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The anti-cancer efficacy of grape seed extract (GSE)
against prostate cancer (PCA) via its anti-proliferative,
pro-apoptotic and anti-angiogenic activities in both cell
culture and animal models have recently been described
by us. GSE is a complex mixture containing gallic acid
(GA), catechin (C), epicatechin (EC) and several oligomers
(procyanidins) of C and/or EC, some of which are ester-
ified to GA. To determine which components are most
active against PCA, an ethyl acetate extract of GSE was
separated by reverse-phase high-performance liquid chro-
matography (HPLC) into three fractions. Fraction 1 was
far more effective than others in causing growth inhibition
and apoptotic death of human PCA DU145 cells. Of the
components in this fraction, GA showed a very strong
dose- and time-dependent growth inhibition and apoptotic
death of DU145 cells, but C and procyanidins B1 (EC–C
dimer), B2 (EC–EC dimer) and B3 (C–C dimer) were
nearly ineffective. Mechanistic studies demonstrated a
strong caspase-9, caspase-3 and poly (ADP-ribose) poly-
merase (PARP) cleavages by GA in DU145 cells. Procyan-
idin oligomers eluting in HPLC Fractions 2 and 3 were
obtained in larger quantities by separating GSE into
eight fractions (I–VIII) on a gel filtration column. All frac-
tions were analyzed by HPLC-UV and negative-ion elec-
trospray mass spectrometry. Fractions I–III contained the
active compound GA and inactive components C, EC, B1
and B2. Fraction IV contained other dimers and a dimer–
GA ester and was also less active than GSE in DU145 cells.
Fractions V–VIII, however, caused significant growth
inhibition and apoptosis with the highest activity present
in the later fractions that contained procyanidin trimers
and GA esters of dimers and trimers. Together, these
observations identify GA as one of the major active con-
stituents in GSE. Several procyanidins, however, and espe-
cially the gallate esters of dimers and trimers also may be
efficacious against PCA and merit further investigation.

Introduction

Prostate cancer (PCA) is the most invasive and frequently
diagnosed malignancy in males in the USA and, at present,
is the second leading cause of cancer deaths in American
males (1). The induction of human PCA has been viewed as
a multistage process, involving progression from small, latent
carcinomas of low histological grade to large, metastatic car-
cinomas of higher grade (2–4). Since the growth and devel-
opment of PCA is initially androgen-dependent, androgen
deprivation has been extensively explored as a strategy for
PCA prevention and therapy (4,5). While PCA patients treated
with androgen-deprivation therapy often have remission of
their PCA, within a few years, tumor re-growth occurs,
which is largely due to progression of initially androgen-
dependent PCA cells to tumor cells that do not depend on
androgen for their proliferation (6,7). At this stage of the dis-
ease, the uncontrolled growth and metastasis potential of
malignant cells are extremely aggressive, and unfortunately,
the prognosis is death of the patient (6–8). Taken together, it
can be appreciated that additional approaches and strategies
are needed to control initial phases of PCA development, as
well as its progression to advanced and androgen-independent
PCA.

One approach to reduce PCA incidence and associated mor-
tality could be its prevention and/or therapeutic intervention by
phytochemicals present in diet as well as those consumed as
dietary supplements (9–11). In support of this approach, epi-
demiological studies have recommended increasing vegetables
and fruit consumption to reduce cancer incidence, and have
suggested that tomato-based foods may be especially benefi-
cial in lowering PCA risk (12–14). Another epidemiological
study has shown profound effects of selenium in human
PCA reduction (15). With regard to pre-clinical efficacy
studies, a plethora of literature exists advocating for both pre-
vention and therapeutic intervention of PCA by several phyto-
chemicals employed as pure compounds as well as crude
mixtures (16–23). Grape seed extract (GSE) is one such mix-
ture of several polyphenols mostly containing dimers, trimers
and other oligomers of catechin (C) and epicatechin (EC) (also
present in tea) and their gallate derivatives (Figure 1) (24,25).
The general term for grape seed polyphenols is procyanidins,
which are marketed in the USA as ’grape seed extract’ with
95% standardized procyanidins as dietary supplement owing
to its several health benefits. In addition to grape seeds, pro-
cyanidins are a diverse group of polyphenolics that are also
abundant in blackjack oak, horse chestnut, witch hazel and
hawthorn, as well as in apples, berries, barley, bean hulls,
chocolate, rhubarb, rose hips and sorghum (refs 26–28 and
references therein).

Recent studies have shown that GSE inhibits human breast
carcinoma MCF-7, human lung cancer A-427 and human gast-
ric cancer CRL-1739 cell growth (29); however, it was not
effective on K562 chronic myelogenous leukemic cells, and
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enhanced growth and viability of normal human gastric
mucosal and normal J774A.1 murine macrophage cells (29).
More recent studies by us also showed that GSE inhibits
growth, induces cell cycle arrest and causes apoptotic death
in human breast MDA-MB468 and prostate DU145 carcinoma
cells (30–32), which were further verified and confirmed in the
studies by Katiyar et al. (33) with both similar and different
cell lines. With regard to its anti-carcinogenic effects in animal
models, oral feeding of 1% GSE in the diet was shown to
inhibit intestinal adenoma formation in MIN mice (34), and
topical application of GSE significantly prevented phorbol
ester-mediated tumor promotion in chemical carcinogen-
initiated mouse skin (35,36). Initial reports from our laboratory
concerning the skin cancer preventive efficacy of GSE were
further verified and confirmed recently by others showing that
GSE inhibits ultraviolet B radiation-induced skin tumorigen-
esis (37). With regard to the in vivo efficacy of GSE against
PCA, we recently reported that oral feeding of GSE strongly
inhibits DU145 xenograft growth in nude mice (38). Overall,
these reports suggest the presence of bioactive phytochemicals
in the crude mixture of GSE that could be effective cancer
preventive/therapeutic agents.

In order to identify the most active components of GSE we
focused our efforts on the fractionation of GSE employing a
combination of chromatographic separations and efficacy
screening of the fractions. This work involved evaluations
of growth inhibition and induction of apoptotic death of
DU145 human prostate carcinoma cells in culture. These

approaches are also intended to provide the groundwork
for future efficacy and mechanistic studies with active
compounds in GSE for PCA in particular, and other cancers
in general.

Materials and methods

GSE and chemicals for analytical work

GSE used in the present study was obtained from Traco Labs (Champaign, IL).
To avoid batch-to-batch (or lot-to-lot) variation in GSE preparations and to
achieve consistency in our analytical and efficacy studies, we obtained a large
quantity of a single batch of GSE for use in all studies (38). GSE (1.0 g) was
dissolved in 8 ml of water and extracted twice with 8 ml of ethyl acetate.
Extracts were combined and evaporated under reduced pressure on a rotary
evaporator to yield �0.5 g of material used for all the work described herein.
Analysis of the residual water-soluble material demonstrated essentially the
same compounds observed in the ethyl acetate fraction, thereby indicating that
the extraction was not highly efficient. Furthermore, biological activity of the
aqueous fraction was similar to that of intact GSE, so the work described
herein involves only the phenolic material extracted into the organic phase.
Gallic acid (GA) and trifluoroacetic acid (TFA) were obtained from Aldrich
(Milwaukee, WI), C and EC were from Sigma (St Louis, MO), dimers B1, B2
and B3 were purchased from Indofine Chemical (Hillsborough, NJ), and high-
performance liquid chromatography (HPLC) grade solvents and ammonium
acetate were obtained from Fisher Scientific (Pittsburgh, PA).

Chromatographic separations

The HPLC work was carried out on a HP 1090 instrument (Agilent Techno-
logies, Wilmington, DE) equipped with a photodiode array detector set at
280 ± 20 nm and a 4.6 · 250 mm Prodigy 5 m ODS-2 column (Phenomenex,
Torrance, CA). Solvent A consisted of 0.1% TFA in water and solvent B was
0.1% TFA in acetonitrile at a flow rate of 1.0 ml/min. A gradient was utilized
consisting of 8–20% B in A from 0 to 20 min and 20–50% B in A from 20 to

Fig. 1. Structures of GA and procyanidins discussed in the text. (A) GA; (B) C, and EC; (C) B1, B2 and B3 are procyanidin dimers of C and/or EC;
(D) general structures of dimers with a 4b-6 interflavan linkage; and (E) procyanidin trimers with 4b-8 interflavan linkages. The OH group R1 or
R2 may be esterified with GA, generally in the lower ring.
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40 min. Semi-preparative HPLC was conducted with the same system, but
substituting a 10 · 250 mm Prodigy ODS-2 column (Phenomenex) and a flow
rate of 3.0 ml/min. All collections from the latter column were re-analyzed on
the analytical HPLC column to assure sample integrity and then evaporated to
dryness by freeze-drying. Samples were stored in the dark under argon at
�20�C until tested for biological activity. Gel filtration chromatography
was carried out as described previously (39) on Toyopearl HW-40S resin
(Tosoh Biosep, Montgomeryville, PA) prepared according to the manufac-
turer’s instructions. A slurry in methanol was loaded into a 25 · 400 mm
glass column. Samples (250 mg) of ethyl acetate-soluble material extracted
from aqueous solutions of GSE were dissolved in methanol, injected onto the
column and eluted with methanol at a flow rate of 1.2 ml/min, and the effluent
was monitored using a UV detector at 280 nm. The isolated fractions were re-
analyzed by HPLC as described above, evaporated to dryness under vacuum at
<40�C and stored in the dark under argon at �20�C until tested for biological
activity.

Electrospray ionization liquid chromatography/mass spectrometry (LC/MS)
analysis

HPLC separations were carried out on a 2.0 · 150 mm Prodigy 5 m ODS-2
column (Phenomenex) at a flow rate of 0.20 ml/min. The mobile phase con-
sisted of solvent A, 10 mM ammonium acetate in water, and solvent B, 10 mM
ammonium acetate in acetonitrile, utilizing a gradient of 8–20% B in A from 0
to 20 min and 20–50% B in A from 20 to 30 min. Analyses were performed on
an Agilent Technologies 1100 HPLC system interfaced to an Agilent-SL LC/
MSD trap equipped with an electrospray ionization source and operated in the
negative-ion mode. The nebulizer and collision gases were nitrogen and
helium, respectively, with the former set at 20 psi and the instrument scanned
over the mass range 250–1500 Da.

Cell line and other reagents

Human prostate carcinoma cell line DU145 was 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 condi-
tions (37�C, 95% humidified air and 5% CO2). RPMI 1640 and other culture
materials were from Life Technologies (Gaithersburg, MD). Cleaved caspase-
9, caspase-3 and poly(ADP-ribose) polymerase (PARP) primary antibodies,
and peroxidase-conjugated secondary antibody were from Cell Signaling
Technology (Beverly, MA). Annexin V/propidium iodide (PI) staining
Vybrant Apoptosis Assay Kit2 was from Molecular Probes (Eugene, OR).
ECL detection system was from Amersham (Arlington Heights, IL). Other
chemicals were obtained in their commercially available highest purity grade.

Cell growth and death assays

DU145 cells were plated at 1 · 105 cells/60 mm plates under standard culture
condition. After 24 h, cells were fed with fresh medium and treated with
dimethyl sulfoxide (DMSO) alone (control) or GSE, its fractions or GA dis-
solved in DMSO at desired doses. DMSO concentration was the same for all
treatments and did not exceed 0.1% (v/v). After 24, 48 or 72 h of treatment,
cells were collected with brief trypsinization, washed with ice-cold PBS and
counted in duplicate using a hemocytometer. Trypan blue dye exclusion was
used to determine viable and dead cells.\

Quantitative apoptotic cell death assay

To quantify GSE and/or its fractions including GA-induced apoptotic death of
DU145 cells, annexin V and PI staining was performed followed by flow
cytometry, as described previously (32). Briefly, after treatment of cells
with GSE, its fractions or GA at desired doses and time-points, both floating
and attached cells were collected by brief trypsinization and washed with PBS
twice and subjected to annexin V and PI staining using Apoptosis Assay Kit
following the step-by-step protocol provided by the manufacture. The kit
contains recombinant annexin V conjugated to fluorophores and the Alexa
fluro 488 dye, providing maximum sensitivity. After staining, flow cytometry
was performed for the quantification of both early (annexin V stained cells) and
late (annexin V/PI stained cells) apoptotic cells.

Immunoblot analysis

Following desired treatments, total cell lysates were prepared 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 sulfonyl fluoride,
0.2 mM sodium orthovanadate, 0.5% NP-40 and 5 U/ml aprotinin). For lysate
preparation, medium was aspirated and cells were washed twice with ice-cold
PBS followed by incubation in non-denaturing lysis buffer for 20 min. Then,
cells were scrapped and kept on ice for an additional 30 min, and finally cell
lysates were cleared by centrifugation at 4�C for 30 min in a tabletop cent-
rifuge. Protein concentrations in lysates were determined by the Lowry method
using a Bio-Rad DC protein assay kit (Bio-Rad laboratories, Hercules, CA).
For immunoblot analyses, 70–100 mg of protein lysates per sample were

denatured in 2· SDS–PAGE sample buffer and subjected to SDS–PAGE on
tris-glycine gel as needed. The separated proteins were transferred onto nitro-
cellulose membrane followed by blocking with 5% non-fat milk powder (w/v)
in TBS (10 mM Tris, 100 mM NaCl, 0.1% Tween 20) for 1 h at room tem-
perature or overnight at 4�C. Membranes were probed for the protein levels of
cleaved caspase-9, caspase-3 and PARP as well as b-actin using specific
primary antibodies followed by peroxidase-conjugated appropriate secondary
antibody, and visualized by ECL detection system. The representative blots
shown were reproducible in at least one additional independent experiment.

Statistical analysis

Autoradiograms of the immunoblots were scanned using Adobe Photoshop,
Adobe System (San Jose, CA). Statistical significance of differences between
control and treated samples were calculated by Student’s t-test (SigmaStat
2.03). P < 0.05 was considered significant. Unless otherwise mentioned, all
the data shown in the study for cell growth inhibition, cell death, quantitative
apoptosis and immunoblotting are representative of two to three independent
studies.

Results

Preliminary fractionation of GSE by HPLC

Reversed-phase HPLC analysis of ethyl acetate-soluble mater-
ial from GSE yielded the chromatogram shown in Figure 2
demonstrating a profile similar to that observed in earlier work
(36). Three fractions labeled F1–F3 were collected, and the
effects of equal doses on growth and death as well as apoptosis
in human PCA DU145 cells were compared with the effects
of GSE. Data summarized in Table I clearly demonstrate
high activity of F1 relative to intact GSE. Almost 90% inhibi-
tion of cell growth (P � 0.01) occurred with F1 exposure and
60% of the cells died (P � 0.01). In addition, 47.5 (P � 0.01)
and 27.4% (P � 0.01) of the cells underwent early and late
apoptotic death by F1 treatment for 48 h, respectively. These
results are compared with only 30% growth inhibition, 16%
cell death and 6.2% late apoptotic death by GSE for the
same treatment period; no early apoptotic death was evidenced
for GSE relative to control values (Table I). In contrast to a
very strong effect in F1, Fractions F2 and F3 at an equivalent
weight dose did not show measurable biological responses
following 48 h of treatment in the microscopic examination
of the treated culture plates. In fact, F2- and F3-treated cultures
were more comparable with vehicle-treated controls, and
therefore were not further analyzed (Table I).

On the basis of the observed biological effects of F1 on
DU145 cells, the individual peaks labeled a–e in F1
(Figure 2) were individually collected, activities determined
in DU145 cells and the major components identified (Table II)
by comparing chromatographic properties, UV spectra and
mass spectra with reference standards. Compounds a�e also
have been reported in previous work with GSE (39,40). It
should be emphasized that since we observed very strong
biological effects by F1 with almost no effect of F2 and
F3 after 48 h of exposure, an extended treatment time of
72 h was employed in assessing the efficacy of individual
components in F1. Furthermore, because of the strong effect
of F1 at 48 h, all the treatments with the individual F1 com-
ponents were carefully monitored under the microscope during
the entire 72 h period. The results summarized in Table II
demonstrate that the activity of F1 is due mainly to GA. Treat-
ment of DU145 cells at the same dose (100 mg/ml in DMSO) of
each individually collected peak for 72 h resulted in complete
cell death by GA in less than 48 h (Table II) and, therefore,
a comparison could not be made with the other compounds.
For this reason, all further studies of GA efficacy were per-
formed at lower doses and treatment time.

Activities of GSE fractions in DU145 cells
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To further substantiate that GA is a major contributor in the
biological effects of GSE on DU145 cells, GSE was modified
by selectively removing the GA component eluting before
procyanidins on a gel filtration column with the remaining
components (Fractions II–VIII, Figure 3) collected in a single
fraction. The biological efficacy of modified GSE shown in
Figure 4 was intermediate between that of control and intact

GSE, thereby demonstrating the major contribution of GA but
also demonstrating that other GSE components (presumably
procyanidins) eluting from a gel filtration column also
contribute to the effects of GSE in DU145 cells (discussed
below).

GA causes growth inhibition and death of DU145 cells

On the basis of the results shown in this study identifying
GA as one of the most active constituents in GSE and the
fact that a high dose (100 mg/ml) causes massive DU145
cell death in 72 h of treatment, we conducted further efficacy
studies employing lower doses and treatment times. As shown
in Figure 5, treatment with GA at 25 and 50 mg/ml doses for
24 and 48 h resulted in a strong cell growth inhibition [55–
60% (P � 0.05) and 91–93% (P � 0.01), respectively] and
cell death [11–16% (P � 0.05) and 54–56% (P � 0.01),
respectively] mostly in a dose-dependent, but not a time-
dependent, manner.

GA induces apoptotic death of DU145 cells and causes
caspase-9, caspase-3 and PARP cleavages

As the effects of GA on cell growth and death were largely
dose-dependent and occurred early, they could possibly be due
to a strong apoptotic effect contributing to both a reduced cell
number (measured as cell growth inhibition) and cell death.
Accordingly, next we assessed the effect of GA on apoptosis
induction in DU145 cells under the same experimental condi-
tions as for cell growth and death. As shown in Figure 6,
treatment of cells with GA resulted in a strong dose-
dependent, but again not a time-dependent, apoptotic cell
death, as the agent produced a mostly early rather than late
apoptotic cell population. Interestingly, the observed effect
of GA on early apoptotic cell death was almost comparable
with its overall effect on cell death shown in Figure 5B, in
terms of both dose and treatment times (Figure 6A and B).

Fig. 2. HPLC analysis of the ethyl acetate-soluble components extracted from GSE. Fractions F1–F3 as well as the individual peaks labeled a–j were
isolated employing the chromatographic conditions described under Materials and methods.

Table I. Biological activitya of GSE and HPLC Fractions F1–F3b

in DU145 cells

Sample Growth (% of control) Death (%) Apoptosis

Early Late

Control 100 5 4.6 ± 0.0 1.8 ± 0.2
GSE 70� 16� 4.3 ± 0.4 (NS) 6.2 ± 0.1��

F1 11�� 60�� 47.5 ± 0.8�� 25.9 ± 5.9��

F2 No effectc No effectc NAc

F3 No effectc No effectc NAc

aBiological activity of Fractions F1–F3 (collected by semi-preparative
reversed-phase HPLC detailed in Figure 1) was assessed in terms of
DU145 cell growth, death and both early and late apoptosis. DU145
cells were cultured under standard conditions and treated with DMSO
(control), GSE or F1–F3 in DMSO at 100 mg/ml doses for 48 h.
The selection of treatment time was based on the fact that in visual
inspection of the cells, F1 fraction showed massive cell death within
48 h treatment; however, there was no effect by F2 and F3 fractions
in 48 h. Cells were then collected and counted for total live and dead
cells or processed for annexin V–PI staining followed by florescence-
activated cell sorting (FACS) analysis. The data shown in each case
are mean ± SE of three independent samples, and are representative
of three independent experiments with comparable observations.
bCorresponding to the chromatogram in Figure 2.
cThe cell growth and death responses with exposure to F2 and F3 at 48
h were not distinguishable from controls in microscopic examination of
the cultures, so apoptosis was not analyzed (NA) with these fractions.
�, P � 0.05; ��, P � 0.01; NS, not significant; versus DMSO control.
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These results further support the possibility that the effects of
GA towards growth inhibition and death are largely due to its
strong apoptotic activity.

As caspase-3 followed by PARP cleavage is the key event in
the process of apoptosis, and as these events are also employed
as markers of apoptosis induction (41–43), we examined
the effect of GA on the activation of caspase-3 by western
immunoblotting employing the identical treatments described
above. As we observed no additional effect of this compound
following 48 h as compared with 24 h of treatment, an early
time-point of 12 h was used, which was also intended to (i)
investigate a time–response effect and (ii) determine whether
caspase activation followed by PARP cleavage contribute to an
overall apoptotic response. As shown in Figure 6C, treatment
of the cells with GA led to a strong activation of pro-caspase-3,
as evidenced by the level of cleaved caspase-3 at 12 h after
exposure, however, only at lower dose (25 mg/ml). Much

stronger cleaved caspase-3 bands were observed at a lower
GA dose following 24 h of treatment. Overexposure of the
film also showed faint bands for cleaved caspase-3 at higher
dose (50 mg/ml) (Figure 6C). On the basis of the levels of

Table II. Identifications and biological activities of the components isolated from HPLC Fraction F1

Peaka Componentb Biological activitiesc

Cell growth (% of control) % Cell death Early apoptosis Late apoptosis

Control N/A 100 2.6 2.6 ± 0.2 2.4 ± 0.8
GSE N/A 36� 19�� 10.6 ± 0.3�� 9.9 ± 1.8�

A GAd — 100�� — —
B B1 dimer 73NS 12� 4.0 ± 0.1� 3.1 ± 0.1 (NS)
C B3 dimer 70� 11� 3.4 ± 0.3 (NS) 3.9 ± 0.1 (NS)
D Catechin ND ND ND ND
E B2 dimer 55� 17�� 4.4 ± 0.2� 5.2 ± 0.3�

aCorrespond to the peaks labeled in Figure 2.
bIdentified by comparing HPLC retention data, UV spectra and mass spectra with reference compounds and published data (39,40). Structures are shown
in Figure 1.
cBiological activity of each peak, except Peak A, was assessed in terms of DU145 cell growth, death and both early and late apoptosis. Cells were
cultured under standard conditions and treated with DMSO (control), GSE or various peaks in DMSO at 100 mg/ml dose for 72 h. Cells were then
collected and counted for total live and dead cells or processed for annexin V–PI staining followed by FACS analysis. Early apoptotic cells are those
stained only for
annexin V and the late ones are those stained positive with both annexin V and PI. The data shown in each case are mean ± SE of three
independent samples, and are representative of three independent experiments with comparable observations. ND, not done.
dIn the GA studies in DU145 cells at 100 mg/ml dose and 72 h treatment time, no cell survival was detected as all the cells died after 48 h treatment.
All further GA efficacy studies, therefore, were next performed at lower doses and treatment times (Figures 5 and 6).
�, P � 0.05; ��, P � 0.01; NS, not significant; versus DMSO control.

Fig. 3. Fractionation of ethyl acetate-soluble components extracted from
GSE by gel filtration chromatography on Toyopearl HW-40S resin with
methanol as the elution solvent. Fractions I–VIII were collected at the
times indicated employing the chromatographic conditions described
under Materials and methods.

Fig. 4. Biological activity of GSE with or without the GA component.
DU145 cells were treated with DMSO (control), intact GSE or GSE
without GA [GSE (�GA)] in DMSO at 100 mg/ml dose for 72 h. Cells
were then collected and counted for total live and dead cells (A) or
processed for annexin V–PI staining followed by FACS analysis (B).
Early apoptotic cells are those stained only for annexin V and the late
ones are those stained positive with both annexin V and PI. The data
shown in each case are mean ± SE of three independent samples, and
are representative of two independent experiments with comparable
observations. �, P � 0.05; ��, P � 0.01; versus DMSO control.
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caspase-3 cleavage by GA, the fact that caspase-9 activation
leads in turn to caspase-3 activation, and that PARP is a major
substrate of activated caspase-3 (43), we also examined the
levels of both cleaved caspase-9 and PARP in the total cell
lysates used for cleaved caspase-3 blotting. As shown in
Figure 6C, consistent with our caspase-3 results, modest to
very strong levels of cleaved caspase-9 and PARP were
observed in GA-treated cell lysates.

Taken together, these results suggest that indeed GA causes
caspase-9, caspase-3 and PARP cleavages; however, more
studies are needed at early time-points with a higher dose to
further address the observed discrepancy, that is, nearly a
complete lack of effect at higher dose despite a very strong
early apoptotic cell population. One possible explanation could
be that the 50 mg/ml dose of GA produces massive apoptotic
cell death even after 12 h, making the analyses of caspases and
PARP cleavages impractical in total cell lysates. In support
of this explanation, indeed we found very low levels of total
cellular protein in cells treated with a 50 mg/ml dose of GA at
12 h that decreased further after 24 h of the treatment
(data not shown). In terms of the actin immunoblot, used
as a loading control, Figure 6C demonstrates that the levels
were considerably lower in the cells treated with 50 mg/ml of
GA at both 12 and 24 h time-points as compared with both
DMSO control and cells treated with a 25 mg/ml dose of GA.
Another possibility is that treatment of the cells with a higher
dose of GA leads to an aggressive and massive apoptotic

cell death by a mechanism mostly independent of caspase
activation. In support of this possibility, several studies in
recent years have shown that various phytochemicals such
as those from green tea, garlic, cruciferous vegetables, and
so on cause apoptotic cell death in different human carcinoma
cells including PCA by the generation of reactive oxygen
species (44,45). This event is accompanied by DNA damage
and ataxia telangiectasia mutated (ATM)/ATM and Rad3-
related (ATR) activation leading to alterations in downstream
effectors including inactivating phosphorylation of Cdc25C
and Cdc2 for cell cycle arrest and apoptosis (46). Whether
a higher dose of GA also follows similar mechanisms

Fig. 5. GA causes growth inhibition (A) and death (B) of DU145 cells.
Cells were cultured under standard conditions and treated with DMSO
(control) or GA in DMSO at 25 and 50 mg/ml doses for 24 or 48 h. Cells
were then collected and counted for total live and dead cells as detailed
under Materials and methods. The data shown in each case are mean ± SE
of three independent samples, and are representative of three independent
experiments with comparable observations. �, P � 0.05; ��, P � 0.01;
versus DMSO control.

C 25 50 C 25 50 µg/ml GA
12 hrs 24 hrs

Cleaved Caspase-3

Cleaved Caspase-9

Cleaved PARP

ββββ-Actin

C

Fig. 6. GA induces apoptotic death of DU145 cells and causes caspase-3,
caspase-9 and PARP cleavages. Cells were cultured under standard
conditions and treated with DMSO (control) or GA in DMSO at 25 and
50 mg/ml doses for 24 (A) or 48 (B) h. Cells were then collected and
processed for annexin V–PI staining followed by FACS analysis as detailed
in Materials and methods. Early apoptotic cells are those stained only for
annexin V and the late apoptotic cells are those stained positive with both
annexin V and PI. The data shown in each case are mean ± SE of two
independent samples, and are representative of three independent
experiments with comparable observations. �, P � 0.05; ��, P � 0.01; NS,
not significant; versus DMSO control. For western analyses (C), following
treatments with DMSO (control) or GA in DMSO at 25 or 50 mg/ml dose
for indicated times, cells were collected and total lysates prepared and
subjected to SDS–PAGE and immunoblotting. Membranes were probed
with desired primary followed by appropriate secondary antibodies and
bands developed by ECL, as detailed in Materials and methods.
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remains to be determined in our ongoing studies with this
agent.

Isolation and testing of procyanidins

To investigate oligomeric procyanidins, GSE was separated
into eight fractions by gel filtration chromatography (Figure 3).
The only significant component in Fraction I was GA.
As shown in Table III, Fractions II–IV had much less effect
on cell growth, death and apoptosis compared with GSE;
Fraction V produced similar effects; and Fractions VI–VIII
were generally more active than GSE. Several of these
fractions were analyzed further by HPLC (Figure 7) and
negative-ion LC/MS. The general structures of major com-
ponents isolated from these fractions by semi-preparative
HPLC are summarized in Table IV. The molecular ions and
daughter ions obtained by collision-induced dissociation are
those expected for procyanidin dimer gallate esters [(M–H)�

m/z 729.8, and daughter ions m/z 711, 603, 577, 559, 441, 425,
407 and 289], procyanidin trimers [(M–H)� m/z 865.5, and
daughter ions m/z 847, 739, 713, 695, 577, 407 and 289] and
trimer gallates [(M–H)� m/z 1017.4, and daughter ions m/z

999, 890, 865, 847, 729 and 695]. These results, by comparison
with published spectra of procyanidins, led to the general
structure assignments listed in Table IV (47,48).

Fraction II was composed of C and EC, and Fraction III
contained the dimers B1 and B2. Neither of these fractions
produced significant biological activity except 20–25% cell
growth inhibition (Table IV), further demonstrating that
monomers and dimers do not contribute appreciably to the
activity of GSE in DU145 cells. Fraction IV also contained
dimers and a dimer–gallate derivative (Table IV) and was not
active except for significant early apoptosis. Fractions V–VIII,
however, produced about the same cell growth inhibition
and apoptotic activity as GSE, but greater cytotoxicity.

Discussion

In the present study, fractionation of GSE and biological
testing of isolated fractions has led to two principal conclu-
sions. The most important finding is that GA accounts for a
significant fraction of the activity of GSE in causing growth
inhibition, death and apoptotic induction in DU145 human

Fig. 7. Analyses of gel filtration Fractions IV–VIII by reversed-phase HPLC. The labeled peaks in each chromatogram were collected and analyzed by
LC/MS as described under Materials and methods.
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prostate carcinoma cells. It is also clear, however, that oligo-
meric procyanidins (i.e. larger than dimers) and the corres-
ponding gallate esters contribute to the biological activity of
GSE and, therefore, merit further investigation. Gel filtration
chromatography on Toyopearl HW-40S resin is an efficient
method to prepare large quantities of partially purified oli-
gomers from GSE that can then be subjected to semi-
preparative HPLC to isolate individual components. The gel
filtration approach also facilitated the selective removal of GA
from GSE to confirm the contribution of this compound to the
efficacy of the latter.

It should be noted that various GSE preparations are not
standardized for the presence and quantity of active constitu-
ents, which could account for the differences in the reprodu-
cibility of the effects from one laboratory to another. Even
though crude GSE produces anti-cancer effects in various
animal studies, additional knowledge about the most active
constituents will facilitate mechanistic, pharmacokinetic and
pharmacodynamic studies. Our continuing efforts are focused
on identifying additional purified GSE procyanidins and
subsequently assessing their biological effects in several
other human carcinoma cell lines. Anti-cancer efficacy of
GSE has been shown against many epithelial cancers, includ-
ing skin, colon and breast cancers (29,35–37), in addition to
PCA; however, the contribution of GA in GSE efficacy is yet to
be studied.

Overall, in the present study we have confirmed GA as one
of the principal constituents in GSE, determined that this
compound contributes significantly to the biological effects
of GSE in DU145 cells and confirmed the activity of pure
samples of GA. It should also be emphasized, however, that
whereas the contributions of GA to the strong biological effects
of GSE in DU145 cells are novel observations, there have
been numerous studies showing the presence of this phyto-
chemical in fruits, vegetables and green tea, either in free
acid or ester form (49,50). In addition, several investigators
have reported both cancer-preventive and anti-cancer effects
of GA employing different in vitro and in vivo models (51–
53). On the basis of literature reports and the present findings,
we conclude that more detailed mechanistic and efficacy stud-
ies are warranted with this relatively simple and widespread
phytochemical in both cell culture and animal models of PCA.
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