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Prostate cancer (PCa) is the second cause of cancer deaths in men
in the USA. When the cancer recurs, early stages can be controlled
with hormone ablation therapy to delay the rate of cancer progres-
sion but, over time, the cancer overcomes its hormone dependence,
becomes highly aggressive and metastasizes. Clinical trials have
shown that pomegranate juice (PJ) inhibits PCa progression. We
have previously shown that the PJ components luteolin (L), ellagic
acid (E) and punicic acid (P) together inhibit growth of hormone-
dependent and -independent PCa cells and inhibit their migration
and chemotaxis towards CXCL12, a chemokine that is important
in PCa metastasis. On the basis of these findings, we hypothesized
that L+E+P inhibit PCa metastasis ir vivo. To test this possibil-
ity, we used a severe combined immunodeficiency mouse model
in which luciferase-expressing human PCa cells were injected
subcutaneously near the prostate. Tumor progression was moni-
tored with bioluminescence imaging weekly. We found that L+E+P
inhibits PC-3M-luc primary tumor growth, inhibits the CXCL12/
CXCR4 axis for metastasis and none of the tumors metastasized.
In addition, L+E+P significantly inhibits growth and metastasis
of highly invasive Pten~~;K-ras®'*P prostate tumors. Furthermore,
L+E+P inhibits angiogenesis ir vivo, prevents human endothelial
cell (EC) tube formation in culture and disrupts preformed EC
tubes, indicating inhibition of EC adhesion to each other. L+E+P
also inhibits the angiogenic factors interleukin-8 and vascular
endothelial growth factor as well as their induced signaling path-
ways in ECs. In conclusion, these results show that L+E+P inhibits
PCa progression and metastasis.

Introduction

Prostate cancer (PCa) is the most common male malignancy and the
second leading cause of cancer-related death among men in America.
The American Cancer Society has estimated that a total of 238 590
new cases will be diagnosed and 29 720 men will die of PCa in 2013
(1). To date, there is no real cure for the disease beyond surgery and/
or radiation. Early stages can be controlled with hormone ablation
therapy that suppresses the rate of PCa growth. However, over time,
the cancer overcomes its hormone dependence, becomes castration-
resistant PCa and metastasizes to the lung, liver and bone (2).

Abbreviations: BLI, bioluminescence imaging; E, ellagic acid; EC, endothe-
lial cell; HMVEC, human microvascular endothelial cell; IP, intraperitoneal;
L, luteolin; P, punicic acid; PCa, prostate cancer; PJ, pomegranate juice; PSA,
prostrate-specific antigen; SCID, severe combined immunodeficiency; VEGF,
vascular endothelial growth factor.
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Chemotherapy is available but the chemotherapeutic drugs are
aggressive and have many negative side effects. As a result, research-
ers are looking for novel strategies to treat PCa. Food and Drug
Administration—approved sipuleucel-T (Provenge®) is an autologous
cellular immunotherapy to treat metastatic PCa. The median overall
survival rate of patients who received sipuleucel-T was only improved
by 4.5 months and treatment is costly but some patients survived much
longer (3). Novel androgen receptor antagonists, such as enzalutamide
(Xtandi®), and androgen biosynthesis inhibitors, such as abiraterone
(Zytiga®), have shown great promise as androgen deprivation therapy
to prolong overall survival rate among patients with metastatic PCa
(4-8). Another novel drug, Cabozantinib, a potent dual inhibitor of
the tyrosine kinases MET and VEGFR2, has been shown to reduce or
stabilize metastatic bone lesions in patients with castration-resistant
PCa (9,10). However, all of these treatments have adverse side effects.

Recently, pomegranate juice (PJ) has been identified as a natural
agent to fight PCa. Mounting evidence shows that PJ has great poten-
tial to inhibit the growth and reduce the invasiveness of PCa cells both
in vitro and in vivo (11-14). In 2006, a 2-year phase II clinical trial of
patients with PCa with rising prostrate-specific antigen (PSA) were
given 8 oz of PJ by mouth daily. PSA doubling time lengthened with
treatment from a mean of 15.6 months at baseline to 54.7 months post-
treatment (P < 0.001) (15). More recently in 2013, another phase 11
clinical trial of patients with PCa with rising PSA received 1 g (com-
parable to about 8 oz of PJ) or 3 g of pomegranate extract daily for
up to 18 months. PSA doubling time lengthened more than 6 months
from 11.9 to 18.5 months (P < 0.001) with no significant difference
between dose groups (16). The statistically significant prolongation
of PSA doubling time and the lack of metastatic progression in any
of the patients strongly suggest a potential of PJ for treatment of PCa.

We have previously shown that PJ inhibits the migratory and meta-
static properties of hormone refractory PCa cells by stimulating cell
adhesion and inhibiting cell migration/chemotaxis (17). However, PJ
contains many components and as a whole it is difficult to determine
how to best maximize its use in treating PCa. A way to overcome this
challenge is to identify components of PJ that are responsible for the
antimetastatic effect of the whole juice. The juice contains a rich com-
plement of polyphenolic compounds such as delphinidin, punicalin,
punicalagin, quercetin and luteolin (12). Pomegranate pericarp is rich
in tannates of gallic acid and ellagic acid, which are strongly antioxi-
dant (18). Pomegranate seed oil is rich in steroids and sterols (19).
Remarkably, the oil is composed of 80% punicic acid, which is a rare
C18 octadecatrienoic fatty acid. Many of these compounds have been
shown to have anticancer properties (20-23). Nevertheless, the spe-
cific components of PJ that have antimetastatic effects against PCa are
largely unknown. Recently, we showed that a combination of a poly-
phenolic compound (luteolin/L), an antioxidant (ellagic acid/E) and a
seed oil component (punicic acid/P), when used in cultured PCa cells
individually and in combination, stimulate cell adhesion and inhibit
cell migration/chemotaxis, processes critical for metastasis. We also
found that the combination of L+E+P is additively more potent than
L, E or P individually (24). They stimulate cell adhesion, inhibit
cell migration and inhibit chemotaxis of the PCa cells via CXCL12/
CXCR4, a chemokine axis that is important in metastasis of PCa cells
(24). We have also shown similar antimetastatic effects of L+E+P
on breast cancer cells (25). However, there is no direct evidence yet
showing that L+E+P inhibits PCa metastasis in vivo. Therefore, in
the current study, we tested the effect of L+E+P on metastasis of
PCa in a mouse tumor model. We found that L+E+P administration
inhibits growth and metastasis of luciferase expressing human PCa
(PC-3M-luc) xenograft tumors in severe combined immunodeficiency
(SCID) mice. L+E+P treatment also inhibits growth and metastasis of
allograft tumors of the highly invasive mouse PCa cells with PTEN
deletion and K-Ras activation. In addition, L+E+P treatment inhibits
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tumor angiogenesis and angiogenesis-related molecular properties
of endothelial cells. Our findings strongly suggest that L+E+P can
potentially be used to deter metastasis of PCa.

Materials and methods

PCa cell injection and monitoring of tumor size

Experiments were approved by the Institutional Animal Care and Use
Committee of the University of California, Riverside. Male SCID mice (5-6
weeks old) were anesthetized and were injected ventrally under the skin near
the region of the prostate with 2 x 10® PC-3M-luc2 cells or 1 x 10° Pten™"";K-
ras®?P cells suspended in 100 pl Dulbecco’s phosphate-buffered saline. One
day after the injection of the tumor cells, mice were randomly divided into
two groups (7 mice/group). One group of mice received L+E+P treatment
(64 pg/component/day) once a day, 5 days/week for 8 weeks and the other
received only vehicle (Dulbecco’s phosphate-buffered saline) for the same
period of time, via intraperitoneal (IP) injection. For the weekly imaging, mice
were anesthetized and were given the substrate D-luciferin by IP injection at
150 mg/kg in Dulbecco’s phosphate-buffered saline 5—10min before imag-
ing. Bioluminescence imaging (BLI) was performed with a bioluminescent
imaging system (ONYX, Stanford Photonics) composed of a highly sensi-
tive cooled CCD camera mounted in a light-tight specimen box. Images and
measurements of BLI were acquired and analyzed using WinView software.
To quantify the BLI intensity, the tumor of each mouse was manually outlined
using Matlab’s built-in function ‘roipoly’. The mean values of the gray scale
intensities inside the tumor were then calculated for quantitative analysis. The
tumor diameters were measured and the volumes were calculated by the for-
mula: Volume = (width)? x length/2 (26).

PCa patient samples

Human prostate tumor samples were obtained through an institutional review
board-approved protocol. Matched normal and tumor tissues from a single
patient were obtained at the time of prostatectomy. The fragments used were
shown by frozen section to contain or not contain tumor. Two patient-derived
xenograft tumors were also used. Tissue was removed from subcutaneous xen-
ografts in SCID mice, at sixth passage level.

Tube formation assay

Fifty microliters of Matrigel (BD Biosciences, San Jose, CA) was applied to
the center of 35-mm cell culture dishes to evenly coat a 1.5-cm diameter area.
The coated plates were incubated for 30 min at 37°C. A total of 3 x 10* human
microvascular endothelial cells (HMVECs) suspended in 200 pl Dulbecco’s
modified Eagle’s medium were plated onto the Matrigel-coated area. To study
the effect of PJ components on tube formation, HMVECs were treated after
the cells adhered for 1 h and then observed for tube formation. To determine
whether the PJ components disrupt preformed tubes, HMVECs were treated
after the cells had formed tubes and observed for tube disruption. The tubes
were observed with an inverted phase contrast microscope intermittently for 12
h. The number of formed tubes was recorded.

In vivo angiogenesis

C57BL mice were purchased from the Jackson Laboratory (Bar Harbor, ME).
All experimental protocols were approved by the UCR Institutional Animal
Care and Use Committee. The mice were treated with L+E+P (64 pg of each)
by IP injection daily for 2 weeks. The hair was then removed from the back of
the mice using Nair hair remover (Madera, CA) and they were injected with
interleukin (IL)-8 (100 ng/20 pl saline) or vascular endothelial growth factor
(VEGF; 200 ng/20 pl saline) using an insulin syringe. IL-8 and VEGF were
each injected in two sites symmetrically located on the back of each mouse
every 24 h for 4 days. Injection sites were labeled using a permanent marker
to ensure that repeated injections for the same site all took place in the same
spot; on each animal, the pair of injection sites for IL-8 and the pair for VEGF
were on opposite sides of the backbone and at least 2cm apart to avoid pos-
sible cross-over effects. Skin samples from the injected areas were collected
and observed at day 5.

Immunolabeling

Frozen tissue sections were immunolabeled with Ki67 or aSMA antibod-
ies, mounted with Vectashield, and viewed using Nikon Microphot-FXA
fluorescence microscope with a Nikon DS-Fil digital camera and Nikon NIS-
Elements software.

Statistical analysis

Data analysis was performed using the Student’s ¢-test or one-way analysis of
variance on raw data with GraphPad Instat software (GraphPad Software, La
Jolla, CA).
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Results

L+E+P inhibits tumor growth, metastasis and angiogenesis of
prostate xenograft and allograft tumors

To study the effects of L+E+P on the metastasis of PCa in vivo,
male SCID mice were injected ventrally under the skin with lucif-
erase-expressing human PCa cells (PC-3M-luc). Tumor growth and
progression to metastasis of both treated and vehicle groups were
monitored weekly by BLI (Figure 1A and B). Without treatment, the
tumors grew to the maximum size allowed by the Institutional Animal
Care and Use Committee in 8 weeks (Figure 1A).

We had previously determined in vitro that the most effective com-
bination of L+E+P was when the components were used at equal
doses in the mixture (24). Therefore, we tested increasing doses of
the mixture in a ratio of 1:1:1 starting with 16 pg per component,
which was the most effective dose in in vitro assays (24). We tested
L+E+P at 16, 32, 64 and 128 pg of each component and found that
16 pg of each was ineffective in deterring tumor growth, 32 pg had
a small effect and 128 pg killed the mice; 64 pg was most effective.
Therefore, we used 64 pg of each component for all experiments.
During the 8 weeks of treatment, no apparent toxicity was observed
with 64 pg/component/day in any of the L+E+P-treated mice, whereas
this concentration significantly inhibited tumor growth as indicated by
the decreased intensity of BLI (Figure 1B). We also found that L+E+P
was effective in deterring tumor growth when treatment was started
at week 5 of tumor development (Figure 1C). The weekly tumor BLI
intensities of mice in vehicle and L+E+P group were quantified and
the mean intensities plotted. L+E+P significantly reduced the BLI
intensity as compared with the vehicle group (Figure 1D). At week 8,
all the mice were euthanized and the volume of the tumors was meas-
ured after excision. L+E+P treatment significantly decreased tumor
volume compared with mice treated with the vehicle (Figure 1E), and
it completely inhibited metastatic incidence in PC-3M-luc xenograft
tumors as shown by BLI when the signal from the primary tumor
was blocked (Figure 1F). Among the vehicle-treated group, tumors
in five of seven mice metastasized by week 8. However, none of the
tumors in seven mice treated with L+E+P metastasized by week 8
(Figure 1G).

Our previous results in vitro showed that the treatment of L+E+P is
more effective than L, E or P individually. To test this result in vivo,
we treated the mice with PC3M-luc tumors with L, E or P individually
and compared the effectiveness to L+E+P (Supplementary Figure S1,
available at Carcinogenesis Online). We found that the combination
of L+E+P was additively more effective than L, E or P individually as
indicated by BLI intensities and the tumor volumes (Supplementary
Figure STA-C, available at Carcinogenesis Online). Consistent with
our in vitro findings, L is more potent than E or P individually.

Because we saw a decrease in tumor growth rate, we used a marker
for Ki67 to determine whether L+E+P affected tumor cell prolifera-
tion and observed significant inhibition of proliferation (Figure 2A
and B). To determine whether L+E+P treatment affects angiogen-
esis in the tumor, sections from the control and treated groups were
stained with Masson’s trichrome to highlight the collagen surround-
ing the blood vessels. We found that the number of blood vessels in
treated mice was significantly lower than in the vehicle-treated mice
(Figure 2C). The effects of L+E+P on tumor biology are summarized
in Figure 2D.

Because not all xenograft tumors from PC-3M-luc cells in SCID
mice metastasized, we injected the highly invasive mouse cancer cell
line with PTEN deletion and K-RAS activation (Pten™";K-ras®'?P)
to evaluate the effects of L+E+P on metastasis of this aggressive PCa
cell line (27). To initiate these studies, we tested the effect of L+E+P
on cultured cells and found that L+E+P increases cell adhesion,
decreases cell migration and decreases chemotaxis towards CXCL12
much like it did on PC3 cells (Supplementary Figure S2A-C, avail-
able at Carcinogenesis Online).

For the experiments in vivo, SCID mice were injected with
Pten™";K-ras®'*P cells subcutaneously in the region of the pros-
tate, and then divided into two groups. One group of mice received
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Fig. 1. L+E+P inhibits growth and metastasis of PC-3M-luc xenograft tumors in SCID mice. (A and B) 2x 10 PC-3M-luc cells were injected into SCID mice
subcutaneously; 1 day after injection of the tumor cells, mice in the treated group received 64 pg each of L+E+P via IP once a day, 5 days/week for 8 weeks
and the control mice received only vehicle (Dulbecco’s phosphate-buffered saline). (C) In a group of mice receiving delayed L+E+P treatment (Del. L+E+P),
64 ng L+E+P treatment started at week 5 (Vehicle group n = 7, L+E+P group n = 7, Delayed L+E+P group n = 5). Tumor growth and progression in Vehicle,
L+E+P and Delayed L+E+P groups of mice were monitored by BLI weekly. Representative images at week 2, 4, 6 and 8 are shown (A—C). (D) The weekly
BLI intensities of mice in Vehicle and L+E+P group were quantified and the mean intensities were plotted. (E) Mice were euthanized at the end of the 8th week
and tumor volume was determined using the formula: Volume = (width)? x length/2 (P = 0.0052). (F) Tumors from mice in the Vehicle group metastasized by
week 8 as shown by the BLI when the bioluminescence signals from primary tumors were blocked. Arrow indicates a metastasis. (G) Comparison of number of
mice showing metastases between Vehicle and L+E+P groups was quantified using the Fisher’s exact test (P = 0.021). Bars represent standard error of the mean.

**P <0.01, ***P <0.001.

L+E+P treatment (64 pg/component/day 5 days a week) and the
other group received only the vehicle. Because of the tumor aggres-
siveness, all mice were treated for only 4 weeks and euthanized
at the end of the fourth week. We found that L+E+P significantly
decreased the size of the tumors compared with the vehicle-treated
group (Figure 3A). By the end of week 4, all tumors in the vehicle-
treated group had metastasized and the major sites of metastasis were
the lung and liver. The number of metastatic lesions was counted
macroscopically; L+E+P treatment significantly inhibited the num-
ber of metastatic lesions in to both the lung (Figure 3B and C) and

the liver (Figure 3B and D). We summarize and compare lung and
liver metastases between control and L+E+P group in Figure 3E.
In addition, we found that L+E+P reduced the number of blood
vessels in the Pten™;K-ras®’?? tumors (Supplementary Figure
S3A, available at Carcinogenesis Online). L+E+P also inhibited
tumor cell proliferation as shown by reduced Ki67-positive cells
(Supplementary Figure S3B, available at Carcinogenesis Online).
These findings show that L+E+P effectively inhibits metastasis
in both the PC-3M-luc tumors and the highly invasive Pten™";K-
ras®"?P tumors.
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Fig. 2. L+E+P inhibits angiogenesis of PC-3M-luc xenograft tumors in SCID mice. Tumors collected from the Vehicle and L+E+P treated groups were fixed

and sectioned. (A) Ki67 immunolabeling of tumors from Vehicle and L+E+P groups. (B) The numbers of Ki67 positively stained cells were averaged in 10 high-
power (40x) fields. (C) Quantification of blood vessels in each section. The total number of blood vessels were counted/mm? of tumor tissue. (D) Summary of the
observed differences between tumors from Vehicle and L+E+P-treated groups. Bars represent standard error of the mean. **P < 0.01, ***P < 0.001.

Effects of L+ E+P involve inhibiting the CXCL12/CXCR4 and AKT
signaling axis

It has been well established that the CXCL12/CXCR4 signaling axis
plays a critical role in cancer metastasis. We have previously shown
that L+E+P reduces CXCR4 levels and inhibits the downstream
signaling pathways of CXCL12 in human endothelial cells in vitro
(24). To investigate the effect of L+E+P on CXCL12/CXCR4 axis in
vivo, we examined the protein levels of CXCR4 in the L+E+P-treated
PC-3M-luc tumors and found that treatment with these components
significantly decreased the protein levels of CXCR4. Furthermore, we
found that Ga 5, PI3K and p-AKT proteins involved in the signaling
downstream of CXCR4 were also decreased (Figure 4A and B). To
investigate whether the inhibitory effect of L+E+P on tumor growth is
mediated by reducing the level of activated AKT, we treated the mice
with PC3M-luc tumors with a small molecule AKT activator, SC79
(28) and examined whether AKT activation could reverse the effect of
L+E+P. We found that SC79 treatment at least partially reversed the
effect of L+E+P on tumor growth as indicated by comparison of BLI
intensities (Figure 4C and D). SC79 treatment also reversed the effect
of L+E+P on reducing the level of p-AKT in the tumors (Figure 4E).
Because Akt is a key molecule in the signaling pathway for CXCL12/
CXCR4, these findings show that L+E+P inhibits the CXCL12/
CXCR4/AKT chemotactic axis in the tumor and are consistent with
the observed L+E+P inhibition of metastasis.

L+E+P alters the angiogenic properties of HUVECs

To study the molecular mechanisms of inhibition of angiogenesis by
L+E+P as observed in the tumors, we performed a variety of cellular
and molecular assays in vitro using HMVEC. These cells were treated
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with L+E+P at 2 or 4 pg/ml (higher concentrations were detrimen-
tal to these cells) and performed adhesion assays, much like we did
for the tumor cells, using a gelatin-coated substrate and measured the
trypsinization time required to completely detach all cells from the
culture dish as an indicator of cell adhesion strength (17,24,25). We
tested for adhesion to the substrate at 12 and 24 h after initiation of
treatment by recording the time it took for trypsinization to remove all
of the cells from the dish. Control represents no treatment. Treatment
with L+E+P decreased the ability of HMVECsS to adhere to the sub-
strate (Figure 5A). The reason for not presenting statistical signifi-
cance is because the loss of adhesion is similar from culture to culture
and it occurs rapidly when the cells begin to detach. In addition, using
the scratch wound assay, we found that L+E+P treatment significantly
decreased cell migration of HMVECs in a dose-dependent manner
(Figure 5B).

It is well established that tumor cells can attract endothelial cells
through chemotaxis. To investigate the effects of L+E+P on chemot-
axis of endothelial cells towards the tumor cells, we performed chem-
otaxis assays with PC3 conditioned medium and found that L+E+P
treatment significantly inhibited the PC3 conditioned medium-
induced chemotaxis (Figure 5C and D).

To further investigate the molecular mechanisms of L+E+P on
HMVECs, we determined the effect of these components on lev-
els of VE-cadherin and CD31, which are two important proteins in
endothelial cell adhesion to each other and in tube formation in blood
vessels. Treatment for 24 or 48 h with L+E+P decreased the levels
of both proteins and did so in a time-dependent manner (Figure SE
and F). Given these results, we also tested the possibility that L+E+P
could have an effect on endothelial cell tube formation. HMVECs
were treated with L+E+P after the tubes were allowed to form and
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Fig. 3. L+E+P inhibits metastasis of Pten™";K-ras®/>? mouse cancer cell allograft tumors. A total of 1 x 10® Pten™~;K-ras®’?” mouse cancer cells were injected
into SCID mice subcutaneously near the prostate region. One day after the injection of the tumor cells, the L+E+P group of mice received 64 pg each of L+E+P
once a day, 5 days/week for 4 weeks, and the control group received only the vehicle (Dulbecco’s phosphate-buffered saline) (Vehicle group n = 7, L+E+P group
n="7). (A) Mice were euthanized at the end of the 4th week and tumor volume was determined using the formula: Volume = (width)? x length/2 (P = 0.0002). (B)
Lung and liver metastases in mice from Vehicle and L+E+P group. Circles indicate the metastatic lesions. (C and D) The number of metastatic lesions in lung (C)
(P =0.0011) and liver (D) (P = 0.041) were counted macroscopically in each animal. (E) Summary of the number of metastases in lung and liver. Bars represent

standard error of the mean. *P < 0.05, ***P < 0.001.

found that these components significantly disrupted the formed tubes
(Figure 5G and H). When L+E+P treatment was done immediately
after the cells had adhered to the substrate, tube formation was pre-
vented (Supplementary Figure S4A and B, available at Carcinogenesis
Online). Both effects occurred in a dose-dependent manner. These
results suggest that L+E+P inhibits tumor-induced angiogenesis
through changing endothelial cell processes that are involved in cell
migration, chemotaxis and tube formation.

It is well established that IL-8 and VEGF are potent angiogenesis
inducers and that tumor cells in general produce high levels of both.
We examined the levels of IL-8 and VEGF in normal human prostate
tissues and prostate tumors. Levels of both growth factors are low in

the normal prostate tissue but are consistently increased in the human
prostate tumors (Figure 6A and B). To determine the effect of L+E+P
on IL-8 and VEGF production, we treated PC3 cells with L+E+P and
found that these PJ components significantly reduce the IL-8 and
VEGEF production (Figure 6C and D).

We have previously shown that IL-8-induced angiogenesis occurs
via transactivation/phosphorylation of VEGFR2 (29). To determine
whether L+E+P inhibits IL-8-induced angiogenesis via this signaling
mechanism, we examined whether IL-8 induces the phosphorylation/
activation of VEGFR2 and subsequent activation of AKT. Treatment
with L+E+P strongly inhibits IL-8-induced phosphorylation of
VEGFR2 and phosphorylation of AKT at 15-60min (Figure 6E).
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Fig. 4. The effects of L+E+P involve inhibiting CXCL12/CXCR4 and AKT signaling axis. (A) PC3M-luc tumors from Vehicle and L+E+P groups of mice were
collected and total protein was extracted and analyzed by immunoblotting for CXCR4, Ga13, PI3K and p-AKT (S473). (B) Densitometry of the bands.

(C) A total of 2x 10° PC-3M-luc cells were injected into SCID mice subcutaneously. One group of mice (group SC79, n = 3) received AKT activator SC79
treatment weekly (0.04 mg/g) via IP and the other group (group SC79/L+E+P, n = 3) received the SC79 treatment weekly plus L+E+P treatment once a day,

5 days/week. Tumor growth was monitored by BLI weekly. Representative images at week 2, 4, 6 and 8 are shown. (D) The weekly BLI intensities of mice in
SC79 and SC79/L+E+P group were quantified and the mean intensities were plotted. (E) Tumors from SC79 and SC79/L+E+P groups of mice were collected
and total protein was extracted and analyzed by immunoblotting for p-AKT (S473). Bars represent standard error of the mean. **P < 0.01.

VEGEF is known to promote endothelial cell proliferation through
activation of the PI3K/AKT and MEK/ERK signaling pathways (30).
L+E+P inhibits VEGF-induced phosphorylation of ERK and AKT
(Figure 6F), suggesting that L+E+P inhibits angiogenesis by inhibit-
ing the response of endothelial cells to the proangiogenic factors IL-8
and VEGF in addition to affecting the endothelial cells themselves.
To study whether L+E+P inhibits IL-8- or VEGF-induced angiogen-
esis in vivo, C57BL mice were injected for 2 weeks with 64 pg each
of L+E+P once/day. IL-8 or VEGF was injected under the skin once/
day for 4 consecutive days to examine whether the angiogenic effects
were inhibited by systemically pretreating the animals with L+E+P.
The skin samples were collected, imaged and the blood vessels were
manually highlighted. We found that angiogenesis induced by IL-8 or
VEGF was inhibited by L+E+P as shown by reduced number of blood
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vessels in L+E+P-treated skin samples (Figure 6G and Supplementary
Figure S5A and B, available at Carcinogenesis Online).

Discussion

PCa that has become metastasized has a poor prognosis and
remains a significant therapeutic challenge. In this study, we
have tested the hypothesis that L+E+P has antimetastatic effects
in vivo and have found that these PJ components (i) inhibit
growth of primary tumors; (ii) inhibit cellular and molecular
processes critical for metastasis; (iii) inhibit tumor angiogenesis
and change angiogenesis-related properties of human endothe-
lial cells; (iv) inhibit the CXCL12/CXCR4 chemotactic signal-
ing axis, which is known to be important in cancer metastasis.
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Fig. 5. L+E+P changes angiogenesis-related properties of HMVEC cells. (A) HMVEC cells were plated onto gelatin-coated plates and were treated with L+E+P
at 2 or 4 pg/ml for 12 or 24 h. Time required to completely trypsinize all cells from the plate was recorded. (B) Confluent HMVEC-1 cultures were scratch
wounded and were treated with L+E+P at 2 or 4 pg/ml for 24 or 48 h. The distance migrated from the wounded edge was recorded at indicated time points. (C)
HMVECs were seeded onto the collagen-coated upper side of 8 pm pore size membranes of inserts inside transwell units and were treated with L+E+P at 4 pg/ml
for 12h. Conditioned medium collected from PC3 culture was introduced into the lower chamber to induce chemotaxis for 4 h. L+E+P inhibited chemotaxis of
the ECs towards the conditioned media of the cancer cells. (D) The number of cells that migrated through the pores was counted and averaged in 10 high-power
(40x) fields. (E) HMVECs were treated with L+E+P at 4 pg/ml for 24 or 48 h, and protein extracts were analyzed by immunoblotting for VE-cadherin and CD31.
(F) Densitometry of the bands in E. (G) HMVEC-1 cells were plated onto Matrigel-coated plates and allowed to form tubes for 4 h. Tubes were then treated with
L+E+P at 2 or 4 pg/ml for 4h. L+E+P treatment resulted in dismantling of the endothelial tubes. (H) Tube number per 4x power field. Bars represent standard

error of the mean. *P < 0.05, **P < 0.01, ***P < (0.001.

Using SCID mice and a luciferase-expressing human PCa cell line
to obtain xenograft tumors, we investigated the potential for tumor
metastasis. The advantage of this model is that tumor growth and
metastasis can be monitored in real time. Treatment with L+E+P
significantly suppressed tumor growth but, more importantly, it com-
pletely eliminated metastasis of these tumors. However, the fact that
in control tumors, progression to the metastatic stage did not occur
100% of the time limits the power of this result. This led us to test the
effects of these components on a more aggressive tumor.

It has been shown that inhibition of the PTEN/PI3K pathway
combined with activation of the Ras/MAPK pathway promotes PCa
metastasis (27). As a result, we also investigated a highly invasive
mouse PCa cell line which has PTEN deletion and K-ras activation
(Pten™";K-ras%"*P) to generate allograft tumors. In this model, all

control mice metastasized by the end of week 4, and we observed
abundant metastases in lung and liver. In the corresponding mice
treated with L+E+P by IP injection, tumor growth was again sig-
nificantly suppressed, but in this case, metastasis to lung and liver
also occurred but the overall number of metastases was significantly
reduced. We are currently performing studies to determine how long
past 8 weeks treatment with L + E+ P prevents metastasis.
Detectable ellagic acid and metabolites can be identified briefly and
in low quantity in plasma and urine within an hour of both oral and
IP administration. When given orally, most ellagic acid seems to be
converted by intestinal microorganisms to urolithins and their glucu-
ronides (31-33). These urolithin glucuronides are then absorbed and
concentrated in prostate tissue, where they may exert antiproliferative
and antioxidant effects. Thus, ellagic acid itself does not seem to be
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represent standard error of the mean. *P < 0.05, **P < 0.01, ***P < 0.001.

a major, biologically effective component of orally administered PJ.
However, when injected IP, ellagic acid itself ends up in the plasma
and in the prostate of mice (31). Much less data exist to describe the
bioavailability and activity of luteolin or punicic acid after oral inges-
tion by humans. Our data suggest that a combination of PJ constitu-
ents may have antitumor activity when administered parenterally at
a nontoxic dose. Although not as convenient as oral administration,
parenteral dosing of PJ components may have novel biologic effects
by bypassing intestinal metabolism. Comparative studies of the bio-
logic activities of L, E and P by both routes will be necessary to define
the optimum methods to use these compounds in clinical cancer care.

There is a limit to how large a tumor can grow without angiogenesis
(34). Indeed, angiogenesis plays a crucial role in the survival, prolif-
eration and metastatic potential of PCa tumors through providing nutri-
ents and oxygen (35). Therefore, angiogenesis is an attractive treatment
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target in many types of solid tumors, including PCa tumors. To date,
the most successful antiangiogenic agent is bevacizumab, a monoclonal
antibody against VEGF (36). Natural agents such as pomegranate extract
have been shown to inhibit angiogenesis in PCa (37) but the active com-
ponents responsible for the antiangiogenic effects are largely unknown.
We have shown here that L+E+P inhibits angiogenesis by reducing the
number of blood vessels in the tumors. New blood vessels are formed in
response to interaction between tumor cells and endothelial cells, growth
factors and extracellular matrix components (38). In cultured endothe-
lial cells, we show that L+E+P significantly, and in a dose-dependent
manner, decreases endothelial cell adhesion, migration and tube forma-
tion, all of which are important processes in angiogenesis. In addition,
VE-cadherin and CD31, two of the important endothelial-specific adhe-
sion proteins that maintain the integrity of blood vessels at adherens
junctions (39), are completely (VE-cadherin) or significantly (CD31)



inhibited by L+E+P treatment. These findings suggest that the antian-
giogenic effects of L+E+P are at least partially due to directly changing
the cellular and molecular properties of endothelial cells.

It is well established that tumor-secreted factors can chemoattract
local stromal cells, such as fibroblasts and macrophages, and distant
cells such as endothelial cells (40). We show that L+E+P inhibits chem-
otaxis of endothelial cells towards PC3-conditioned medium, suggest-
ing that these components inhibit angiogenesis also through perturbing
the communication between tumor and endothelial cells. Many studies
have demonstrated that tumor cells secrete growth factors such as IL-8
and VEGEF to stimulate the migration and proliferation of endothelial
cells (41). IL-8 and VEGF are known as potent promoters of angiogen-
esis and the level of IL-8 and VEGF are in general increased in various
tumors (42). IL-8 has been shown to stimulate cell migration via the
PI3K/AKT signaling pathway (43), and VEGF is known to promote
endothelial cell proliferation through activation of the PI3K/AKT and
MEK/ERK signaling pathways (30). We show that L+E+P treatment
significantly reduces the production of IL-8 and VEGF in PC3 cells
and inhibits the endothelial cell response to IL-8 and VEGF.

It has been well established that PCa cells develop ways to bypass
the need for testosterone and then the cancer progresses rapidly. The
CXCL12 receptor CXCR4 is widely expressed in various tumor cells and
is responsible for metastasis to the most common destinations such as
lung and liver (44,45). As a result, the CXCL12/CXCR4 signaling axis
has become an attractive therapeutic target for metastasis. Neutralizing
CXCR4 function with an antagonist or an antibody has been shown
to inhibit prostate and breast cancer metastasis (44,46). We show that
L+E+P reduces the level of CXCR4 in prostate tumors and inhibits the
CXCR4 downstream signaling Ga13, which is the G protein o subunit
involved in CXCL12-induced chemotaxis (47). Together with the finding
that the effect of L+E+P on tumor growth was partially reversed by AKT
activation, these results strongly suggest that L+E+P inhibits PCa metas-
tasis also through targeting the CXCL12/CXCR4/AKT signaling axis.

It is well know that PCa significantly metastasizes to the bone. We
could not test the effects of L+E+P on bone metastasis because our SCID
mouse model is limited by how long the mice live and prostate metastasis
to the bone takes a long time to develop. However, because we find that
L+E+P affects cellular and molecular processes important for metasta-
sis, we expect L+E+P also has the potential to inhibit bone metastasis.
Furthermore, on the basis of our previous findings (24), L+E+P also
inhibits cell growth and downregulates genes involved in anti-apoptosis
and cell cycle progression. Therefore, these natural products have multi-
ple molecular targets in the cell and the observed antimetastatic effect of
L+E+P is potentially a result of multiple combined actions such as inhib-
iting cell growth, inducing apoptosis, inhibiting chemotaxis and tumor
angiogenesis. We show that L+E+P inhibits cell proliferation as detected
with staining for Ki67, a protein active during the cell cycle but absent
when cells are in GO. Because we find virtually no staining for Ki67 in
tumors of animals treated with L+E+P, this suggests that the cells are
arrested in GO.

In conclusion, L+E+P can be used in combination to prevent PCa
growth and metastasis and because these are natural products they
easily could be used in humans in the near future. Furthermore, it may
be possible to develop them into novel drugs that can be made more
effective than the natural products in preventing cancer progression.

Supplementary material

Supplementary Figures 1-5 can be found at http://carcin.oxfordjour-
nals.org/
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