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Abstract

Recently, we identified procyanidin B2 3,3″-di-O-gallate (B2G2) as most active constituent of

grape seed extract (GSE) for efficacy against prostate cancer (PCa). Isolating large quantities of

B2G2 from total GSE is labor intensive and expensive, thereby limiting both efficacy and

mechanistic studies with this novel anti-cancer agent. Accordingly, here we synthesized gram-

scale quantities of B2G2, compared it with B2G2 isolated from GSE for possible equivalent

biological activity, and conducted mechanistic studies. Both B2G2 preparations inhibited cell

growth, decreased clonogenicity, and induced cell cycle arrest and apoptotic death, comparable to

each other, in various human PCa cell lines. Mechanistic studies focusing on transcription factors

involved in apoptotic and survival pathways revealed that B2G2 significantly inhibits NF-κB and

AP1 transcriptional activity and nuclear translocation of Stat3 in PCa cell lines, irrespective of

their functional androgen receptor status. B2G2 also decreased survivin expression which is

regulated by NF-κB, AP1 and Stat3, and increased cleaved PARP level. In summary, we report

B2G2 chemical synthesis at gram-quantity with equivalent biological efficacy against human PCa

cell lines and same molecular targeting profiles at key transcription factors level. The synthetic

B2G2 will stimulate more research on prostate and possibly other malignancies in preclinical

models and clinical translation.
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1. Introduction

Cancer is one of the foremost causes of non-natural deaths around the world. One form of

cancer, prostate cancer (PCa) is the most frequently diagnosed malignancy and second

leading cause of death in the US [1]. Statistical estimates for the year 2012 indicate that

there would be 241,740 new cases of PCa and 28,170 associated deaths in the US alone [1].

Progression of PCa can take significant time to advance to a castration-resistant PCa,

suggesting that a considerable time window is available for various prevention strategies to

be employed for its prevention and control [2,3]. Grape seed extract (GSE) is a naturally-

occurring dietary agent with significant potential for the prevention and intervention of

various malignancies including PCa [4]. For example, several recent studies by us and others

have shown the anti-cancer efficacy of GSE against colon, breast, lung, skin, prostate, and

head & neck cancer in various in vitro and in vivo models [4–16]. GSE is a complex mixture

of polyphenols, and our research group has isolated and characterized various active

constituents of GSE, mainly bioactive procyanidins, using a combination of

chromatographic separations and, thereafter screened the biological efficacy of the fractions

[17–19]. One of the biologically active constitute of GSE, gallic acid, was shown by us to

inhibit the growth of DU145 xenografts in nude mice and prostate tumor in TRAMP mice

[20,21]. Furthermore, completed studies by us have recently identified that procyanidin B2

3,3″-di-O-gallate (B2G2) accounts for a major biological constituent of GSE, and causes

growth inhibition, death and apoptosis induction in human PCa DU145 and LNCaP cells

[18,19]. However, to overcome the limitations of isolating gram quantities of B2G2 from the

crude mixture, procedures were adapted by us to synthesize multi gram-scale quantities of

B2G2 for use in biological studies. The present study compares the anti-PCa efficacy of the

GSE-isolated versus the synthetic B2G2. Our results revealed that B2G2, irrespective of

these two sources, caused a comparable and significant inhibition of cell growth and

proliferation, decreased clonogenic ability, and induced apoptotic death in a panel of human

PCa cell lines.

Cell survival machinery is maintained by proper coordination between cell proliferation,

differentiation and cell death; however, deregulation of these events is recognized as one of

the underlying causes for the development and progression of cancer [22–24]. Recent

studies have shown that transcription factors, namely nuclear factor-κB (NF-κB), activator

protein1 (AP1) and signal transducer and activator of transcription3 (Stat3), are the major

regulators of cellular survival, apoptotic machinery and inflammation; and unrestrained

activity of these transcription factors is critical for the growth and progression of some

cancers, including PCa [25–30]. Moreover, it is also recognized that persistent activation of

NF-κB, AP1 and Stat3 signaling induces survivin expression and confers resistance to

apoptosis in cancer cells [17,31,32]. Notably, survivin belongs to the inhibitor of apoptosis

(IAPs) family and is a regulator of cell proliferation and cell viability in most human tumors

[33]. Also, survivin inhibits apoptosis by binding specifically to the terminal effecter cell

death proteases, caspase-3 and -7 [34,35]; this being one of the foremost reasons for the

ineffectiveness of chemotherapeutic agents in inducing apoptosis in cancer cells including

PCa [31,36]. Together, these transcription factors (NF-κB, AP1 and Stat3) along with

survivin constitute a potential therapeutic target for the treatment of PCa. Therefore, in the
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present study, we also analyzed the effect of B2G2 on the transcription factors (NF-κB, AP1

and Stat3) and their target gene survivin in PCa cells.

2. Materials and methods

2.1. Cell lines and reagents

Human PCa PC3 and 22Rv1 cells were obtained from American Type Culture Collection

(Manassas, VA), and C4-2B cells were purchased from ViroMed Laboratories (Minneapolis,

MN). All these lines were obtained during 2008, and tested and authenticated by DNA

profiling for polymorphic short tandem repeat markers at University of Colorado cDNA

sequencing & Analysis Core in August 2010. RPMI1640 media, cell culture materials, and

Annexin V-Vybrant apoptosis kit were from Invitrogen Corporation (Gaithersburg, MD).

Antibodies for cleaved poly (ADP-ribosyl) polymerase (PARP), survivin, pStat3tyr 705, total

Stat3 and anti-rabbit peroxidase-conjugated secondary antibody were from Cell Signaling

(Danvers, MA). Specific oligonucleotides (NF-κB and AP1) and the gel shift assay system

were from Promega Corp (Madison, WI). Propidium iodide (PI), dimethylsulfoxide

(DMSO), β-actin antibody, gallic acid, (−)-epicatechin, 2,3-dichloro-5,6-dicyano-p-

benzoquinone (DDQ), 4-(dimethylamino)pyridine (DMAP), dicyclohexylcarbodiimide

(DCC), hydrogen, palladium hydroxide on carbon (Pd(OH)2), benzyl bromide (BnBr),

trimethylsilyl trifluoromethanesulfonate (TMSOTf), and 2-ethoxyethanol (EtOCH2CH2OH)

were procured from Sigma-Aldrich (St. Louis, MO). Annexin V-Vybrant apoptosis kit was

from Molecular Probes (Eugene, Oregon). Methanol (MeOH), dimethylformamide (DMF),

sulfuric acid (H2SO4), potassium carbonate (K2CO3), sodium hydroxide (NaOH), dioxane,

sodium hydride (NaH), methylene chloride (CH2Cl2), hexanes, chloroform, and ethyl

acetate were purchased from Fisher Scientific (Pittsburgh, PA). Reactions were monitored

via silica gel IB2-F thin layer chromatography (TLC) plates from J.T. Baker (Phillipsburg,

NJ).

2.2. Synthesis of procyanidin B2 3,3″-di-O-gallate

As summarized in figure 1, we have utilized previously published methods to conduct the

synthesis of Procyanidin B2-3,3″-di-O-gallate (B2G2; I) [37–41]. We started with two

commercially available materials, gallic acid (II) and (−)-epicatechin (III); nine steps were

required to produce B2G2. Gallic acid (II) was converted to the corresponding methyl ester

(IV) followed by phenolic protection via benzyl (-O-CH2-Phenyl; -OBn; V), and

subsequently hydrolyzed to the corresponding protected acid (VI). As in the case of gallic

acid, the phenolic hydroxyl groups in (−)-epicatechin were first tetra-protected to afford

(VII) followed by DDQ carbon-4 oxidation of (VII) in the presence of 2-ethoxyethanol to

produce (VIII). At this point, compounds (VII) and (VIII) were each coupled with the

protected gallic acid (VI) to afford gallate compounds (IX) and (X), respectively.

Compounds (IX) and (X) were then coupled via acid catalyzed condensation to produce the

fully protected (14 phenolic groups) (OBn)14-procyanidin B2 di-O-gallate (XI). Lastly,

compound (XI) was fully de-protected via hydrogenation to afford Procyanidin B2-3,3″-di-

O-gallate (B2G2; I).
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2.3. Cell culture and treatments

PC3, 22Rv1 and C4-2B cells were cultured in RPMI1640 medium containing 10% fetal

bovine serum and 1% penicillin-streptomycin under standard culture conditions. At 60–65%

confluency, cells were treated for 6–72 h with desired doses of B2G2 (25–100 μM) in

DMSO or with DMSO alone. Unless specified otherwise, the final concentration of DMSO

in the culture medium during different treatments did not exceed 0.1% (v/v). Whole-cell/

nuclear extracts were prepared as described previously [29,42].

2.4. Cell viability and clonogenic assay

Cells were plated at 5000 cells/cm2 density in 60 mm-dishes under the standard culture

conditions. After 24 h, cells were treated with DMSO alone or different concentrations of

B2G2 (25–100 μM). Cells were trypsinized, collected, and counted using a Trypan blue dye

exclusion method to determine viable and dead cells after 24, 48, and 72 h of B2G2

treatments. To assess the clonogenic potential of the different cell lines (PC3, 22Rv1 and

C4-2B), cells were seeded at a density of 1000 cells/well in 6-well plates. After being

allowed to attach to the plates for 24 h these cells were then treated with B2G2 every 48 h.

At the end of the 10th day, cells were washed with PBS and fixed in a mix of

methanol:acetic acid (3:1) for 10 min and then stained with 0.1% crystal violet for 30 min.

The plates were washed thrice with PBS and the colonies (≥50 or <50 cells/colony) were

counted under inverted microscope.

2.5. Analysis for cell cycle distribution and apoptotic cell death

PCa cells were plated in 60 mm dishes to 50% confluency overnight, and subsequently

treated with either DMSO alone or various doses of B2G2 for 24–48 h. After these

treatments, cells were collected by brief trypsinization and washed with ice-cold PBS twice,

and pellets were incubated in 0.5 ml of saponin/propidium iodide solution at 4°C for 24 h in

dark as reported earlier. The percentage of cells in the different phases of the cell cycle was

determined by FACS analysis [8]. Alternatively, cells were subjected to Annexin V and PI

staining using Vybrant Apoptosis Assay Kit 2 following the step-by-step protocol provided

by the manufacturer. Stained cells were analyzed by FACS analysis, utilizing the core

service of the University of Colorado Cancer Center (Aurora, CO), in order to quantify the

apoptotic cells.

2.6. Electrophoretic mobility shift assay (EMSA)

Consensus sequences of double stranded NF-κB oligonucleotide (5′-AGT TGA GGG GAC

TTT CCC AGG C-3′ and 3′ TCA ACT CCC CTG AAA GGG TCC G-5′) or AP1

oligonucleotide (5′-CGC TTG ATG AGT CAG CCG GAA-3′ and 3′ GCG AAC TAC TCA

GTC GGC CTT-5′) were end labeled with γ-32P-ATP (3,000 Ci/mmol at 10 m Ci/ml) as per

manufacturer’s protocol (Promega Corp). Labeled probes were separated from free γ-32P-

ATP using G-25 Sephadex column. Nuclear extract (10 μg) along with 5X gel shift binding

buffer was incubated with 1–2 μl (20,000 cpm) of 32P-labeled NF-κB or AP1 probe for 20

min at 37°C. In super shift and competition assays(data not shown), nuclear extract was

incubated with anti –p65/p50 and cjun/cfos antibodies for NF-κB and AP1, respectively, or

unlabeled-oligonucleotide before adding labeled NF-κB or AP1 oligonucleotide. DNA
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retardation gel (6%) was used to resolve DNA-protein complexes followed by gel drying

and autoradiography.

2.7. Immunoblotting

Cells were treated as mentioned above and lysates were prepared and analyzed by

immunoblotting as described previously [42]. Briefly, 50–60 μg protein per sample was

denatured with 2X sample buffer and subjected to SDS-PAGE on 8 or 12% gel. Separated

proteins were transferred onto membrane by Western blotting. Membranes were blocked

with blocking buffer for 1 h at room temperature. After blocking, the membranes were

probed with desired primary antibodies over night at 4°C followed by peroxidase-conjugated

appropriate secondary antibody and visualized by ECL detection system. Some blots were

multiplexed or stripped and reprobed with different antibodies including those for loading

control.

2.8. Statistical analysis

Statistical significance of differences between control and treated samples were calculated

by one-way ANOVA followed by a Bonferroni’s test using SigmaStat version 3.5 software

(Jandel Scientific, San Rafael, CA), and both sided P values of ≤0.05 were considered

significant. The data in all cases are representative of at least 3–4 independent studies with

reproducible results.

3. Results

3.1. Comparative growth inhibitory effects of naturally isolated and synthetic B2G2 against
human PCa cell lines

First, we compared the effect of the natural isolated B2G2 (B2G2-isolated) versus

synthesized B2G2 (synthetic B2G2) on the growth of three different human PCa cell lines,

differing in their status of androgen receptor (AR), namely PC3, 22Rv1 and C4-2B. Of these

cells, PC3 is AR-negative/androgen independent and 22Rv1 is AR-positive/androgen

independent, while C4-2B, derived from the bone metastasis of LNCaP variant cell line

C4-2, is AR-positive/androgen independent. As shown in figure 2A, both B2G2-isolated and

synthetic B2G2 inhibited the growth of PC3 cells in a concentration- and time-dependent

manner. B2G2-isolated at 25, 50 and 100 μM doses resulted in 27–38% (P<0.001), 14–48%

(P<0.001) and 37–74% (P<0.001) growth inhibition of PC3 cells after 24, 48 and 72 h of

treatment, respectively (Fig. 2A, left panel). Concomitantly, there was an increase in the

PC3 dead cell population following 48 and 72 h B2G2 treatments at 25, 50 and 100 μM

doses which accounted for 10–22% (P<0.01) and 6–25% (P<0.001), respectively (Fig. 2A,

right panel). With synthetic B2G2there was also a significant growth inhibition in PC3 cells

ranging from 36–44% (P<0.001), 23–58% (P<0.001) and 29–71% (P<0.001) at 25, 50 and

100 μM concentration after 24, 48 and 72 h of treatment, respectively (Fig. 2A, left panel).

Synthetic B2G2 also caused an increase in dead cell population [7–19% (P<0.01) and 7–

24% (P<0.001)] of PC3 cells under identical treatment conditions at 48 and 72 h,

respectively (Fig. 2A, right panel).
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In the case of 22Rv1 cells, B2G2-isolated had no significant effect on the growth at 25–50

μM concentration for 24 h treatment time (Fig. 2B, left panel); however a strong effect was

observed at 100 μM concentration (48%, P<0.001, Fig. 2B, left panel). Furthermore, growth

inhibitory effect was observed at 25, 50 and 100 μM concentration by B2G2-isolated,

accounting for 51–66% (P<0.001) and 38–73% (P<0.001) growth inhibition following 48

and 72 h treatment, respectively (Fig. 2B, left panel). Under similar experimental conditions,

25 μM dose did not cause any significant cell death; while the 50 and 100 μM B2G2-isolated

doses caused strong 22Rv1 cell death [11–32% (P<0.01), 13–27% (P<0.01) and 16–32%

(P<0.001)] at 24, 48 and 72 h, respectively (Fig 2B, right panel). Treatment with synthetic

B2G2 also caused a strong growth inhibition at 25, 50 and 100 μM dose levels in the range

of 53–65% (P<0.001) and 26–69% (P<0.001) following 48 and 72 h treatment time,

respectively (Fig. 2B, left panel). Furthermore, almost similar effect of synthetic B2G2

compared to B2G2-isolated was observed on cell death in 22Rv1 cells accounting for 10–

31% (P<0.001), 13–26% (P<0.001) and 16–32% (P<0.001) dead cell population following

exposure to 50 and 100 μM doses of synthetic B2G2 for 24, 48 and 72h, respectively (Fig

2B, right panel).

Growth inhibitory effect of B2G2-isolated and synthetic B2G2 was also identical in C4-2B

cells at the 25, 50 and 100 μM doses for 24, 48 and 72 h treatments. B2G2-isolated

treatments at all the concentrations studied produced strong cell growth inhibitory effects

[50–80% (P<0.001) 24 h, 51–86% (P<0.001) 48 h, 60–97% (P<0.001) 72 h)] in C4-2B cells

(Fig. 2C, left panel). Interestingly, B2G2-isolated at 25, 50 and 100 μM dose caused strong

cell death at all the time points studied, accounting for 17–58% (P<0.001, 24 h), 19–83%

(P<0.001, 48 h) and 12–89% (P<0.001, 72 h) dead cell population in C4-2B cells (Fig. 2C,

right panel). Treatment with synthetic B2G2 caused similar effects in C4-2B cells

accounting for 43–81% (P<0.001), 32–88% (P<0.001) and 22–95% (P<0.001) growth

inhibition at 25, 50 and 100 μM doses following 24, 48 and 72 h of treatment, respectively

(Fig. 2C, left panel). Similarly, synthetic B2G2 also caused significant cell death in C4-2B

cells accounting for 12–43% (P<0.001), 14–82% (P<0.001) and 8–100% (P<0.001) dead

cell population by these doses and treatment times (Fig. 2C, right panel).

Taken together, the above results revealed that irrespective of the natural or synthetic source

of B2G2, both displayed similar 1H-NMR and LC/MS profiles (data not shown), and there

was a comparable inhibition in cell growth and induction of cellular death by this novel

agent in all three PCa cell lines examined in the present study. Accordingly, we proceeded

with synthetic B2G2 for additional efficacy and mechanistic studies in PCa cells.

3.2. B2G2 induces cell cycle arrest and apoptotic death in human PCa cell lines

Since synthetic B2G2 (hereafter referred as B2G2) treatment caused a significant growth

inhibitory effect in PC3, 22Rv1 and C4-2B cells, its effect on cell cycle progression in PCa

cells was anticipated, and therefore a cell cycle distribution analysis was done. In PC3 cells,

B2G2 (50–100 μM) treatment for 24–48 h caused a significant accumulation of cells at S

phase (P<0.01-P<0.001; Fig. 3A). However, in 22Rv1 cells, G1 arrest was observed at 100

μM dose of B2G2 treatment for 48 h (P<0.001; Fig. 3B). In C4-2B cells, 50 μM B2G2

treatment for 24 h and 100 μM B2G2 for 24–48 h led significant accumulation of cells in G1
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phase (P<0.001; Fig. 3C); while 50 μM B2G2 treatment for 48 h did not show significant

change in cell cycle distribution (Fig. 3C). Overall, the observed cell cycle arrest by B2G2

possibly accounts for its cell growth inhibitory effect in PCa cells.

Furthermore, since B2G2 treatment also caused a strong death of PC3, 22Rv1 and C4-2B

cells, we next examined whether it is an apoptotic death. Compared to controls, B2G2

treatment caused a marginal apoptotic cell death in PC3 cells (Fig. 3D); however, similar

B2G2 doses caused a strong [34–71% (P<0.001) and 41–64% (P<0.001)] apoptotic death in

22Rv1 cells after 24 and 48 h treatment, respectively, compared to 20% apoptotic cells in

vehicle controls (Fig. 3E). Unlike PC3 and 22Rv1 cells, a much stronger effect was

observed in C4-2B cells under the same treatment conditions (Fig. 3F), accounting for 91–

76% (P<0.001) and 76–60% (P<0.001) apoptotic death following 24 and 48 h treatment,

respectively, at 50 and 100 μM B2G2 doses, compared to 25% and 15% apoptotic cells in

controls at same time-points. The lower apoptotic cells death observed at higher doses (100

μM) of B2G2 in C4-2B and PC-3 cells could be attributed to undetectable dead cell debris of

apoptotic/dead cells.

3.3. B2G2 inhibits the clonogenic potential of human PCa cell lines

Since we observed a strong reduction in cell number by B2G2 in PC3 cells but not apoptotic

death, we next assessed the effect of this agent on clonogenicity of human PCa cells by

counting the colonies with ≥ 50 cells. Treatment with 25 μM B2G2 every 48 h for 10 days

significantly inhibited the colony formation by 50% (P<0.001), however; B2G2 doses (50–

200 μM) completely inhibited colony formation in PC3 cells (Fig. 4A). The effect of 25 μM

B2G2 was comparatively less in 22Rv1 cells than as observed in PC3 cells (5% inhibition,

P<0.001, Fig. 4B); however, higher doses of B2G2 (50–200 μM) showed similar inhibitory

effect on clonogenicity of 22Rv1 cells as in PC3 cells (100% inhibition, P<0.001, Fig. 4B).

In the case of C4-2B cells, there was 37% (P<0.001), 60% (P<0.001), 56% and 93%

(P<0.001) inhibition of colony formation at 5, 15, 25 and 50 μM B2G2, respectively (Fig.

4C). More importantly, at higher doses of B2G2 (100–200 μM; Fig. 4C) no colonies were

observed.

3.4. B2G2 inhibits the activation of various transcription factors, decreases survivin
expression and induces cleaved PARP expression in different human PCa cell lines

Several studies have shown that the down modulation of either protein expression or a

decrease in the activity of NF-κB, AP1 and Stat3 molecules causes both growth inhibition

and apoptotic cell death in various cancer cell lines including PCa [6,29,43]. Accordingly,

based on our findings showing strong growth inhibitory and apoptotic effect of B2G2 in a

panel of human PCa cell lines, next we studied its effect on these transcription factors (NF-

κB, AP1 and Stat3) in PCa cell lines. Based on the strong growth inhibitory/cell death

effects of B2G2 at time points evaluated in earlier experiments in some of these cell lines,

we assumed that for delineation of mechanistic events shorter exposure to B2G2 would

provide a clear insight into the ongoing events. With that rationale, 25, 50, and 100 μM

doses of B2G2 were used to treat PC3 cells for 48 and 72 h, 22Rv1 cells for 12 and 24 h,

and C4-2B cells for 6 and 12 h. NF-κB transcriptional activity was evaluated in the nuclear

lysates and results indicated that NF-κB activity was strongly inhibited at 100 μM B2G2
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dose in PC3 (48–72 h) and 22Rv1 (12–24 h) cell lines; whereas in C4-2B cells, B2G2 (25–

100 μM) treatment for 6 and 12 h strongly inhibited the NF-κB activation in a dose-

dependent manner (Fig. 5A). Furthermore, EMSA assay was also performed for evaluating

B2G2 effect on AP1 activity in these cells. As shown in figure 5B, B2G2 exerted a strong

inhibitory effect on AP1-DNA binding at both 50 and 100 μM doses in PC3 (24–48 h),

22Rv1 (12–24 h) and C4-2B (6–12 h) cell lines. In case of C4-2B cells, 25 μM dose of

B2G2 also significantly inhibited AP1-DNA binding, whereas in PC3 and 22Rv1 cells the

AP1-DNA binding was not altered at this concentration (Fig. 5B). In other studies, the

nuclear translocation of Stat3tyr 705 was inhibited in PC3 cells at 50 and 100 μM doses of

B2G2 after 48 and 72 h of treatment. Similar inhibitory effects on the nuclear translocation

of Stat3tyr 705 were also observed in 22Rv1 and C4-2B cells (Fig. 5C) after B2G2 treatment.

Interestingly, 25 μM B2G2 did not show inhibitory effect on the nuclear expression of

Stat3tyr 705 in all these three cell lines (Fig. 5C).

To gain more insight into the molecular mechanism involved in the apoptotic cell death, we

studied the effect of B2G2 on survivin expression and PARP cleavage, the established

molecular markers for cell survival and apoptotic death, respectively. As shown in figure

5D, B2G2 strongly decreased survivin expression at 50–100 μM doses in PC3 (48–72 h),

22Rv1 (12–24 h) and C4-2B (6–12 h) cells, and under similar treatment conditions, this

agent increased the expression of cleaved-PARP in all three PCa cell lines (Fig. 5D).

4. Discussion

PCa is the second leading cause of cancer-associated deaths among American men [1].

Growing evidence from epidemiologic surveys and case-control studies show that diet and

lifestyle play an essential role in PCa development and progression [44,45]. It is also

recognized in recent years that many nutrients and herbs have significant promise in

controlling and managing PCa by slowing the progression and reducing recurrence via

targeting survival and apoptotic machinery [4,44–46]. In this regard, GSE is a well-known

dietary agent that has shown strong cancer chemopreventive and anti-cancer efficacy against

various malignancies including PCa [4], and B2G2 accounts for the major biologically

active constituent of GSE [17,18,47]. The isolated yield of B2G2 is only about 0.3% (w/w)

of the intact GSE. Thus isolating gram quantities involves cumbersome labor intensive and

expensive chromatographic techniques [17]. These limitations have hindered the

advancement of this novel anti-cancer agent for both efficacy and mechanism studies. Thus

to overcome the limitations of isolating gram quantities of B2G2 from the GSE mixture, we

synthesized multi gram-scale quantities of B2G2 for use in biological studies. Thereafter, we

first compared the anti-PCa efficacy of isolated versus synthetic B2G2, and our results

revealed that B2G2, irrespective of its source, caused comparable and significant inhibition

of cell growth and proliferation and induced cell cycle arrest along with apoptotic death in a

panel of human PCa cell lines irrespective of their functional AR and p53 status. Notably,

C4-2B (wild- type p53) and 22Rv1 (wild- type p53) cell lines were more sensitive to B2G2

treatment for apoptotic death, while PC3 cells (null- p53) showed less sensitivity. It has been

known that accumulation of p53 plays an important role in regulating the apoptotic

machinery [7]. Thus, we also assessed the role of p53 for driving the apoptotic death in

C4-2B and 22Rv1 cells as these cells were more sensitive for the apoptotic death after B2G2
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exposure and harbor wild-type p53. Results from these experiments showed that p53 protein

expression was decreased in C4-2B and 22Rv1 cells after B2G2 treatment (data not shown),

suggesting that p53 is possible not a major player in driving apoptosis in C4-2B and 22Rv1

cells.

Advanced age, family history and adoption of a westernized lifestyle increase the incidence

of developing PCa [48]. This validates the idea that environmental factors are also involved

in the pathogenesis of PCa in addition to hereditary factors. One such potential factor which

has gained considerable attention is the development of chronic inflammation in the prostate

[48,49], which is triggered either by infectious agents or exposure to dietary factors, corpora

amylacea, hormonal changes and urine reflux, or by a combination thereof [49].

Epidemiological evidence for the role of inflammation in prostate cancer etiology stems

from the protective function of non-steroidal anti-inflammatory drugs (NSAIDs) against

PCa [48]; however, complications arise due to their side effects [50]. The inflammatory

molecules that have been identified as potential mediators in the interplay between prostate

inflammation and prostate carcinogenesis include transcription factors (NF-κB, Stat3, and

AP1), multiple inflammatory cytokines (macrophage inhibitory cytokine, MCP1, IL6,

TNFα, IL8, IL-1β), chemokine (CXCL12), and enzyme (COX-2) [48,49]. Among these,

activated NF-κB, Stat3, and AP1 in tumors/tumor cells are known to activate a broad range

of anti-apoptotic, pro-survival and inflammatory genes in response to inflammation

[29,42,51]. This is one of the reasons for the ineffectiveness of chemotherapeutic agents in

inducing apoptosis in PCa, suggesting that multiple molecular pathways may need to be

modified in order to treat cancers that are resistant to pro-apoptotic therapies. In this regard,

the results from the present study indicate that B2G2 strongly inhibits the activity of NF-κB

and AP1 in PC3, 22Rv1 and C4-2B cells. Additional studies also showed that B2G2

strongly inhibits the nuclear translocation of Stat3tyr 705 in all the three cell lines. The

inhibitory effect on the activity of these transcription factors by B2G2 could possibly be

contributing (directly or indirectly) to the apoptosis induction or to anti-inflammatory effect

in PCa cells. Furthermore, persistent activation of NF-κB and Stat3 signaling induces

survivin expression, by their nuclear translocation and subsequent binding to the survivin

promoter region, which confers resistance to apoptosis in cancer cells [31,32]. Survivin

exhibits the most restricted expression in normal adult human or mouse tissues, whereas

dramatic over expression of it has been seen in most of the common human cancers [52,53].

Notably, accumulating evidences show that the expression level of survivin contributes to

prognosis, clinical outcome of tumors, susceptibility to anti-cancer drugs, and malignant

behavior [54,55]. Survivin directly binds and inhibits certain caspases and therefore inhibits

apoptosis induced by a variety of stimuli [34,35]. Thus, altering survivin expression is

complex but important in PCa. In this regard, our results showing a decrease in survivin

expression in PC3, 22Rv1 and C4-2B cells by B2G2 leads to the assumption that this

decrease in survivin may in turn potentiate the apoptotic machinery induced by B2G2.

Therefore, our observation of decreased activity of transcription factors (NF-κB, AP1 and

Stat3), which are activated in human PCa, together with decreased expression of survivin,

after B2G2 treatment suggest an important role of these molecules in B2G2 induced

apoptosis in PCa cells. Whereas more studies are needed in the future to further assess and

establish the mechanisms of anti-cancer activity of B2G2, this is the first study reporting the
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feasibility of B2G2 synthesis in large-quantity together with anti-cancer activity in a panel

of human PCa cell lines supporting its efficacy studies in PCa mouse models.
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Figure 1. Chemical synthesis of procyanidin B2-3,3″-di-O-gallate
(a) MeOH, H2SO4 Δ; (b) DMF, BnBr, K2CO3; (c); NaOH, MeOH, H2O, Dioxane, Δ (d)

DMF, BnBr, NaH; (e) DDQ, EtOCH2CH2OH, DMAP, DCM; (f) DCC/DMAP; (g)

TMSOTf, −78°C, CH2Cl2; (h) Pd(OH)2, H2.
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Figure 2. Comparative growth inhibitory effects of naturally isolated B2G2 and chemically
synthesized B2G2 against human PCa cells
B2G2-isolated and synthetic B2G2 inhibit growth and induce death in A) PC3, B) 22Rv1

and C) C4-2B cells in both dose- and time- dependent manner. Cells (1.05 x 105) were

plated in 60 mm dishes, treated with DMSO (control) or different concentrations of B2G2,

and after 24, 48 or 72 h, cells were harvested and counted as detailed in “Materials and

methods”. C, control; B2G2, procyanidin B2 3,3″-di-O-gallate.
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Figure 3. B2G2 induces cell cycle arrest and apoptotic death in human PCa cells
A–C) PC3, 22Rv1 and C4-2B cells were treated with DMSO (control) or B2G2 for the

mentioned time and dose. At the conclusion of the experiment, cells were collected by

trypsinization, washed with PBS and cells pellet was incubated over night with saponin/

propidium iodide solution at 4°C as detailed in the Materials and methods. The percentage

of cells in different phases of the cell cycle was determined by FACS analysis. D–F)

Alternatively PC3, 22Rv1 and C4-2B cells pellets were stained with Annexin V- propidium

iodide. Stained cells were processed for FACS analysis. $, p<0.05; @, p<0.01; *, p<0.001

for differences with control group; B2G2, procyanidin B2 3,3″-di-O-gallate.
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Figure 4. B2G2 inhibits the clonogenic potential of human PCa cells
A–C) PC3, 22Rv1 and C4-2B cells (_1 × 103) were plated in 6-well plates and 24 h later

cells were treated with DMSO or different doses of B2G2. Fresh media with DMSO or

B2G2 was added every 48 h. After 10 days of treatment, cells were processed as mentioned

in “Materials and methods” and colonies were counted. The data shown are mean of 3 plates

with similar treatment. Pictures were taken with a digital camera. C, control; B2G2,

procyanidin B2 3,3″-di-O-gallate.
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Figure 5. B2G2 inhibits the activation of various transcription factors, decreases survivin
expression, and induces cleaved PARP expression in different human PCa cell lines
PC3, 22Rv1 and C4-2B cells were cultured as described in “Materials and methods”, and

treated with either DMSO alone (control) or varying concentrations of B2G2. At the end of

the treatments, both adherent and non-adherent cells were harvested and nuclear extracts/

total cell lysates were prepared. A and B) Using nuclear extracts EMSA was performed for

NF-κB and AP1 followed by drying of gels and autoradiography as detailed in “Materials

and methods”. C and D) Nuclear extracts/total cell lysates were subjected to SDS-PAGE

followed by Western immunoblotting. Membranes were probed with pStat3 (tyr 705), total

Stat3, survivin and cleaved PARP antibodies followed by peroxidase-conjugated appropriate

secondary antibody and visualized by ECL detection system. Equal protein loading was

confirmed by stripping and re-probing the membranes with β-actin. C, Control; B2G2,

procyanidin B2 3,3″-di-O-gallate.
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