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Purpose. Present study assessed the influence of gallate esterification on the anti-cancer activity of
procyanidin B2 (B2) in androgen-dependent human prostate carcinoma LNCaP cells employing B2-3,3′-
di-O-gallate (B2-G2), two mono-gallate esters B2-3-O-gallate (B2-3G) and B2-3′-O-gallate (B2-3′G) and
the parent compound B2, all isolated from grape seed extract (GSE).
Materials and Methods. Study compounds were isolated from GSE by several chromatographic steps
and structures determined by a combination of enzymatic hydrolysis, mass spectrometry and comparisons
with standards. Cells, treated with these compounds, were assessed for viability and apoptosis and
examined by western blotting.
Results. Gallate esters B2-G2, B2-3G and B2-3′G significantly decreased LNCaP cell viability; however,
B2 and gallic acid were ineffective. Furthermore, only B2-G2 also significantly decreased cell growth.
Decreases in cell viability were largely due to apoptosis induction with B2-G2 and B2-3′G exhibiting
comparable effects, whereas B2-3G was less effective. In mechanistic studies, B2-G2 and B2-3′G
treatments caused caspases-9 and -3 and PARP cleavage, and down-regulated Bcl-2, Bcl-Xl and androgen
receptor levels.
Conclusion. Together, our findings demonstrate anti-PCA efficacy of B2-G2 and suggest that a gallate
ester moiety at 3′ position of procyanidin B2 contributes more extensively toward the biological activity
of the di-gallate ester than esterification of position 3.
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INTRODUCTION

Prostate cancer (PCA) is the most common cancer in
elderly men, with one out of six men afflicted with this
malignancy in the United States (1). According to estimates
of the American Cancer Society for 2009, 192,280 new cases
of PCA are expected to occur in the United States alone, with
27,360 associated deaths (2). Androgen receptor (AR)-
mediated signaling cascade is central to normal prostate
physiology/homeostasis (3). Under pathological condition
such as PCA, this signaling cascade functions as the contrib-
utory factor (3). The initial line of treatment for PCA

involves limiting systemic testosterone levels, which is effec-
tive initially; however, the malignancy resurfaces as an
androgen-independent/hormone refractory stage of PCA
(4). It has been observed, however, that despite the
hormone-refractory stage, circulating levels of PSA, a down-
stream target of AR signaling, increase in most PCA cases,
suggesting that AR-dependent signaling remains functional
even at this stage (5) and is critical to the progression of PCA.
In spite of improvements in diagnostic and treatment
strategies for PCA, prognosis remains poor at advanced
stages (6), suggesting that newer strategies are still required
to control PCA. Since PCA develops as a result of accumu-
lation of various genetic and epigenetic changes over a period
of years (7,8), it could be effectively controlled by using
various preventive/interventive measures. Variations in diet-
ary patterns throughout the world are associated with higher/
lower incidences of various cancers, including PCA, and
consumption of fruits and vegetables is particularly correlated
with lower cancer incidences (9,10). Plant-based therapies
(herbal extracts) have also been used since ancient times to
treat various diseases and are popular as complementary and
alternative medicine for various health conditions, including
cancer (11–14).

Grape seed extract (GSE) is a commonly used health
supplement in the United States and is rich in procyanidins
(also referred to as proanthocyanidins) (15). GSE exhibits
strong anti-oxidant capacity and is considered to be beneficial
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for treating various human health conditions (15–18). Several
studies by us and others in recent years have shown the anti-
cancer effects of GSE in various in vitro and in vivo models of
lung, prostate, colon, skin and breast cancer (19–29); how-
ever, only recently, attempts have been made to isolate
individual compounds and identify active constituents respon-
sible for biological effects (30–32). Regarding anti-cancer and
cancer-preventive efficacy of individual constituents of GSE,
Eng et al. (33) reported that procyanidin B dimers inhibit
androgen-dependent growth of aromatase-transfected MCF-7
cells and exhibit aromatase inhibitory activity in vitro. We
have shown that gallic acid, also a GSE constituent, inhibits
the growth of DU145 xenograft in nude mice and prostate
tumors in TRAMP mice (34,35). We have also identified
procyanidin B2-3,3′-di-O-gallate (B2-G2, Fig. 1) as a major
constituent exhibiting anti-cancer efficacy against human
PCA DU145 cells (36).

The findings that gallic acid and B2-G2 are active anti-
PCA agents but procyanidin B2 is not (37) indicated the need
for further studies to probe the effects of number and location
of gallate groups on the activity of procyanidin B2. GSE is
known to contain mono-gallate esters as well (37), so the goal
of the present work was to isolate B2, B2-G2 and the mono-
gallates, B2-3G and B2-3′G (Fig. 1) and to compare their
effects in a PCA cell line. Since AR is recognized as an
important molecular target in early as well as advanced stages
of PCA, we used human PCA LNCaP cells that harbor
functional AR, to investigate the activity of these compounds.
The data obtained from these studies provide a better
understanding of the role of gallate esterification on the
activity of procyanidin B2 gallates and, therefore, will
facilitate further studies to define the usefulness of these
compounds as anti-cancer or chemopreventive agents in
prostate and possibly other cancers.

MATERIALS AND METHODS

Materials

Gallic acid and Trypan blue were from Sigma-Aldrich
Chemical Co. (St. Louis, MO). Vybrant Apoptosis Assay Kit
2 was from Molecular Probes (Eugene, OR). GSE was from
Kikkoman Corp. (Noda City, Japan). Z-VAD.fmk was from
MP Biomedicals (Solon, OH). Antibodies to cleaved poly
(ADP-ribose) polymerase (PARP), cleaved caspase-3,

cleaved caspase-9, Bcl-2 and anti-rabbit IgG horseradish
peroxidase conjugated secondary antibody were from Cell
Signaling Technology (Beverly, MA), antibody to Bcl-Xl was
from Upstate Biotechnology, and anti-β-actin antibody and
anti-mouse IgG horseradish peroxidase conjugated secondary
antibody were from Sigma-Aldrich Chemical Co (St. Louis,
MO). Antibody to androgen receptor was procured from
Santa-Cruz Biotechnology, Inc. (Santa Cruz, CA).

Chromatography

Multiple chromatographic steps were utilized to isolate
pure samples of the test compounds. Initially, ethyl acetate
extracts of GSE (1–2 g) were subjected to size-exclusion
chromatography (SEC) on a 2.5×40 cm column containing
Toyopearl HW-40S resin (Tosoh Biosep, Montgomeryville,
PA) as described in detail previously (36,37). This column was
eluted with methanol at 1.2 ml/min and monitored with a UV
detector set at 280 nm. Eight fractions were collected over a
total of 16 h: fractions 3–5 (5.5–10.0 h) containing B2 and B2-
3G were combined, fraction 6 (10.0–11.5 h) contained B2-3′
G, and fraction 7 (11.5–13.5 h) contained B2-G2. This pro-
cedure also was scaled up to separate 10 g of extract on a 5.0×
60 cm Toyopearl column eluted with methanol at 5 ml/min.
Fractions from SEC were then processed by preparative HPLC
on a 21.2×250 mm C18 (5 μ) Luna column (Phenomenex,
Torrance, CA) at a flow rate of 10 ml/min. In a typical
separation, 305 mg of combined fractions 3–5 yielded 15 mg
of impure B2 and 14 mg of impure B2-3G. Each sample was
then chromatographed by semi-preparative HPLC on a 10×
250 mm C18 (5 μ) Luna column (Phenomenex) at a flow rate
of 3 ml/min to yield 6.6 mg of pure B2 and 1.5 mg of pure B2-
3G. The eluent for both HPLC procedures consisted of 0.1%
trifluoroacetic acid in water (solvent A) and 0.1% trifluoro-
acetic acid in acetonitrile (solvent B) with a gradient from 8%
B in A raised to 20% B over 20 min, then to 50% B from 20
to 40 min and finally to 70% B from 40 to 45 min. Fraction 6
(302 mg) from SEC yielded 19 mg of impure B2-3′G from
preparative HPLC and 13 mg of pure B2-3′G after semi-
preparative HPLC. Likewise, SEC fraction 7 (325 mg)
yielded 19 mg of impure material from preparative HPLC
and 12.5 mg of pure B2-G2 after semi-preparative HPLC. The
above chromatographic sequence was repeated several times
to obtain sufficient material for all experiments, and the
purity of each compound was established (>95%) by ana-

Fig. 1. Structures and abbreviations of the procyanidin B2 dimer and gallate esters
discussed in the text.
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lytical HPLC on a 4.6×250 mm Prodigy ODS-2 column
(Phenomenex) at 1.0 ml/min with the solvent gradient
described above and the detector set at 280 nm. All
compounds were stored in the dark under argon at −80°C
and purity reconfirmed by HPLC prior to use.

Hydrolysis and LC-MS

The structures of the isolated compounds were deter-
mined by a combination of enzymatic hydrolysis and analysis
by liquid chromatography-mass spectrometry (LC-MS). Puri-
fied samples of B2, B2-3G, B2-3′G and B2-G2 were analyzed
by LC-MS on an Agilent SL LC/MSD instrument equipped
with an electrospray ionization source and operated in the
negative ion mode. Samples were introduced into the MS with
a 1.0×150 mm Prodigy ODS-3 (5 μ) column (Phenomenex).
The mobile phase consisted of 10 mM ammonium acetate in
water (solvent A) and 10 mM ammonium acetate in acetoni-
trile (solvent B) utilizing a linear gradient increasing from 8 to
40% B in A over 30 min at a flow rate of 50 μL/min. The
nebulizer and collision gasses were nitrogen and helium,
respectively, and the instrument was scanned over the range
150–1,000 Da. Authentic samples of gallic acid and procyanidin
B2 were purchased from Aldrich (Milwaukee, WI) and
Indofine Chemical Co. (Hillsborough, NJ), respectively, and a
sample of B2-G2 was available from our earlier work (36).
Partial hydrolysis of B2-G2 was carried out by incubating 1 mg
of the compound with Tannase (Wako Pure Chemical Indus-
tries, Osaka, Japan) in 1 mL of 0.1 M acetate buffer (pH 5.0) as
described (36), except the amount of enzyme was reduced to
1 μg and the incubation conducted at room temperature to
limit the extent of hydrolysis.

Cell Growth and Viability Assay

Human prostate carcinoma LNCaP cells were obtained
from American Type Culture Collection (Manassas, VA).
Cells were cultured in RPMI 1640 with 10% fetal bovine
serum (Hyclone, Logan, UT) under standard culture con-
ditions (37°C, 95% humidified air and 5% CO2). Cells were
plated at a density of 1×105 cells/60 mm plates under
standard culture conditions. After 36 h, cells were treated
with either DMSO alone (control), or gallic acid, B2, B2-3G,
B2-3′G and B2-G2 (0–50 µM) individually dissolved in
DMSO. At the end of treatment time, cells were collected
after brief trypsinization, washed with PBS, and then stained
with Trypan blue. The total cell number (colorless and blue
stained) and dead cells (blue stained) were counted under
light microscope using hemocytometer.

Quantitative Apoptotic Cell Death Assay

To quantify whether the treatment of cells with these
agents induced apoptotic death, at the end of the treatment
protocol described above, the cells were collected and stained
with annexin V and propidium iodide using Vybrant Apoptosis
Assay Kit2 following the instructions provided with the kit. The
extent of apoptosis was quantified by flow cytometry analysis of
the stained cells as described recently (38). The extent of
apoptotic death occurring after treatment with test compounds
was also estimated using Cell Death Detection ELISA plus kit

from Roche Diagnostics (Mannheim, Germany) in another
experiment, where following treatment with test compounds for
6 h (in certain cases 2 h pre-treatment was made with caspase
inhibitor Z-VAD.fmk at 50 µM), cells were collected as
described for annexin V-PI staining, washed twice with ice-cold
PBS, and then the extent of apoptotic death was measured
following the procedure essentially as described in the kit.

Western Blot Analysis

LNCaP cells were treated with either DMSO alone
(control) or individual compounds (B2-G2 or B2-3′G) at 25
and 50 µM concentrations for 12 h. At the end of treatment
time, cells were collected with brief trypsinization, followed
by two washings in ice-cold PBS. The cell pellets were then
suspended in non-denaturing lysis buffer (10 mM Tris-HCl,
ph 7.4, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 1 mM
EGTA, 0.3 mM phenyl methyl sulfonylfluoride, 0.2 mM
sodium orthovanadate, 0.5% NP-40, 5 units/ml aprotinin)
and incubated on ice for 10 min. After clearing the cell lysates
by centrifugation at 4°C, protein concentration was estimated
using Bio-Rad DC protein assay kit (Bio-Rad, Hercules, CA).
For western blotting, 80 µg of protein lysate per sample was
denatured in 2X SDS–PAGE sample buffer and subjected to
SDS–PAGE on 8 or 16% tris-glycine gels. The separated
proteins were transferred onto nitrocellulose membrane,
followed by blocking with 5% nonfat milk powder (w/v) in
TBS (10 mM Tris, 100 mM NaCl, 0.1% Tween 20) for 1 h at
room temperature. Membranes were probed with specific
primary antibodies overnight at 4°C followed by peroxidase-
conjugated appropriate secondary antibody for 1 h at room
temperature, and visualized by ECL detection system (GE
Healthcare Bioscience). Membranes were stripped and
reprobed with anti-ß-actin antibody to check the equal protein
loading.

Statistical Analyses

All statistical analyses were carried out with Sigma Stat
software version 2.03 (Jandel Scientific, San Rafael, CA).
Statistical significance of difference between the control and
treated groups was determined either by unpaired Student’s
t-test or one-way ANOVA followed by Bonferroni t-test where
P<0.05 was considered statistically significant.

RESULTS

Isolation and Structural Analyses of Procyanidins from GSE

GSE was separated by SEC into eight fractions as
described previously (37); the compounds of interest were
isolated from the respective fractions by preparative HPLC
and further purified by semi-preparative HPLC as detailed
in “Materials and Methods.” Procyanidins B2 and B2-G2

obtained in this way were identified by comparisons of their
chromatographic, UV and MS properties with authentic
samples, and the identities of mono-gallate esters of B2 were
determined as follows.

Partial enzymatic hydrolysis of B2-G2 yielded gallic acid,
B2 and two mono-gallate esters shown in Fig. 2A. The mass
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spectra of peaks 3 and 4 both exhibited a deprotonated
molecular ion (M −H)− at 729 Da (Fig. 2B and C, respectively),
consistent with mono-gallate esters of procyanidin dimers.
Collision-induced dissociation (MS/MS) of the 729 ions from
each peak produced many of the same fragment ions, albeit in
different relative intensities (Fig. 2D and E), all of which were
also detected in the spectrum of B2-G2 (36). The ion that clearly
differentiates B2-3G from B2-3′G occurs at 441 Da in the MS/
MS spectrum from peak 4 that is not observed in the spectrumof
peak 3. The 441 ion is also present in the spectrum of B2-G2 but

not in the spectrum of B2 (36,39) and is due to the lower
epicatechin unit produced by cleavage of the interflavin bond
with charge retention on epicatechin gallate shown in Fig. 2E.
Previous MS studies of procyanidin dimers demonstrated that
interflavin bond cleavage occurs with preferential charge
retention on the lower unit (39,40). These results, therefore,
demonstrate that peak 3 corresponds to B2-3G and peak 4 to
B2-3′G; the compounds isolated from GSE exhibited identical
HPLC retention times and mass spectra as those from B2-G2

hydrolysis.

Fig. 2. Negative ion LC-MS studies of hydrolysis products formed from B2-G2. ATotal ion current chromatogram of products from the partial
enzymatic hydrolysis of B2-G2. Peaks 1, 2 and 5 correspond to gallic acid, B2 and B2G2, respectively, by comparison with authentic standards. B
MS spectrum of peak 3 and C MS spectrum of peak 4, both demonstrating a deprotonated molecular ion (M − H)− at 729 Da. D MS/MS
spectrum of the 729 ion from peak 3. E MS/MS spectrum of the 729 ion from peak 4. The unique ion at 441 Da corresponds to interflavin bond
cleavage and charge retention the lower unit as shown.
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Procyanidin B2 Gallate Esters Reduce the Viability of Prostate
Carcinoma LNCaP Cells

To investigate structure-activity relationships for procya-
nidin B2 and its gallate esters, we initially studied their effects
on the viability of human prostate carcinoma LNCaP cells.
LNCaP cells were treated with 10, 25 and 50 µM concen-
trations of B2, B2-3G, B2-3′G, B2-G2 or gallic acid for 12 h.
We observed that neither B2 nor gallic acid (10–50 µM)
affected the viability of these cells (data not shown). Treat-
ment with B2-3G, B2-3′G or B2-G2 however, resulted in a
decrease in cell viability to varying extents. With B2-3G, a
54% (P<0.05) decrease in the viability of LNCaP cells was
observed only at a concentration of 50 µM and was
accompanied by a 3.5-fold (P<0.001) increase in the percent-
age of dead cells relative to DMSO-only-treated controls. The
lower concentrations of 10 and 25 µM B2-3G did not affect
the viability of these cells. However, the percentage of total
cell number (population) was not affected at any of the
concentrations tested (Fig. 3A). With B2-3′G, the viability of
LNCaP cells decreased by 23, 62 and 91% (P<0.05–0.001) at
the concentrations of 10, 25 and 50 µM, respectively, after

12 h of treatment. The percentage of dead cells under similar
treatment conditions increased by 1.45-fold (P<0.05) at
10 µM, 3.32-fold (P<0.001) at 25 µM and ∼4-fold (P<0.001)
at 50 µM of B2-3′G (Fig. 3B). The percentage of total cell
number remained unaffected at all the concentrations tested.
Treatment with B2-G2 resulted in significant decreases in the
numbers of live cells with concomitant increases in the
percentage of dead cells at all the test concentrations;
however, the percentage of total cell number (population)
decreased significantly only at 50 µM B2-G2 (P<0.01;
Fig. 3C). The live cell number decreased by 40% (P<0.01)
at 10 µM B2-G2; a further decrease of 68 and 92% (P<0.001)
was observed at 25 and 50 µM B2-G2, respectively. A
concomitant increase in the percentage of dead cells was
observed at all concentrations of B2-G2 tested. At the lowest
concentration of B2-G2 (10 μM), the dead cell population
increased by 2.4-fold (P<0.001) over the DMSO-treated
controls, which further increased by ∼4-fold (P<0.001) at
25 µM B2-G2 and 4.8-fold (P<0.001) at 50 µM B2-G2 after
12 h of treatment. From these results, it is clear that B2-G2 ismost
effective in reducing the viability of human prostate carcinoma
LNCaP cells, followed by B2-3′G and lastly by B2-3G.

Fig. 3. Comparative effect of procyanidins B2-3G, B2-3′G and B2-G2 on the growth and viability of human prostate carcinoma LNCaP cells in
vitro. LNCaP cells were cultured in 60 mm culture plates for 36 h and were then treated with 0–50 µM concentrations of B2-3G (A), B2-3′G (B)
and B2-G2 (C) in DMSO or DMSO alone for 12 h. At the end of treatment times, cell viability was measured by Trypan blue dye exclusion
assay as described under “Materials and Methods” section. Data indicate mean ± SD, n=3. *, P<0.05; $, P<0.001 compared with control.
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Fig. 4. Apoptosis induction in human prostate carcinoma LNCaP cells by procyanidins B2-3G, B2-3′G and
B2-G2 in vitro. LNCaP cells were plated for 36 h at a density of 5,000 cells per cm2 in 60-mm culture dishes.
A Cells were treated with 10, 25 and 50 µM concentrations of B2-3G, B2-3′G or B2-G2 for 12 h. At the end
of treatment time, cells were collected and stained with annexin V-PI followed by flow cytometric analysis.
Bars indicate mean ± SD, n=3. $, P<0.001 represents statistical significance of differences between control
and test compound treated groups. Representative flow cytometric profiles are also shown below the bars
for control and lower-dose-agent-treated cells. B Cells were pretreated with pan caspase inhibitor (CI) Z-
VAD.fmk (50 µM) for 2 h, followed by treatment with 25 µM of either B2-G2 or B2-3′G for 6 h. Cells were
also treated with DMSO, Z-VAD.fmk, B2-G2 or B2-3′G individually for 6 h. At the end of treatment time,
the extent of apoptotic cell death was measured by using Cell Death ELISA kit as described in “Materials
and Methods.” Bars indicate mean ± SD, n=3.
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Procyanidin B2 Gallates Induce Caspase-Dependent
Apoptotic Death in Prostate Carcinoma LNCaP Cells

Since we observed that all the procyanidins except B2
caused significant death of LNCaP cells, we next determined
the nature of death induced in these cells. In a cell viability
assay, we observed that treatment of LNCaP cells with either
B2-3G,B2-3′G or B2-G2 induced significant rounding up of
cells and detachment from the tissue culture dishes, which is
similar to that observed with GSE treatment of these cells
reported previously by us (36). On performing annexin V/PI
staining followed by FACS analysis, we observed that these
compounds caused significant apoptotic cell death (Fig. 4A).
Treatment of LNCaP cells with B2-3G (0–50 µM concen-
trations for 12 h) resulted in a significant apoptotic death
(38%, P<0.001) at 50 µM concentration only; the lower
concentrations of this agent were ineffective in inducing
significant apoptotic death of LNCaP cells. Treatment with
B2-3′G at similar concentrations resulted in a significant
apoptotic death (53%, P<0.001) at 25 µM with no further
increase at 50 µM. However, treatment with B2-G2 at similar
concentrations caused a significant and dose-dependent apop-
totic death at 25 and 50 µM concentrations. At 25 µM
concentration, 45% (P<0.001) apoptotic death was observed,
which increased to 54% (P<0.001) at higher concentration of
50 µM. Collectively, we observed that B2-G2 and B2-3′G cause
significant and comparable apoptosis induction, and, therefore,
we focused further studies only on these two compounds.

In order to determine if the apoptosis induced by B2-G2

and B2-3′G occurs through caspase-dependent or caspase-
independent pathway, we pretreated the LNCaP cells with
pan-caspase inhibitor Z-VAD.fmk (50 µM) for 2 h followed
by treatment with either B2-G2 or B2-3′G (25 µM) for 6 h.
We observed that pretreatment with Z-VAD.fmk resulted in a
24% (P<0.05) reversal of apoptotic cell death from treatment
with B2-G2 and a 50% (P<0.01) reversal of cell death from
B2-3′G, thereby indicating that caspases are involved in the
induction of apoptosis by these compounds (Fig. 4B).

Apoptosis Induction by Procyanidins B2-G2 and B2-3′G
Involves Caspases-9 and -3 and PARP Cleavage and
Modulation of Bcl-2 Family Members

Since we observed that procyanidins B2-G2 and B2-3′G
cause apoptotic death of LNCaP cells that is reversed by pan-
caspases inhibitors, we further confirmed the role of caspases'
activation by these agents in their apoptotic activity by
conducting western blot analysis for cleaved forms of
caspases-9 and -3. Treatment of cells with these agents
resulted in the cleavage of both caspases-9 and -3 in a
concentration-dependent manner, together with the cleavage
of PARP, which is a downstream substrate for activated
caspase-3 (Fig. 5). Next, we also studied the involvement of
Bcl-2 family members in the induction of apoptosis by
procyanidins B2-G2 and B2-3′G. Treatment of LNCaP cells
with either procyanidin B2-G2 or B2-3′G resulted in a
decrease in the levels of Bcl-2 and Bcl-Xl in a concentra-
tion-dependent manner (Fig. 5); however, no changes were
observed in the levels of pro-apoptotic members such as Bax
and Bad (data not shown). Further, we also observed that
treatment of these cells with either procyanidin B2-G2 or B2-
3′G results in a decrease in the levels of AR at higher
concentration of 50 µM.

DISCUSSION

GSE has been shown to possess anti-cancer/cancer
preventive efficacy against cancers of different anatomical
sites in various studies (19–29). The chemical constituents of
this extract (mostly procyanidins) have also been identified in
numerous studies, but few have reported the bioavailability of
these procyanidins in the plasma of the rats and humans
(30,41). There is a lack of studies, however, to evaluate the
biological activity of individual chemical constituents of GSE
responsible for its various beneficial health effects. Toward
this end, after demonstrating the anti-cancer/chemopreven-
tive efficacy of GSE in animal models of prostate and colon
cancer, we have also focused our efforts to identify the
individual constituents responsible for its anti-cancer efficacy.
Such studies are expected to contribute to the understanding
of the mechanism of anti-cancer efficacy as well as to develop
potential mechanism-based anti-cancer drugs. In our previous
studies, we fractionated GSE into gallic acid and several
constituent procyanidins by chromatographic techniques and
employed reverse-phase HPLC and electrospray ionization
LC-MS to provide structural information. We found that
gallic acid and several procyanidins had significant biological
activity against human PCA DU145 cells; B2-G2 was the most

Fig. 5. Apoptosis induction by procyanidins B2-G2 and B2-3′G is
associated with caspase-9 and -3 and PARP cleavage and modulation
in the levels of Bcl-2 family members. LNCaP cells were plated, left
overnight and then treated with 0–50 µM of either B2-G2 or B2-3′G
for 12 h. Total cell lysates were prepared and analyzed by western
immunoblotting for cleaved caspase-9, -3, cleaved PARP, Bcl-xl, Bcl-2
and AR. Membranes were stripped and reprobed with ß-actin as a
loading control. Densitometric value shown below each band
represents fold-change as compared to control after normalization
with respective loading controls.
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effective compound (34–37). DU145 cells represent the
androgen-independent stage of PCA; however, as described
earlier, even at the androgen-independent stage, AR plays a
significant role in the growth and progression of PCA.
Therefore, in the present study, we focused on the anti-
cancer potential of procyanidin B2-G2 against human PCA
LNCaP cells which express AR and are androgen-dependent/
responsive for their growth. We also compared the efficacy of
the mono-gallate esters, namely B2-3G and B2-3′G, as well as
gallic acid against human PCA LNCaP cells. Such studies
with B2-G2 and mono-gallate esters were designed to identify
the contributions of gallate ester groups to the anti-cancer
efficacy of procyanidin B2-G2. Our findings clearly show that
procyanidin B2 and gallic acid alone do not exhibit a growth-
inhibitory effect on LNCaP cells, even though gallic acid
exhibited strong cytotoxic effects against human PCA DU145
cells as we reported recently, suggesting that the cytotoxic
effects of gallic acid are cell-specific in nature. We also found
that procyanidins B2-G2, B2-3G and B2-3′G were effective in
decreasing the viability of LNCaP cells, although to varying
degrees. Procyanidins B2-G2 and B2-3′G exhibited similar
anti-cancer efficacy. We observed that induction of apoptosis
is the common phenomenon responsible for decreases in the
viability of LNCaP cells by these compounds.

GSE as well as the polyphenolic constituents present
therein have been shown to possess both anti- and pro-
oxidant activities dependent on the cellular context and the
concentration. For example, B2-G2 and B2-3′G have been
shown to possess anti-oxidant capacity which is higher than
procyanidin B2 itself; they have been shown to exhibit potent
DNA polymerase α inhibitory activity (42). However, in our
previous study, we observed that reactive oxygen species
production by GSE, rather than its anti-oxidant capacity, is
responsible for its anti-cancer efficacy against LNCaP cells
(38). These results suggest that more studies are needed in
the future to fully define the relative contribution of both
anti- and pro-oxidant activities toward the anti-cancer efficacy
of these compounds. It is also important to emphasize here
that we observed the biological response of these compounds
at 25 µM concentration; however, whether such a level could
be biologically achieved and is physiologically/pharmacolog-
ically relevant remained to be established due to a lack of
sufficient evidence in literature about their bioavailability.

The activation of caspases is associated with the process
of apoptosis (43), and activation of caspase-3 is a downstream
event in apoptosis cascade (43). PARP is cleaved by activated
caspase-3 and is studied as a marker of apoptosis (44). In
addition to caspase-dependent apoptosis, the process of
apoptosis also occurs through caspase-independent pathways
(45). In our study, we found that B2-G2- and B2-3′G-induced
apoptosis involves the activation of caspase-3 with upstream
activation of caspase-9 and downstream cleavage of PARP;
however, more extensive studies are required in the future to
elucidate the involvement of intrinsic pathway of apoptosis.
We also observed that apoptosis induced by these two
compounds was partially reversed by pre-treatment with
pan-caspase inhibitor after 6 h of treatment time, thereby
implying that caspase-independent mechanisms might also be
involved. Pre-treatment with pan-caspase inhibitor, however,
failed to reverse significantly the apoptosis induced by both
these compounds. In our study, it seems that Z-VAD.fmk pre-

treatment is only able to delay the process of apoptotic death
rather than completely prevent it. This phenomenon has been
reported previously in various systems where caspase inhib-
itors are not able to completely prevent apoptosis; rather,
they promote delayed apoptotic response to various apoptotic
stimuli (46,47). Further mechanistic studies are required in
the future to fully elucidate this aspect. Apoptosis is a highly
regulated process, and Bcl-2 family members serve as
important regulators of the pathway (48). This family consists
of both pro- and anti-apoptotic members where pro-apoptotic
members, such as Bax, Bak, Bad etc., control the permeability
of outer mitochondrial membrane and cause release of pro-
apoptotic factors, whereas anti-apoptotic members preserve
the integrity of mitochondrial membranes and thus prevent
apoptosis (49). In our study, we found that both B2-G2, and
B2-3′G down-regulate the expression of Bcl-2 and Bcl-xl
without any effect on the pro-apoptotic members Bax and
Bad, suggesting that anti-apoptotic members are the potential
targets for apoptosis-inducing efficacy by these compounds.
The protein levels of AR also decreased moderately in
response to treatment with these two procyanidins only at
higher concentration of 50 µM. More studies are required in
the future to determine whether the decrease in AR levels is
due to induction of apoptosis or vice versa.

Collectively, the present findings clearly show that both
B2-G2 and B2-3′G have strong anti-cancer efficacy against
human PCA LNCaP cells, and that the presence of a gallate
moiety at the 3′ rather than the 3 position is responsible for
most of the biological activity of procyanidin B2-G2. Based on
these findings, further preclinical studies are warranted to
fully elucidate the anti-cancer efficacy of these procyanidin
gallate esters.
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