
activated, IκB is phosphorylated by IκB kinase, which phosphorylates IκB at serine residues
32 and 36 (3). Phosphorylated IκB is subjected to ubiquitination and proteasome-mediated
degradation, which results in the translocation of NF-κB to the nucleus, where it functions as
a transcription factor.
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Constitutive NF-κB activation has been observed in breast cancer, liver cancer, melanoma,
Hodgkin’s disease, and cervical cancer (3–6). Direct genetic evidence in murine models of
colon and liver cancer have established that NF-κB activation within tumor cells or
infiltrating inflammatory cells is required for tumor initiation or promotion (7,8).
Importantly, constitutive activation of NF-κB in primary prostate cancer specimens is
observed and represents an independent risk factor for recurrence after radical prostatectomy
(9,10).
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Pomegranate ellagitannins, a group of bioactive constituents of pomegranate juice (PJ)
derived from the Punica granatum fruit, have received increasing attention for their
potential as nontoxic chemopreventive dietary agents. Our group recently showed that
consumption of PJ produced from pressed whole pomegranate fruit prolonged the doubling
time of the serum prostate-specific antigen (PSA) tumor marker in patients who had
experienced a PSA recurrence after prostatectomy (11). Interestingly, pomegranate extract
(PE) has been shown to inhibit NF-κB in normal human cells, including chondrocytes,
epidermal keratinocytes, and vascular endothelial cells (12–14). To our knowledge, the
ability of PE to inhibit NF-κB in prostate cancer models has not been reported. Similarly, the
role of the NF-κB-inhibitory effects of PE on prostate cancer growth has not been
investigated. Here, we show that PE inhibits NF-κB both in vitro and in vivo in prostate
cancer models and that this NF-κB inhibitory is required for the maximal proapoptotic effect
of PE. Moreover, PE delays the emergence of androgen independence in the LAPC4
prostate cancer murine xenograft model.

Materials and Methods
Cell Culture and Prostate Cancer Cell Lines
LNCaP-AR and LAPC4 cells (a gift from Dr. Charles Sawyers, University of California-Los
Angeles) were maintained in RPMI 1640 supplemented with 10% fetal bovine serum and
penicillin (100 μg/mL) and streptomycin (100 μg/mL). LNCaP-AR is a version of the
parental LNCaP cells that not only expresses its own endogenous version of the androgen
receptor (AR) but also is stably transfected with wild-type AR, so that the net effect is
overexpression of the AR that is sufficient to recapitulate the androgen-independent state
(15). CL1 cells represent an androgen-independent subclone of LNCaP that was generated
by culturing LNCaP in charcoal-stripped, androgen-depleted serum, as described (16). CL1
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cells were maintained as for LNCaP cells but continuously in charcoal-stripped serum.
DU145 cells (American Type Culture Collection) were maintained in DMEM containing
10% fetal bovine serum and antibiotics.
Reagents
Recombinant human tumor necrosis factor-α (TNF-α; R&D Systems) was dissolved in PBS.
A κB-responsive plasmid (p4x-κB-luc) in which four copies of the κB-response element
drives expression of firefly luciferase was purchased from Invitrogen. The pRL-SV40
plasmid, in which Renilla luciferase is constitutively expressed under the regulation of the
SV40 promoter/enhancer, was purchased from Promega and was used for normalization of
firefly luciferase activity. A firefly reporter construct driven by the PSA promoter/enhancer
(PSA-P/E-luc) was a kind gift of Dr. Michael Carey (University of California-Los Angeles
School of Medicine). The pEGFP-p65 [enhanced green fluorescent protein (EGFP) fused inframe to the NH2 terminus of p65] and pCMV-p50 expression plasmids were described
previously (17).
Pomegranate Formulations
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For our studies, we employed two pomegranate formulations: PJ and PE. PE is a
standardized extract (POMX; POM Wonderful) of pomegranate fruit grown in California (P.
granatum L., Wonderful variety; Paramount Farms). PE is made from fruit skins
standardized to ellagitannins, as punicalagins (37–40%), and free ellagic acid (3.4%) as
determined by high-performance liquid chromatography using previously described methods
(18). PE was administered to animals in doses based on the amount of ellagitannins in a
single serving of PJ (240 mL single-strength juice, 80 mg of ellagitannins, as punicalagins;
ref. 18). The equivalent dose that would be administered to a 70 kg human was calculated
for a mouse of 25 g body weight to be 0.03 mg ellagitannins. Ten times this dose was used
in the animal studies (0.8 mg PE/dose/animal). PE was suspended in 10% aqueous glucose
solution for oral administration.
PJ (POM Wonderful) was used as a concentrate that contains the following polyphenols:
1,561 mg/L punicalagins, 121 mg/L ellagic acids, 387 mL/L anthocyanins, and 417 mg/L
other hydrolysable tannins, as described (18).
Transient Transfections and Reporter Gene Assays
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Cells were plated at 105 per well in 24-well plates the day before transfection. The plasmids
were transfected with LipofectAMINE Plus (Life Technologies) according to the
manufacturer’s instructions. Protein was extracted 48 h after transfection, and firefly and
Renilla luciferase were measured on a TD20/20 tube luminometer (Turner Designs) using a
Dual Luciferase Assay kit (Promega) according to the manufacturer’s instructions. Firefly
luciferase activity was normalized to Renilla luciferase expression.
Cell Viability, Apoptosis, and Cell Cycle Analyses
LNCaP, LAPC4, CL1, and DU145 cells were seeded in 96-well plates the day before
chemical treatment at concentrations of 4 × 104, 4 × 104, 1 × 104, and 2 × 104 per well,
respectively. Cell viability was measured by the methylene blue assay (19). All experiments
were done in quadruplicate. Relative cell viability was calculated by normalizing methylene
data to that of the respective untreated samples.
Apoptosis was measured with an Annexin V-FITC staining kit (BD Biosciences) according
to the manufacturer’s instructions; cells were analyzed on a Becton Dickinson FACSCalibur
flow cytometer with CellQuest software (BD Biosciences). Cell cycle analysis was done by
hypotonic propidium iodide staining, as described (17).
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For experiments to determine the effects of ectopic expression of p65/p50 on PE-induced
apoptosis, cells were transiently transfected with pEGFP-p65 and pCMV4-p50 or the
parental control vectors. Twenty-four hours after transfection, PE was added for an
additional 24 h. Apoptosis was measured on EGFP-positive cells using a terminal
deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) assay kit (In situ
Cell Death Detection kit, TMR Red; Roche Molecular Biomedicals) by flow cytometry.
Xenograft Model
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All mice received a standard research diet (AIN 93G; Dyets) ad libitum throughout the
experiment. Androgen-dependent LAPC4 prostate cancer cells (2 × 106; C. Sawyers,
Department of Medicine, University of California at Los Angeles) were implanted s.c. into
the shoulders of 5-week-old severe combined immunodeficient mice (Taconic Farms).
When tumors became palpable 2 weeks after tumor cell injection, mice were administered
either PE (n = 9 mice) or vehicle control (n = 18 mice) orally5 days/wk (Monday–riday).
Oral dosing was accomplished by gently securing the mouse with one hand and delivering
the PE or vehicle control via an animal feeding needle (Biomedical Needles, Popper and
Sons) attached to a 1 mL tuberculin syringe. Tumors were measured twice weekly and mice
were weighed weekly. One week after initiation of oral dosing, nine mice each from the PE
and vehicle control groups were castrated. All mice were maintained on their assigned
treatment group for an additional 2 weeks after the castration date. Tumor volumes were
calculated using the formula: length × width × height × 0.5236 (18), and mice in both groups
were sacrificed when tumors in either group reached 1 cm in maximum dimension. At
sacrifice, primary tumors were excised and weighed, blood was collected by cardiac
puncture, and serum was obtained by centrifugation at 3,000 × g for 10 min at 4°C. All
animal protocols were approved by University of California-Los Angeles Chancellor’s
Animal Care and Use Committee.
Measurement of Serum PSA
Serum PSA at the time of sacrifice was measured with a PSA ELISA kit (Diagnostic
Systems Laboratories) according to the manufacturer’s instructions.
Immunohistochemistry
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Detection of Apoptosis—Formalin-fixed, paraffin-embedded tissue sections were
dewaxed with xylene and ethanol according to standard procedures. The apoptotic cell death
was detected in the cell preparations by the TUNEL method using the In Situ Cell Death
Detection Kit, AP (Boehringer Mannheim). The slides were put in a glass jar containing 500
mL of 0.01 mol/L (pH 6.0) citrate buffer at 95°C for antigen retrieval for 5 min and then
transferred to 0.3% H2O2 in methanol for 5 min. Then, the slides were incubated with
freshly prepared 3% bovine serum albumin blocking solution for 30 min at room
temperature. After three rinses with PBS, the slide was incubated with 50 μL TUNEL
reaction mixture for 60 min at 37°C. Subsequently, the slides were further incubated with 50
μL Converter-AP on section for 30 min at 37°C and with 50 μL substrate solution for 10
min at room temperature. The slides were then counterstained with hematoxylin and
mounted with glass coverslips for light microscopic examination.
Ki-67 Staining for Proliferation—Formalin-fixed, paraffin-embedded tissue sections
were dewaxed with xylene and ethanol according to standard procedures. Antigen retrieval
was done in a 0.01 mol/L sodium citrate buffer (pH 6.0) in a heater at 100°C for 10 min.
Slides were then washed with 1× PBS and treated with 3% H2O2 for 10 min and washed
again with 1× PBS. Slides were blocked with avidin and biotin in 5% serum at room
temperature for 30 min and then incubated with a Ki-67 primary antibody
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(DakoCytomation) at room temperature for 1 h. Slides were washed with 1× PBS and
incubated with biotinylated anti-mouse secondary antibody (DakoCytomation) for 30 min at
room temperature. Slides were then washed and incubated with Strept ABComplex kit
(DakoCytomation) for 15 min. Slides were washed and incubated with the DAB SubstrateChromogen Systemstain (DakoCytomation) for 1 to 5 min. Slides were then counterstained
with hematoxylin and mounted with glass coverslips for light microscopic examination.
Electrophoretic Mobility Shift Assays
Wild-type and mutant κB oligonucleotide probes were purchased from Santa Cruz
Biotechnology. Nuclear protein (15 μg) was combined with end-labeled, double-stranded κB
oligonucleotide probe, 1 μg poly-dIdC (Amersham Pharmacia Biotech), 1 μg bovine serum
albumin, and 5 mmol/L spermidine in a final reaction volume of 20 μL for 20 min at room
temperature. The DNA protein complex was run on a 4% nondenaturing polyacrylamide gel
with 0.4× TBE running buffer before subsequent autoradiography. Cold competition
experiments were done with a 100-fold molar excess of cold wild-type or cold mutant κB
oligonucleotides. For supershift assays, nuclear protein was preincubated with specific or
control antibodies (6 μg; purchased from Santa Cruz Biotechnology) for 20 min at room
temperature. An identical strategy was employed for electrophoretic mobility shift assays
(EMSA) with Oct-1 probes as a specificity control for the effects of PE.
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Results
Inhibition of NF-κB by PE In vitro
Our first goal was to test the ability of PE to inhibit constitutive and TNF-α-induced NF-κB
activity. As shown in Fig. 1A, PE inhibited constitutive NF-κB activity in androgenindependent DU145 cells in a dose-dependent fashion. Because DU145 cells exhibit high
constitutive NF-κB activity, we were also able to document the NF-κB-inhibitory effect of
PE by EMSA (Fig. 1B, top, lanes 1–5). Cold competition experiments with excess cold
wild-type and cold mutant κB probes showed the specificity of the shifted bands (Fig. 1B,
top, lanes 11 and 12). PE did not affect the electrophoretic mobility of the Oct-1
transcription factor (Fig. 1B, bottom), a finding that establishes that PE does not exhibit
generalized inhibition of transcription factor-DNA interactions.
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Next, we assessed the ability of PE to block NF-κB activity induced by the inflammatory
cytokine, TNF-α. PE inhibited TNF-α-induced NF-κB activation as determined by EMSA in
the androgen-independent DU145 and CL1 cell lines (Fig. 1B, lanes 6–10, and C,
respectively). As a complementary assessment of the effects of PE on TNF-α-induced NFκB activation, we assessed the levels of IκBα, the NF-κB-inhibitory protein that is degraded
on activation of the NF-κB pathway. Whereas TNF-α resulted in an expected decrease in
IκBα protein expression, exposure of DU145 and LAPC4 cells to PE led to a timedependent increase in IκBα levels (Fig. 1D). Thus, our initial studies established that PE can
effectively block both constitutive and TNF-α-induced NF-κB activity.
Prostate Cancer Growth Inhibition In vitro by PE Is Dependent on Inhibition of NF-κB
We evaluated the PE-mediated growth-suppressive effects on prostate cancer cells in vitro.
We initially focused on the DU145 cell line because it manifests constitutive NF-κB
activation. We compared the efficacy of PJ versus PE at various dilutions (see Materials and
Methods for preparation juice versus extract). Across all dilutions, PE more effectively
inhibited overall growth of DU145 cells than did the PJ (Fig. 2A and B). Consequently, for
subsequent cell viability studies, PE was used.
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We next examined whether cell growth inhibition was attributable to inhibition of apoptosis.
Indeed, PE exposure resulted in a dose-dependent induction of apoptosis in DU145 cells as
measured by flow cytometric analysis of Annexin V-stained cells (Fig. 3A). Moreover, PE
treatment led to a reduction in S-phase fraction and an accumulation of cells in the G1 phase
(Fig. 3B) in the DU145 model, a finding that indicates that PE may suppress growth not
only by induction of apoptosis but also by inhibition of proliferation.
To determine whether the NF-κB-inhibitory effect of PE was involved in the proapoptotic
effects of PE, we employed a strategy to maintain NF-κB activation in the presence of PE.
Thus, if NF-κB inhibition is required for PE-induced apoptosis, then maintaining NF-κB
activation in the presence PE ought to abrogate the proapoptotic effects of PE. To maintain
NF-κB activity during PE exposure, we transiently transfected DU145 cells with NF-κB
family member expression vectors, p65 and p50 (pEGFP-p65 and pCMV-p50, respectively),
and measured NF-κB activity by cotransfecting a PSA promoter/enhancer-luciferase reporter
(PSA-P/E-luc). In addition to androgen response elements, the PSA promoter contains four
NF-κB cis-acting elements (so-called κB sites). Because DU145 cells lack AR expression
(20), PSA promoter activity in DU145 cells is not principally governed by AR activity but is
in large part mediated by NF-κB activity.
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We initially identified combinations of quantities of transfected pEGFP-p65 and pCMV-p50
DNA and concentrations of PE that yielded PSA promoter/enhancer-driven reporter gene
expression that approximated that of control vector-transfected and PBS-treated cells. As
shown in Fig. 4A, transfection of 0.5 μg of each of the pEGFP-p65 and pCMV-p50
expression vectors in the presence of PE at 1:1,000 and 1:2,000 dilutions resulted in PSA
promoter/enhancer-driven reporter gene expression equivalent to that of the DU145 control
cells (cells transfected with empty vector controls and PBS). Similar results were obtained
when we substituted the PSA-P/E-luc vector with a reporter vector that contains three
tandem copies of the consensus κB response element (data not shown).
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Having identified the transfection conditions to preserve the basal level of NF-κB in the
presence of PE, we tested DU145 cells transfected with the pEGFP-p65 and pCMV-p50 or
control vectors for PE-induced apoptosis. Twenty-four hours after transfection, cells were
exposed to PE or vehicle control for an additional 24 h. Apoptosis of EGFP-positive cells
was analyzed by flow cytometry with a TUNEL assay that uses tetramethylrhodamine red
(Texas red) as the fluorochrome. Compared with control transfected cells, EGFP-p65/p50transfected cells showed reduced PE-induced apoptosis. For example, at a PE dilution of
1:1,000, 65.4% of control transfected cells underwent apoptosis compared with 11.5% of
EGFP-p65/p50-transfected DU145 cells. Similarly, control transfected cells experienced a
greater degree of apoptosis at a PE dilution of 1:1,000. These results indicate that the
maximal proapoptotic effect of PE is dependent on the NF-κB-inhibitory effect of PE.
PE has been shown to affect the activity of multiple signaling pathways (21). Indeed, the
fact that preservation of NF-κB activity by transfection of p65 and p50 did not completely
abrogate PE-induced apoptosis indicates that NF-κB-independent pathways are operative.
This notion is supported by (a) our finding that PE inhibited the in vitro growth of androgensensitive (LAPC4) and androgen-independent (CL1 and LNCaP-AR) cell lines that lack
basal NF-κB activity in a dose-dependent fashion (Fig. 4C) and (b) our recent report that PE
can inhibit the growth of androgen-dependent prostate cancer xenografts that do not
manifest constitutive NF-κB activity (22).
PE Inhibits Growth of Androgen-Independent LAPC4 Xenografts
To more fully characterize the effects of PE on prostate cancer cells that exhibit endogenous
NF-κB activity, we used LAPC4 murine xenografts that develop in a castrate milieu. As
Mol Cancer Ther. Author manuscript; available in PMC 2010 April 22.
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murine xenografts, LAPC4 tumors are androgen dependent, cease growth on castration, and
subsequently regrow after a latency of several weeks as androgen-independent tumors (23).
In addition and as reported previously (20), LAPC4 cells exhibit constitutive NF-κB activity
on emergence of the androgen-independent state. Thus, the LAPC4 xenograft model
represents a reasonable recapitulation of the clinical response to androgen deprivation and a
suitable system to determine whether PE can inhibit NF-κB in vivo.
We established LAPC4 xenografts in the flanks of intact male severe combined
immunodeficient mice. When tumors became palpable, mice were fed either PE or vehicle
control. One week later, animals were castrated. Importantly, the tumors in the castrate/PE
group displayed significantly delayed growth compared with the castrate vehicle control
group (Fig. 5A). Specifically, tumors in the control group grew despite castration, whereas
PE treatment prevented the regrowth observed after castration. That is, PE inhibited
androgen-independent growth. Whereas the mean tumor volume at sacrifice in the control
animals was 250 ± 100 mm3, the mean volume in the PE group was only 88 ± 23 mm3.
Similarly, serum PSA values were lower in the PE group (Fig. 5B). Moreover, animals in
the PE group displayed no adverse affects (e.g., weight loss, decreased appetite, or
diminished activity) of PE treatment. Mice were weighed weekly, and no differences in
weight were observed in the control and PE-treated groups. Thus, PE manifests growthsuppressive effects in this castration model of androgen-independent prostate cancer.
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To more fully elucidate the mechanism of growth suppression in vivo, we did
immunohistochemical studies on formalin-fixed, paraffin-embedded xenografts harvested
from the castrate/PBS and castrate/PE groups. We found that the PE diet reduced the
staining for Ki-67 (Fig. 5C and D), a proliferation marker. In addition, PE also increased
apoptosis as measured by TUNEL staining (Fig. 5C and D). Thus, PE retards the in vivo
growth of prostate cancer xenografts through a combination of inhibition of proliferation
and induction of apoptosis.
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Given the established inhibitory effects of PE on NF-κB in vitro, we examined whether PE
also blocks the NF-κB activation induced during the transition from androgen dependence to
androgen independence. Using nuclear protein extracts from LAPC4 xenografts, we showed
that NF-κB activity increases in the tumors isolated from castrated/vehicle compared with
intact/vehicle mice (Fig. 6A), a finding that has been reported previously (20). More
importantly, in the castrated/PE group, the NF-κB activity was markedly reduced compared
with the castrated/vehicle group (Fig. 6A). As a complementary assay, we did Western blots
for phospho-IκBα. As shown in Fig. 6B, tumors from castrate animals fed PE versus vehicle
showed reduced phospho-IκBα levels, which corroborates our EMSA findings and
establishes the efficacy of PE to inhibit NF-κB activity in vivo.

Discussion
We have shown that PE inhibits constitutive and cytokine-stimulated NF-κB activity in
prostate cancer cells in vitro. Importantly, the NF-κB-inhibitory effect of PE was necessary
for the maximal proapoptotic effect of PE. In addition, we showed that PE not only inhibited
the NF-κB activation that occurs in the context of androgen independence of LAPC4
xenografts but also delayed the emergence of androgen independence in the LAPC4
xenograft model. This biological effect is mediated by reduced proliferation and heightened
apoptosis. Previous work by our group showed that PE also inhibits angiogenesis in prostate
cancer xenografts (24). However, the fact that PE retards the growth of androgen-dependent
LAPC4 xenografts (22) as well as in vitro growth of prostate cancer cells that lack
constitutive NF-κB activation implicates NF-κB-independent effects of PE.
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Our results are in line with the accumulation of evidence that points to a pathophysiologic
role for NF-κB in prostate cancer progression. Constitutive activation of NF-κB is observed
and represents an independent risk factor for recurrence after radical prostatectomy (9,10).
Compared with benign prostate tissue, basal NF-κB activation is detected in low- and highgrade prostate cancer clinical specimens and is associated with the expression of NF-κBregulated gene products including Bcl-2, cyclin D1, matrix metalloproteinase-9, and
vascular endothelial growth factor (25). Constitutive NF-κB activation is also observed in
human prostate cancer cell lines and xenograft models (26–28). A progressive increase in
NF-κB activity occurs during prostate cancer oncogenesis in the transgenic adenocarcinoma
of mouse prostate model (29). Pharmacologic or genetic inhibition of NF-κB results in
decreased invasion, angiogenesis, clonogenicity, tumorogenicity, and metastasis in multiple
preclinical in vitro and in vivo prostate cancer models (26,30–34). NF-κB blockade also
sensitizes to various cytotoxic stimuli, such as TNF-α (31). Moreover, greater constitutive
NF-κB activation is consistently observed in androgen-independent prostate cancer cells
compared with their androgen-dependent counterparts (26,27,29), a finding that implicates
heightened NF-κB activation as a contributing factor in the emergence of androgen
independence.
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Given that NF-κB transcriptionally regulates expression of genes involved in apoptosis and
proliferation, it is not surprising that NF-κB activation would play a critical role in prostate
carcinogenesis. Indeed, activation of NF-κB in prostate cancer specimens correlates with
intratumoral expression of Bcl-2 and cyclin D1, two proteins that regulate survival and G1S-phase progression, respectively (25). Accordingly, our findings that PE exposure induced
apoptosis and reduced proliferation in our in vitro and xenograft models strongly supports
the notion that the NF-κB-inhibitory effect of PE is critical in mediating the growthsuppressive effects of PE.

NIH-PA Author Manuscript

Dietary agents with preventive potential can be applied at various points in the natural and
treated history of prostate cancer. For example, in addition to primary prevention,
pomegranate consumption could potentially be used to prevent or delay clinical recurrences
once patients experience biochemical recurrences (PSA recurrences) after radical
prostatectomy. Indeed, a recent phase II trial showed that consumption of PJ by patients who
had experienced a PSA recurrence after radical prostatectomy prolonged the PSA doubling
time by a factor of nearly 4-fold (11). It should be emphasized that although PJ was shown
to slow PSA doubling times in our phase II trial, no pomegranate formulation has been
shown to delay or prevent clinical recurrences. The results of our phase II trial has led to the
initiation of a phase III placebo-controlled, randomized study to determine whether intake of
PJ can lengthen the PSA doubling time in patients with a post-prostatectomy biochemical
recurrence.
The results reported in our xenograft experiments involved the use of a dose of PE that was
equivalent to approximately 10 times the dose that would be administered to a 70 kg human.
Our study was done in such a manner as to seek proof-of-principle evidence that PE could
modulate NF-κB activity and androgen-independent prostate cancer growth in vivo. Thus,
one cannot necessarily extend our findings to the clinical setting until adequate,
scientifically rigorous human trials are done. Although we have recently reported on the
safety of PE in humans delivered over 4 weeks (35), the safety and tolerability of high doses
of PE over extended durations have not been established.
Extending the duration of the androgen-dependent state could potentially prolong life
expectancy of prostate cancer patients and delay or prevent the need for additional hormonal
therapy or chemotherapy. In this regard, our finding that PE delayed the growth and
emergence of androgen independence in our xenograft model may be particularly germane.
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Of importance, our group showed previously that dietary fat reduction delayed the
emergence of androgen independence and prolonged survival using a similar xenograft
model (36). Future research will focus on potential additive and/or synergistic effects of
combining a low-fat diet with PE. Based on our results, we propose that PJ could have
potential as a dietary agent to prevent the emergence of androgen independence and suggest
that this may be a high priority area for future clinical investigation.
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PE inhibits constitutive and TNF-α-induced NF-κB activation. A, inhibition of constitutive
NF-κB-driven reporter gene expression. Cells were plated in a 24-well format in triplicate
and transiently transfected with a κB-luc reporter as well as the pRL-SV40 reporter for
normalization of transfection efficiency. Cells were exposed to the indicated dilutions of PE
for 24 h before harvesting of protein. Mean ± SD. B, EMSA showing PE-mediated
inhibition of constitutive and TNF-α-induced (10 ng/mL × 30 min) NF-κB in DU145 cells.
Top, NF-κB EMSA; bottom, Oct-1 EMSA. Lanes at far right show cold competition
experiments with cold wild-type (wt) and mutant (mut) probes. Cells were exposed to
indicated dilutions of PE for 4 h. C, same as B but in CL1 cells. D, top, Western blotting
shows effects of PE on total IκBα levels in DU145 and LAPC4 cells after exposure to TNFα; bottom, Western blot for actin as a protein loading control.
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Figure 2.

Dose-dependent in vitro cytotoxicity of PE. A, DU145 cells were exposed to either PE or
concentrated PJ at the indicated dilutions for 48 h and overall cell viability was measured by
the methylene blue assay. Mean ± SD of four wells and were normalized to results of
vehicle (PBS)-treated cells. B, photomicrographs of DU145 cells treated with the indicated
dilutions of PE. Final magnification, ×200.
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Figure 3.

Effects of PE on apoptosis and cell cycle profile of DU145 cells. Cells were exposed to PE
for 48 h and then assayed for apoptosis by Annexin V staining (A) and cell cycle profile by
hypotonic propidium iodide staining (B). Representative flow cytometric results. Numeric
results are depicted in table form for both Annexin and hypotonic propidium iodide staining.
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Figure 4.
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PE-induced apoptosis is dependent on the NF-κB-inhibitory effect of PE. A, DU145 cells
(0.8 × 105 per well in 24-well format) were transiently transfected with PSA-P/E-luc vector
(1 μg) and the pEGFP-p65 and pCMV-p50 expression vectors (0.5 μg each). Twenty-four
hours after transfection, PE (or PBS control) was added at the indicated dilutions for an
additional 24 h before harvesting protein for reporter gene expression. Results were
normalized to that of Renilla luciferase (pRL-SV40 cotransfected at 1 ng/well). Mean ± SD
of three experiments. B, DU145 cells were plated in 10 cm dishes (1.5 × 106 per dish) and
transfected with pEGFP-p65 and pCMV-p50 vectors (2.5 μg each). The next day, PE was
added at the indicated dilutions and cells were harvested 24 h later. EGFP-positive cells
were analyzed for apoptosis using a TUNEL assay as described in Materials and Methods.
C, effects of PE on prostate cancer cell lines that lack constitutive NF-κB activation. Cells
were exposed to the indicated dilutions of PE for 48 h and relative cell viability was
determined. Mean ± SD of four wells and were normalized to results of vehicle (PBS)treated cells.
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Figure 5.

Effects of PE on growth of androgen-independent mouse xenografts. After s.c. LAPC4
xenografts became palpable, mice were fed either PE or vehicle (veh) control (n = 9 for both
groups) for 1 wk before castration followed by an additional 2 wk of dietary
supplementation before euthanasia. A, tumor volumes in PE and vehicle-treated castrated
mice. The mean tumor volume of the PE-treated group was statistically significantly smaller
than that of the vehicle-treated group (P = 0.05, two-tailed Student’s t test). B, serum PSA
measurements in PE- and vehicle-treated animals at the time of sacrifice. C and D,
proliferation is inhibited and apoptosis is induced in tumors in PE-treated compared with
vehicle-treated mice. At the time of euthanasia, tumors were formalin-fixed and paraffinembedded and subjected to either staining for the Ki-67 proliferation marker or for an
apoptosis marker with the use of a TUNEL assay. C, mean of the percentage of cells that
stain for Ki-67 and are positive for TUNEL staining based on counting of three
representative high-power (×400) fields. D, representative photomicrographs of Ki-67 and
TUNEL staining. Final magnification, ×200.
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Figure 6.

PE inhibits NF-κB in androgen-independent LAPC4 xenografts. A, EMSA for NF-κB were
done on nuclear protein extracted from frozen tumors taken at the time of euthanasia. Top,
EMSA for NF-κB; middle, EMSA for Oct-1 as a control; bottom, Western blot for lamin B,
a nuclear envelope protein, to show the integrity of our nuclear extracts and equality of
protein loading. B, top, Western blot for phospho-IκBα; bottom, Western blot for actin as a
protein loading control.
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