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Prostate cancer is a commonly diagnosed cancer in men, and dietary chemoprevention by pome-
granate (Punica granatum) extracts has shown noticeable benefits. In this study, we investigated the
growth inhibitory, antiandrogenic, and pro-apoptotic effects of 13 pure compounds found in the
pomegranate in androgen-dependent LNCaP human prostate cancer cells. Cells deprived of steroid
hormones were exposed to increasing concentrations (1—100 xM) of pomegranate compounds in
the presence of 0.1 nM dihydrotestosterone (DHT), and the inhibition of cell growth was measured
by WST-1 colorimetric assay after a 4 day exposure. Four compounds, epigallocatechin gallate
(EGCG), delphinidin chloride, kaempferol, and punicic acid, were found to inhibit DHT-stimulated
cell growth at concentrations of 10 «M and above. These four pomegranate compounds inhibited
DHT-stimulated androgen receptor nuclear accumulation and the expression of the androgen
receptor-dependent genes prostate specific antigen and steroid 5a-reductase type 1 at concentra-
tions =10 uM. We determined the possible contribution of apoptosis to the observed decrease in cell
growth and found that three compounds, EGCG, kaempferol, and, in particular, punicic acid,
induced DNA fragmentation after a 24 h treatment, at concentrations in the 10—100 «M range.
Punicic acid, an important fatty acid in pomegranate seeds, was further found to induce intrinsic
apoptosis via a caspase-dependent pathway. In conclusion, punicic acid, the main constituent of
pomegranate seed (70—80%), exhibited potent growth inhibitory activities in androgen-dependent
LNCaP cells, which appear to be mediated by both antiandrogenic and pro-apoptotic mechanisms.
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1. INTRODUCTION

Prostate cancer is the most common cancer diagnosed in North
American men and is the third leading cause of cancer death
in western countries (/). The number of cases diagnosed has
increased over the last decades in part due to the development of
sensitive tests for the detection of prostate cancer markers, such as
prostate-specific antigen (PSA), which are expressed androgen
dependently and are secreted into the blood circulation (2).

Most prostate cancers are initially androgen-dependent, and
the main treatment option at this early stage is androgen abla-

Moreover, vegetarian men have a lower incidence of prostate
cancer than omnivorous males. Taken together, both populations
of men consume low-fat, high-fiber diets containing fruits and
vegetables, which provide a rich supply of antioxidants, weak
dietary estrogens, and possible antiandrogens. This implies that
environmental factors, rather than genetics alone, contribute
substantially to the risk of developing prostate cancer (7).
Dietary chemoprevention of prostate cancer is increasingly
considered to be an important way to reduce this health prob-
lem (8, 9). Recently, pomegranate (Punica granatum), a source of

tion (3,4). However, after an initial successful response to androgen
ablation therapy, most prostate cancers progress to an androgen-
resistant state that is highly aggressive, metastatic, and often leads
to death (9).

Compelling risk factors involved in the development and
progression of prostate cancer include older age, a family history
of prostate cancer, and race. Increasing interest has centered
on nutritional or other environmental factors that either offer
protection against prostate cancer or increase its incidence. Asian
men have much lower incidences of prostate cancer and benign
prostatic hyperplasia (BPH) than their Western counterparts (6).
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many polyphenols including ellagitannins, punicaligins, gallotan-
nins, anthocyanins, and flavonoids, has shown promise in the
prevention of prostate cancer, as has been demonstrated in studies
with extracts and/or isolated bioactive compounds (/0—12).
More recently, ellagitannin metabolites formed in the gut, such
as urolithin A and B, are being considered as biologically active
agents against prostate cancer (/3); they appear to have protective
(anti-inflammatory) actions in colon (/4), although little is yet
known about their concentrations in prostate, therapeutically
relevant levels, or mechanism of action.

We hypothesize that certain compounds found in the pome-
granate have growth inhibitory and antiandrogenic properties
that contribute to their protection against the development and
growth of prostate cancer. The objective of the present study was
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Table 1. Thirteen Pomegranate Compounds Used in This Study, Their Predominant Localization in the Fruit, and Approximate Concentrations
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Pomegranate compound Approximate Source (12) |Reference Pomegranate compound Approximate Source (72) | Reference
concentrations concentrations
Epicatechin 0.8 mg/L Juice with peel (49) Malvinidin Quantitative | Juice with peel
OH data not
HO. 0. @: available
- OH
\QO"’OH
OH
Epicatechin gallate 1.6 mg/L Juice with peel (49) OH
OH
@/’H Punicic acid 67-80% of all Seed ail (50)
Ho. o Q fatty acids
\@Qwo HO' X
o on =
OH =
o cis-Vaccenic acid Quantitative Seed oil
Epigallocatechin gallate Quantitative Juice with it data not
oH data not peel, leaf HO% available
o available
HO o
@ c oH trans-Vaccenic acid Quantitative Seed oil
o [o} data not
OH OOH HOJ\/\/\/\/\/\/\A/\ available
L Quinic acid 0.02-6.72 /L | Juice with peel (57
Delphinidin 237.8 mg/L Juice with peel (47) Q
OH (as glucosides) HO,, OH
OH
HO 0 O
O N OH HO™ ™ YOH
Z~oH OH
OH Gallic acid Quantitative Juice, peel
Pelargonidin 5.9 mg/L Juice with peel 7 Ox-OH data not flower
OH (as glucosides) available
OH
HO. 02 O
A OH HO OH
Z>on OH
OH Kaempferol Quantitative Juice, leaf
Cyanidin 181.3 mg/L Juice with peel (47) OH data not
OH (as glucosides) available
. O HO 0
HO 0L O
Z>onH OH
OH OH O

to examine the potential protective effects of a number of pure
compounds known to be found in various parts of the pome-
granate, including punicic acid, which is the predominant trienoic
acid in this fruit (/5). The effects of pomegranate compounds
on cell growth and apoptosis were examined in an androgen-
dependent and androgen receptor (AR)-positive human prostate
cancer cell line (LNCaP). Because androgens and the AR play
central roles throughout prostate cancer development, the effects
of pomegranate polyphenols and fatty acids were evaluated on
the transcription of genes for the AR-dependent dihydrotestos-
terone (DHT)-synthesizing enzyme SRD5A (steroid 5 reductase
type 1), PSA, and nuclear AR levels.

2. MATERIALS AND METHODS

2.1. Pomegranate Compounds. Punicic acid, gallic acid, cis-vaccenic
acid, frans-vaccenic acid, and quinic acid were purchased from Larodan Fine
Chemicals AB (Malmo, Sweden), and kaempferol, delphinidin chloride,
pelargonidin chloride, cyanidin chloride, malvidin chloride, epicatechin
(EC), epicatechin gallate (ECG), and epigallocatechin gallate (EGCG)
were purchased from Extrasynthése (Genay, France) (Table 1). All
compounds were dissolved in dimethyl sulfoxide (DMSO) as 1000-fold
concentrated stock solutions. Although some compounds are water-
soluble, we chose DMSO for all solutions to remain consistent. The quan-
titative pomegranate contents of these compounds in the actual fruit, as far
as known, are summarized in Table 1.

2.2. Cell Culture. Androgen-dependent LNCaP cells (American
Type Culture Collection, Manassas, United States) were maintained and
cultured in RPMI 1640 medium supplemented with 10% FBS and 1%
penicillin/streptomycin in a humidified atmosphere of 5% CO, at 37 °C.

Cells in 75 cm? flasks were grown to 80% confluence and then seeded in
multiwell cell culture plates for the experimental procedures. Fresh batches
of LNCaP cells were cryogenically frozen (in steps of 1 °C until —80 °C;
then frozen in liquid nitrogen) at passage numbers 4—5 for future use.
Passage numbers between 2 and 25 were used; after 25 passages, androgen
responsiveness declined.

2.3. Cell Growth Inhibition Assay. LNCaP cells were seeded in 96-
well plates (Fisher, Ottawa, ON) at a concentration of 5 x 10 cells/well in
100 uL of phenol red-free culture medium with 10% CS-FBS (charcoal-
stripped fetal bovine serum) for 24 h, to arrest cell growth by removing
steroids. Cells were then exposed to solvent (negative) control (0.1%
DMSO), DHT (0.1 nM; positive control for stimulation of cell growth),
or the pomegranate compounds (0, 1, 3, 10, 30 and 100 #M) in the presence
of 0.1 nM DHT (an approximate ECs, for increased cell growth) for 48 h.
The medium was then refreshed, and the cells were exposed for a further 48
h to the same experimental treatments. A WST-1 cell viability assay
(Roche Diagnostics, Laval, QC) was performed according to the manu-
facturer’s instruction. The absorbance was measured at 440 nm using
a Spectramax M5 multifunctional spectrometer (Molecular Devices,
Sunnyvale, CA).

2.4. Assay of Apoptosis. Cells were seeded at a concentration of
0.5 x 10* cells/well in 100 «L of complete culture medium in 96-well plates
for 24 h. The pomegranate compounds (0, 10, 30 and 100 uM) were added,
and the cells were incubated for an additional 24 h. A Cell Death Detection
ELISAPUS kit (Roche Diagnostics) was used to determine the formation
of cytoplasmic histone-associated DNA fragments following the manu-
facturer’s instructions.

2.5. Protein Isolation and Immunoblotting. A Ne-Per Nuclear and
Cytoplasmic Extraction Reagent kit (Pierce Biotechnologies, Rockford, IL)
was used for the extraction of nuclear and cytoplasmic protein fractions.
Cell pellets were lysed in RIPA buffer containing 1X protease inhibi-
tor cocktail, and protein concentrations were determined using the
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Bradford assay. Proteins (15 ug) were resolved by sodium dodecyl
sulfate—polyacrylamide gel electrophoresis and transferred to PVDF
membrane (Bio-Rad, Mississauga, ON). Membranes were blocked with
5% reconstituted milk powder (Sobeys, Mississauga, ON) and then
probed with the appropriate primary and secondary antibodies at 4 °C
overnight. Antibody—antigen complexes were visualized by Immobilon
Western Chemiluminescence reagents (Millipore, Billerica, MA) using a
Versadoc imaging system (Bio-Rad). f-Actin and GAPDH were used as
protein loading (reference) controls. The mouse antibodies raised against
human f-actin, AR, and caspase-8 were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). The rabbit antibodies raised against
human caspase-9, cleaved poly(ADP-ribose) polymerase (PARP), Bcl2,
Bax, GSK-3p, and phospho-GSK-3p were purchased from Cell Signaling
Technology (Danvers, MA). GAPDH, phospho-Aktl, and Aktl anti-
bodies were purchased from Millipore. Electrophoresis and immunoblot-
ting equipment was purchased from Bio-Rad. LY294002 (Sigma-Adrich,
St. Louis, MO), a phosphatidylinositol-3-kinase (PI3K) inhibitor, was
used as a positive control for inhibition of Akt phosphorylation at the
Ser473 position.

2.6. mRNA Extraction and Reverse Transcription Polymerase
Chain Reaction (RT-PCR). LNCaP cells were seeded at a concentration
of 3 x 10 cells/well in 2 mL of phenol red-free with CS-FBS in 6-well
plates for 24 h to arrest cell growth. Cells were then exposed for 24 h to
solvent (negative) control (0.1% DMSO), DHT (0.1 nM; an approximate
ECs value for PSA induction and positive control for stimulation of AR-
dependent gene expression), or the pomegranate compounds (0, 3, 10, 30,
100 uM) in the presence of 0.1 nM DHT. Total RNA was prepared using
a High Pure RNA Isolation Kit (Roche Diagnostics) and was reverse
transcribed and amplified using a one-step Access RT-PCR kit (Promega,
Madison, WI). RT-PCR reactions were performed in 25 uL containing
100 ng of RNA and 23 uL of MasterMix. Oligonucleotide primers
(Invitrogen, Carlsbad, CA) were included in the reactions with sequences
as follows: PSA (accession number M26663, NCBI GenBank): 5'-GCC
TCT CGT GGC AGG GCA GT-3 (forward), 5-CTG AGG GTG AAC
TTG CGC AC-3' (reverse); SRD5A1 (accession number M32313): 5'-
GCG AGG AGG AAA GCC TAT GC-3 (forward), 5-CAG GGC ATA
GCC ACA CCA CT-3 (reverse); ff-actin (accession number M10277):
5-GTA CCC TGG CAT TGC CGA C-3 (forward), 5-TAA CGC AAC
TAA GTC ATA GTC C-3 (reverse). Cycling conditions for PSA were as
follows: denaturing at 95 °C for 1 min, annealing at 58 °C for 1 min,
extension at 72 °C for 2 min for 35 cycles. Cycling conditions for SRD5A1
and f-actin were as follows: denaturing at 95 °C for 1 min, annealing at
59 °C for 1 min, extension at 72 °C for 2 min for 35 cycles. These conditions
were chosen to produce amplified products in the exponential phase,
assuring that semiquantitative results were obtained.

2.7. Statistical Analyses. All treatments were performed in quad-
ruplicate (growth inhibition experiments) or in triplicate (immunoblotting
and apoptosis experiments) per experiment, and each experiment was
performed three times independently. All densitometric analyses of im-
munoblots were expressed as normalized means + standard deviations
(SDs). Statistically significant differences (*p < 0.05) were determined
using one-way analysis of variance (ANOVA) with Tukey posterior test.
ICs values were calculated using nonlinear curve—fit analysis and are
presented as means £95% confidence intervals, based on the average of
three independent experiments. All analyses were performed using Graph-
Pad Prism v5.03 (GraphPad Software, San Diego, CA).

3. RESULTS

3.1. Growth Inhibitory and Antiandrogenic Effects of Pome-
granate Compounds. LNCaP cells, after initial deprivation of
steroids (24 h), were exposed to 13 pomegranate compounds
for 48 h, in the presence of a growth-inducing (0.1 nM) concen-
tration of DHT. DHT (0.1 nM) alone stimulated cell growth by
3—4-fold, and control cells increased in number by about 2% (not
shown). Only four pomegranate compounds displayed con-
sistent concentration-dependent (3—100 #M) growth inhibition
of DHT-stimulated LNCaP cells. These were EGCG, delphinidin
chloride, kaempferol, and punicic acid (Figure 1), with ICs, values
of 34 £ 8,38 £ 7,29 £ 6, and 18 + 4 uM, respectively. LNCaP
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Figure 1. Effects of EGCG, delphinidin chloride, kaempferol, and punicic
acid on growth and survival of LNCaP cells. Cells were cultured with
increasing concentrations of pomegranate compounds for 4 days (with a
redosing after 48 h, see section 2.3) in phenol red- and steroid-free medium
in the presence of 0.1 nM DHT, and cell viability was determined by WST-1
assay. Negative control cells received 1 uL of DMSO (and demonstrated
negligible cell growth; about 2% of that of 0.1 nM DHT), and positive control
cells were exposed to 1 uL of DHT (0.1 nM) to stimulate cell growth. The
average + SD of three independent experiments is shown. ICsq values
were calculated as described in section 2.7 and are listed in section 3.1.

cells, conditioned in the same way as in the growth inhibition
experiments, were incubated with increasing concentrations (3—
100 uM) of EGCG, delphinidin chloride, kaempferol, or punicic
acid in the presence of 10 nM DHT (the DHT concentration
required to produce a clear increase in AR protein in nucleus) for
24 h. DHT-induced AR nuclear accumulation (determined by
immunoblotting) was inhibited by EGCG at concentrations
>10 uM (Figure 2A) and by delphinidin chloride, kaempferol, and
punicic acid at a concentration of 100 uM (Figure 2B—D). None of
the pomegranate compounds were cytotoxic when tested in the
absence of DHT (not shown). In a parallel experiment using the
same conditions, total RNA was extracted, and levels of PSA,
SRD5A1, and -actin mRNA were determined by semiquantitative
RT-PCR. DHT-stimulated expression of PSA and SRD5A1 was
inhibited at concentrations >3 uM for punicic acid (Figure 3D,H)
and =30 uM for EGCG (Figure 3A,E) and kaempferol (Figure 3C,
G) and at 100 uM for delphinidin chloride (Figure 3B) but without
a statistically significant effect on the expression of SRDS5AI
(Figure 3F).

3.2. Do Growth Inhibitory Pomegranate Compounds Induce
Apoptosis in LNCaP Cells? To test whether the decrease in cell
growth by these compounds was due to induction of apoptosis,
we determined LNCaP nuclear DNA fragmentation after a
24 h exposure to the four pomegranate compounds (10, 30, and
100 uM) in complete culture medium. EGCG and kaempferol
induced apoptosis above 30 uM in LNCaP cells. However, punicic
acid was the most potent compound since it induced apoptosis at
>10 uM (Figure 4) and was selected for further experiments.

Cells were treated with increasing concentrations of punicic acid
(0, 3, 10, 30, and 100 M) in complete culture medium for 24 h.
A reduction in Bel2 expression by punicic acid was seen at 30 and
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Figure 2. Nuclear levels of AR protein. LNCaP cells were incubated with increasing concentrations of (A) EGCG, (B) delphinidin chloride, (C) kaempferol, or
(D) punicic acid in phenol-red and steroid-free medium for 24 h in the presence of 10 nM DHT. Protein levels of AR in the nucleus were determined by
immunoblot analysis. Equal loading of proteins was verified by stripping and reprobing the blots with 5-actin antibodies. Negative control cells received 0.1%
DMSO0, and positive control cells were exposed to 10 nM DHT in 0.1% DMSO to induce nuclear accumulation of AR. All treatments were normalized to the DHT
control. The densitometric analyses to the right represent the mean + SD of three independent experiments, where an * indicates a statistically significant
decrease in nuclear AR levels (one-way ANOVA, p < 0.05). An * above a bracket indicates that all four treatments were significantly different from the DHT
control.
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Figure 3. RT-PCR analysis of the expression of androgen-dependent prostate marker genes (PSA and SRD5A1, respectively) in LNCaP cells treated with
increasing concentrations of EGCG (A, E), delphinidin chloride (B, F), kaempferol (C, G), or punicic acid (D, H) in phenol red- and steroid-free medium in the
presence of DHT (0.1 nM) for 24 h. Total RNA was extracted, and levels of PSA and j3-actin mRNA were determined by RT-PCR. Negative control cells
received 0.1% DMSO, and positive control cells were exposed to 10 nM DHT in 0.1% DMSO to induce nuclear accumulation of AR. All treatments were
normalized to the DHT control. The densitometric analyses to the right each represent the mean + SD of three independent experiments, where an * indicates
a statistically significant decrease in either PSA or SRD5A1 expression levels (one-way ANOVA, p < 0.05). An * above a bracket indicates that all four
treatments were significantly different from the DHT control.

100 uM, indicating that disintegration of mitochondrial structures
had occurred, resulting in initiation of the apoptotic pathway,
likely via activation of the caspase 9 cascade as we detected caspase
9 cleavage (Figure 5). Further evidence in favor of apoptosis was
chromatin cleavage resulting in oligonucleosomal DNA fragmen-
tation and cleavage of PARP. PARP is one of the targets of active

caspase-3, and punicic acid induced its cleavage into an 89 kDa
fragment after 24 h of exposure, which was statistically significant
at a concentration =30 uM. Punicic acid further caused inactiva-
tion of Akt via reduction of the active phospho-Akt-Ser 473 and
reduced inactivation of GSK-3f by decreasing the inactive pho-
pho-GSK-3p-Ser 9 at >30 uM, after 1 h of exposure (Figure 6).
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Figure 4. Apoptotic effects of EGCG, delphinidin chloride, kaempferol,
and punicic acid in LNCaP cells. Cells in complete culture medium were
exposed to the four compounds for 24 h. Apoptosis was determined by a
Cell Death Detection ELISAP-US kit. The combination of three independent
experiences is shown. An * indicates statistically significant differences
from vehicle control (one-way ANOVA, p < 0.05).

4. DISCUSSION

Prostate cancer is an important malignant disease in men,
particularly in western countries. The number of new cases in
United States in 2009 was estimated to be almost 200000 with an
estimated death toll of almost 30000 (/6). To prevent and control
this disease more effectively, there is a need to identify chemo-
preventive approaches (11, 17—19). Pomegranate fruits, juices,
and extracts have been used extensively in ancient cultures for
various medicinal purposes (20). Pomegranate polyphenols are
potent antioxidants that have been shown both in vitro and in
vivo to inhibit the growth of prostate and certain other forms of
cancer (21-23).

In this study, we have demonstrated that 4 out of the 13 pome-
granate compounds that we tested (Table 1), EGCG, delphinidin
chloride, kaempferol, and punicic acid, had growth inhibitory
effects (Figure 1) and pro-apoptotic activities (delphinidin chlo-
ride excepted) (Figure 4) in LNCaP androgen-dependent human
prostate cancer cells. All four compounds significantly inhibited
the expression levels of AR proteins in a concentration-dependent
manner (Figure 2), as well as reducing the DHT-mediated up-
regulation of PSA and steroid Sa-reductase SRDSA1 gene expres-
sion in LNCaP cells (Figure 3). Inhibition of gene expression
of androgen synthesizing enzymes and reduction of nuclear
AR levels may contribute to the growth inhibitory effects of
these compounds.

LNCaP cells express Ar and their growth is androgen-depen-
dent. Cell growth requires AR activation and local steroid So-
reduction of circulating testosterone to produce the potent
androgen DHT (24), which is an effective inducer of transcription
of PSA, resulting in increased synthesis and secretion of PSA
protein. Our study shows that four pomegranate compounds
were able to down-regulate the expression of these AR-dependent
marker genes in LNCaP cells (Figure 3), as well as reduce nuclear
AR levels (Figure 2), indicating that these compounds not only
interfere with AR-dependent cell growth but also affect the
conversion of testosterone into the more potent DHT. In the
case of EGCG, our findings confirm studies that have shown that
catechins (EGCG) present in green tea, polyunsatured fatty acids
such as y-linolenic acid, ellagitannins, the flavonoids, and lignans,
are also inhibitors of steroid So-reductase (25—27). Although the
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structures of EGCG and EG are very similar, only EGCG had
significant antiandrogenic effects. This is likely due to the additional
electron donating hydroxy group on the phenyl B ring of EGCG,
which increases the electronegative properties of this phenolic
moiety. It is known that the interaction of DHT with the ligand-
binding pocket of the AR is driven predominantly by electrostatic
bonds (28, 29). Thus, the highly hydroxylated EGCG has the
greatest potential to interfere with the binding of DHT to the AR.
In support of this, electron spin resonance studies have shown that
EGCG is considerably more electrostatically charged than its EC
analogues that lack having three hydroxygroups on the B ring (30).
This study also showed that the gallate group (the hydroxylated D
ring; Table 1) had no influence.

The present study has demonstrated that out of the four most
growth inhibitory and antiandrogenic pomegranate compounds
selected, punicic acid was the most potent inducer of apoptosis in
LNCaP cells (Figure 4). It has previously been shown to inhibit
breast cancer proliferation and induce apoptosis in MDA-
MB-231 and MDA-ER«7 cells (37). Several apoptosis-associated
genes or proteins have been shown to play critical roles in reg-
ulating apoptosis. These include caspases, Bcl2 family members,
and PARP (32, 33). To determine whether these proteins are
involved in the mediation of punicic acid-induced inhibition of
LNCaP cell growth, we examined caspase activation and cleavage
of PARP by Western blotting (Figure 5). Bcl2 is an upstream
effector molecule in the intrinsic apoptotic pathway and has been
identified as a potent suppressor of apoptosis (/2). Most cancers,
including prostate cancer, generally overexpress Bcl2 (34, 35)
thereby escaping apoptosis and undermining effective therapy.
Bcl2 forms a heterodimer with the apoptotic protein Bax and
neutralizes its apoptotic effects. We showed that punicic acid, the
most abundant trienoic fatty acid found in the pomegranate,
significantly decreased Bcl2 protein levels after a 24 h of treatment
without affecting the level of Bax protein (Figure 5). These results
suggest that punicic acid-induced apoptosis is mediated via down-
regulation of Bcl2 antiapoptotic proteins together with a de-
creased Bcl2/Bax ratio in LNCaP cells. Alteration of this ratio is a
decisive factor in whether cells will undergo apoptosis. Down-
regulation of Bcl2 results in cytochrome ¢ release from the
mitochondria, initiating an apoptotic process via activation of
caspase 9. Activated caspase 9 cleaves procaspase 3 to form
activated caspase 3, which in turn cleaves poly(ADP-ribose)
polymerase (PARP) , allowing DNA degradation to continue.
Taken together, these data clearly indicate that punicic acid is an
efficient inducer of apoptosis via this pathway in LNCaP cells.

Apoptosis is a normal cellular function that controls excessive
proliferation by eliminating unnecessary or damaged cells. Can-
cer cells have devised several mechanisms to inhibit apoptosis and
prolong their survival. Akt serves as one of the major antiapo-
ptotic factors in apoptotic pathway. Akt is constitutively acti-
vated in LNCaP cells (36); therefore, it is possible that Akt
provides survival support to prostate cancer cells in the absence
of androgens. Because we have shown that punicic acid inhibits
the phosphorylation of Akt, survival support of these cells is
eliminated, and they are driven toward apoptosis (Figure 6). The
principal characterized physiological substrate of Akt is glycogen
synthase kinase-3f (GSK-3p) (37), which was initially identified
as an enzyme that regulates glycogen synthesis in response to
insulin (38). GSK-3p is an ubiquitously expressed protein-serine/
threonine kinase whose activity is inhibited by Akt phosphoryla-
tion in response to growth factor stimulation. Here, we show that
GSK-3p is involved in the regulation of apoptosis, identifying it
as a critical downstream element of the PI 3-kinase/Akt cell
survival pathway (Figure 6), although identification of the GSK-
3p targets that regulate apoptosis is a critical next step. Also, our
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observation that both Akt and caspase 9 are associated with apo-
ptosis induced by punicic acid brings up the question whether
both pathways are activated independently or that they interact.

Our findings confirm studies that have shown that EGCG,
delphinidin chloride, and kaempferol have antitumor effects on
the prostate cancer cell line LNCaP (18,39—46). However, we are
the first to show that punicic acid, with predominant presence in
pomegranate seed oil, has greater pro-apoptotic effects than
EGCG, kaempferol, or delphinidin chloride. We postulate that
mixtures of the numerous biologically active compounds in the
pomegranate may have additive or synergistic effects resulting
in more effective inhibition of cell growth than any one single
compound. As these compounds appear to have different/com-
plementary mechanisms of growth inhibitory action, they could
also be effective agents for the treatment of both androgen-
dependent and androgen-independent prostate cancer cells (47, 48).
We will address the above hypotheses in the future. Future studies
should furthermore focus on the bioavailable metabolites that are
formed and their biologically relevant concentrations in plasma and
ideally in target organs of interest such as the prostate.

In conclusion, our results show that among several other com-
pounds found in the pomegranate, punicic acid has a relatively
potent growth inhibitory and antiandrogenic effect on androgen-
dependent LNCaP cells. This is also the first study to implicate
Akt as a key mediator of apoptotis induced by punicic acid.
Impairment of the PI3K/Akt pathway by punicic acid appears to
be an important and relevant chemotherapeutic mechanism
against prostate cancer growth.
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AR, androgen receptor; CS-FBS, charcoal stripped fetal bovine
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