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Abstract

Neoplastic cells exhibit higher oxidative stress compared to normal cells; however, antioxidants 

based clinical trials have mostly failed. Another attractive therapeutic approach is to further 

increase the oxidative stress in cancer cells leading to cell death. Herein, we show that Procyanidin 

B2 3,3″-di-O-gallate (B2G2), the most active constituent of grape seed extract, treatment causes 

cell death in human prostate cancer (PCa) cells (LNCaP and 22Rv1) via increasing the reactive 

oxygen species (ROS) generation. Mechanistically, B2G2 treatment decreased the mitochondrial 

electron transport chain complex III activity leading to enhanced mitochondrial superoxide 

generation and decreased ATP production in LNCaP cells. Additional molecular studies revealed 

that B2G2-induced cell death was mediated mainly through ROS-induced sustained activation of 

ERK1/2, which was due to inhibition of MAP kinase phosphatase (MKP) activity as over-

expression of MKP3 in LNCaP cells conferred significant protection against B2G2-induced cell 

death. Along with ERK1/2, AMP-activated protein kinase α (AMPKα) was also activated by 

B2G2 treatment, and pre-treatment with AMPKα inhibitor compound C significantly reversed the 

cytotoxic effects of B2G2 in LNCaP cells. Furthermore, pre-treatment of MKP3 over-expressing 

LNCaP cells with compound C further reduced the B2G2-induced cell death, suggesting the 

involvement of AMPKα along with MKP3 and ERK1/2 in the biological effects of B2G2. 

Together, these results for the first time identified that oxidative stress and MKP3 inhibition play a 

critical role in B2G2-induced cell death in PCa cells through sustained activation of both ERK1/2 

and AMPKα. These results offer a unique opportunity to control this deadly malignancy through 

B2G2 use.
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INTRODUCTION

Prostate cancer (PCa) is the most common cancer in American men after the skin cancer. 

According to American Cancer Society estimates, in the year 2016, approximately 180,890 

new cases of PCa will be diagnosed in the United States together with about 26,120 deaths; 

and mortality in American men due to PCa is second only to lung cancer [1]. PCa treatment 

includes hormonal ablation or androgen deprivation therapy (ADT), which is initially 

effective in almost all cases, but most of the patients eventually develop ADT resistance 

leading to castration-resistant PCa (CRPC) that is very aggressive [2]. Mechanistic studies 

suggest an association between oxidative stress and CRPC development, where PCa cells 

endogenously produce higher amounts of reactive oxygen species (ROS) promoting cell 

proliferation and genetic instability, a pre-requisite for cancer development and progression 

[3–6]. ROS, generated inside the cells as by-product of normal metabolism, could cause 

tissue injury and DNA damage but in normal cells, a dynamic balance is maintained between 

ROS level (pro-oxidant) and antioxidant proteins and enzymes. However, with the age this 

balance shifts toward pro-oxidant resulting in a chronic increase in ROS [7–9]. Based upon 

these observations, in the past, several studies have focused on using anti-oxidants for both 

preventive and therapeutic approaches in the management of PCa [10]. Consistent with this, 

different clinical trials have been conducted to assess the anti-cancer efficacy of several anti-

oxidants. The most notable clinical trials are selenium and vitamin E cancer prevention trial 

known as SELECT and α-tocopherol and β-carotene prevention trial (referred as ATBC); 

however, these clinical trials failed to establish any relationship between overall PCa risk 

and dietary anti-oxidant consumption [11–14]. On the contrary, patient’s follow-up in 

SELECT trial showed a significant increase in numbers of prostate cancer in men who took 

vitamin compared to men on placebo [15].

Along with the failure of several antioxidants, there is plethora of literature suggesting that 

elevated intracellular ROS level provides cancer cells an aggressive phenotype, however; 

ROS levels above a particular threshold could be deleterious to cancer cells [3,16]. 

Therefore, recent research efforts have also focused onto increase ROS production in cancer 

cells via compounds displaying pro-oxidant properties [17–20]. Importantly, compared to 

normal prostate epithelial cells, PCa cells generate higher amounts of ROS making them 

more prone to ROS-induced damages; enhanced ROS levels trigger pro-apoptotic signaling 

pathways as the anti-oxidant defense mechanisms are already compromised in these cancer 

cells [21–30]. In this regard, several dietary agents including grape seed extract (GSE) have 

been identified to cause apoptotic cell death in cancer cells by inducing oxidative stress 

[3,17–20,31–35]. GSE is a naturally occurring dietary agent with proven potential against 

various malignancies, including PCa [36]. Studies in our laboratory have identified 

procyanidin B2 3,3″-di-O-gallate (B2G2) as the most active constituent of GSE, and we 

have shown that B2G2 causes cell growth inhibition and apoptotic cell death in human PCa 

LNCaP, C4-2B, DU145 and PC-3 cells [37–40]. However, B2G2’s mechanism(s) of action 

that causes cell death has not been elucidated, which is important in order to develop this 

promising molecule as an anti-cancer agent against PCa. Therefore, the focus of present 

study was to examine and establish the molecular mechanism underlying ROS generation 

and its role in B2G2-induced cell death in human PCa cells.
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MATERIALS AND METHODS

Cell lines and reagents

Human PCa LNCaP (androgen dependent) and 22Rv1 (androgen independent) cells were 

purchased from ATCC (Manassas, VA) and maintained in RPMI1640 media supplemented 

with 100 U/ml penicillin, 100 μg/ml streptomycin and 10% FBS. PWR-1E cells (Human 

prostatic non-malignant epithelial cells) were purchased from ATCC and maintained in 

keratinocyte-SFM media (Thermo Fisher scientific). Antibodies for p-ERK1/2, ERK1/2, 

cleaved PARP, MKP2, MKP3, p-AMPKα, AMPKα and anti-rabbit peroxidase-conjugated 

secondary antibody were purchased from Cell Signaling (Beverly, MA). LC3 antibody was 

procured from Novus Biological (Littleton, CO). MKP1 and β-actin antibodies were 

obtained from Santa Cruz Biotechnology (Santa Cruz, CA). 2′,7′-Dichlorofluorescein 

diacetate (DCFDA), N-acetyl-L-cysteine (NAC), antimycin A, t-butyl hydrogen peroxide 

(H2O2) and JC-1 dye were purchased from Sigma-Aldrich Chemical Company (St Louis, 

MO). Mitosox red dye was acquired from Molecular Probes (Eugene, OR). PD98059 and 

compound C were bought from EMD Millipore (Billerica, MA). Complex I enzyme activity 

assay and MitoTox™ complex II + III OXPHOS activity assay kits were from Abcam 

(Cambridge, MA). B2G2 was synthesized according to our previously published methods 

[40]. B2G2 stock solution was prepared in DMSO and diluted in culture media to achieve 

the experimental concentrations. An equal amount of DMSO (vehicle) was present in each 

treatment, including control which did not exceed 0.1% (vol/vol).

Cell viability assay

LNCaP and 22Rv1 cells were seeded (5.0 x 104 cells/well) in 6-well culture plates. After 24 

h, cells were treated with different concentrations of B2G2 (25–200 μM) for 24 h and 48 h. 

PWR-1E cells were seeded (5.0 x 104 cells/well) in 6-well culture plates in keratinocyte-

SFM media with 10% FBS and treated with B2G2 (10–40 μM) for 24 h. At the end of each 

treatment time, cells were collected and total cell number and dead cell percentage were 

determined using a hemocytometer after trypan blue staining.

Cellular ROS measurement

For the estimation of ROS in LNCaP and 22Rv1 cells, 3.0 × 104 cells/well were plated in 

black 96-well plates with a clear bottom and, one day later, cellular monolayers were 

washed once with phenol red free RPMI1640 and subsequently stained (20 μM DCFDA; 45 

min, 37°C). After washing the cells once with phenol red free RPMI1640, cells were treated 

with B2G2 (50 μM) and relative fluorescence intensity was measured at 1, 3, 6, 9, 12 and 24 

h in a multi-well plate reader (Molecular Devices) using SoftMax software at an excitation 

and emission wavelengths of 485 and 535 nm, respectively. Background fluorescence was 

determined from wells containing cells without DCFDA and subtracted from respective 

fluorescence values.

Mitochondrial superoxide and mitochondrial membrane potential (MMP) measurements

Mitochondrial superoxide anions and mitochondrial membrane potential were measured by 

using live-cell permeative and mitochondrial selective MitoSOX red probe and JC-1 dye, 
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respectively as described previously [41,42]. Briefly, 3 X 104 cells/well were plated in black 

96-well plates and after 36 hours cells were treated with 50 μM B2G2. After 6 hours of 

treatment with B2G2, cells were incubated in phenol red-free culture medium containing 

either 1 μM MitoSOX red probe or 5 μg/ml JC-1 dye at 37°C for 30 minutes. After 

incubation, cells were washed once with phenol-red free medium and fluorescence or 

absorbance was measured by using a multi-well plate reader (Spectra Max, Molecular 

Devices). MitoSOX red probe containing plate was read at an excitation and emission 

wavelengths of 510 and 580 nm, respectively. Absorbance of JC-1 dye labelled cells were 

read at both 590 nm and 530 nm wavelengths and mitochondrial membrane potential 

represented as ratio of absorbance values at 590 nm and 530 nm.

ATP measurement

For estimating the ATP content in LNCaP cells, cells were plated in 60 mm culture dishes, 

treated with B2G2 and ATP content measured using an ATP colorimetric kit as per the 

manufacturer’s instructions (Biovision, Milpitas, CA).

Measurement of Mitochondrial complexes I and III activities

To measure mitochondrial complexes I and III activities, LNCaP cells were plated in 150 

mm culture dishes and treated with B2G2 (50 μM) for 1, 3 and 6 h. At the end of each time 

point, mitochondria were isolated from the B2G2 treated LNCaP cells using a mitochondria 

isolation kit following the manufacturer’s protocol (Thermo Scientific, Rockford, IL). The 

kinetics of complex I and III activities in 100 μg freshly isolated mitochondrial fractions 

were measured as described previously [19] and represented as a change in optical density 

per min (δOD/min).

To establish the direct effect of B2G2 on mitochondrial complex III activity, mitochondria 

were isolated from naïve LNCaP cells and 100 μg mitochondrial fractions were incubated 

with different concentrations of B2G2 (10–50 μM) and complex III activity was measured 

and represented as described above. Antimycin A (3.0 μM), a known inhibitor of 

mitochondrial complex III activity, was used as the positive control.

Immunoblotting

LNCaP cells were treated with different concentrations of B2G2 for the indicated time 

points and total cell lysates were prepared in non-denaturing lysis buffer [10 mM Tris–HCl, 

pH 7.4, 150 mM NaCl, 1% Triton X-100, 1.0 mM ethylene diamine tetra acetic acid, 1.0 

mM ethylene glycol-bis (amino ethyl ether)-tetra acetic acid, 0.5% NP-40, 0.3 mM phenyl 

methyl sulfonyl fluoride, 0.2 mM sodium orthovanadate and 5.0 U/ml aprotinin]. Protein 

concentrations in the lysates were determined using DC Protein assay system (Bio Rad, 

Hercules, CA). For immunoblot analyses, 50–80 μg protein lysates were run on sodium 

dodecyl sulfate–polyacrylamide gels and blotted onto nitrocellulose membranes; they were 

then probed for the desired proteins using specific primary antibodies (dilution - 1:1000) 

followed by peroxidase-conjugated appropriate secondary antibody (dilution - 1: 2000) and 

subsequently visualized by enhanced chemiluminescence detection system (GE 

biosciences). Membranes were also stripped and re-probed again for other protein/s of 

interest, or β-actin antibody to ensure equal protein loading.
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Generation of LNCaP-vector control and MKP3 overexpressing stable cell lines

LNCaP cells were transfected with lentiviral particles containing pLX304-MKP3 (Clone ID: 

ccsbBroad304_00468; GE Dharmacon, Lafayette, CO) or vector control pLX304 (a gift 

from David Root, Addgene plasmid # 25890) prepared by Functional genomics core, 

University of Colorado (Boulder, CO). Stable transduced cells were selected using 

blasticidin (8 μg/ml) in complete media for 3–4 weeks. The individual resistant clones were 

picked and grown separately and maintained in the same selection medium.

MAP kinase phosphatase activity assay

To assess the MAP kinase phosphatase activity, we first immobilize 1μg of purified 

phosphorylated-ERK2 protein (Catalogue # ab155812; Abcam, Cambridge, MA) on 20 μg 

Agarose conjugated-ERK2 antibody (Catalogue # sc-154 AC; Santa Cruz Biotechnology, 

Santa Cruz, CA) by incubating overnight in IP buffer (10 mM Tris, pH 7.5, 150 mM NaCl, 

1.0 mM EDTA, 1.0 mM EGTA, 1% Triton X-100, 0.3 mM PMSF and 5.0 U/ml aprotinin). 

After that, agarose beads were pelleted down by centrifugation (3000 g, 2 min) and 

supernatant discarded and the unbound p-ERK2 removed from the pellet by washing twice 

with IP buffer. Finally the agarose beads were suspended in phosphatase activity buffer (50 

mM Tris, pH 7.2, 150 mM NaCl, 1% NP-40, 0.3 mM PMSF and 5.0 U/ml aprotinin). 

Separately, LNCaP cells were treated with B2G2 with or without NAC for 6 h and protein 

lysates were prepared in phosphatase activity buffer. Protein lysates from LNCaP cells 

incubated with 1 mM H2O2 and from LNCaP-MKP3 cells served as negative and positive 

controls, respectively.

The immobilized p-ERK2 was separated into 6 equal parts and incubated (1 h, 37°C) with 

20 μg protein lysates prepared above. Again, the agarose beads were pelleted by 

centrifugation (3000 g, 2 min) and washed twice with phosphatase activity buffer and re-

suspended in 20 μl 2X SDS sample buffer, resolved on 8% SDS-PAGE and analyzed for p-

ERK2 using anti-p-ERK1/2 antibody by immunoblotting as described above.

Statistics

All values are shown as mean ± standard error of mean (SEM). Differences in parameters 

between treatments were analyzed by ANOVA followed by Tukey post-hoc analysis and a P 

value of ≤ 0.05 was considered as statistically significant.

RESULTS

B2G2-induces cell death in human PCa cells via increasing oxidative stress

Earlier, we have reported the cytotoxic effect of B2G2 against human PCa cells LNCaP, 

22Rv1, C4-2B, DU145 and PC3 cells [37–40]. Here, to ensure the effectiveness of new lot 

of synthetic prepared B2G2, we first confirmed the efficacy of B2G2 against two PCa cell 

lines LNCaP and 22Rv1 cells with the rationale that LNCaP cells are androgen dependent, 

whereas, 22Rv1 cells are androgen independent [43,44]. As shown in Figure 1A, B2G2 

treatment (25 and 50 μM) resulted in 40–56% and 39–59% cell death at 24 h and 48 h, 

respectively in LNCaP cells; whereas in 22Rv1 cells, B2G2 treatment (50, 100 and 200 μM) 

caused 15–31% and 14–44% cell death at 24 h and 48 h, respectively (Figure 1B). Effect of 
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B2G2 on non-malignant human prostatic epithelial PWR-1E cells was also analyzed by 

trypan blue exclusion assay and as shown in Figure 1C, B2G2 treatment (10, 20, 30 and 40 

μM) caused only 4–7.5% cell death at 24h indicating that B2G2 has negligible toxic effect 

on these cells.

Earlier reports have shown that GSE causes cell death in human head and neck and bladder 

carcinoma cells by oxidative stress induction [19,33], and since B2G2 is the major active 

constituent of GSE, we next measured whether B2G2 also induces ROS generation in 

human PCa LNCaP and 22Rv1 cells using DCFDA as a probe compound. Results showed a 

robust ROS generation by B2G2 treatment in both LNCaP and 22Rv1 cells (Figure 1D and 

1E). As shown in Figure 1D, LNCaP cells showed higher ROS level following B2G2 

treatment that peaked at 6 h and then gradually decreased to basal level by 24 h. Similarly, in 

22Rv1 cells, B2G2 treatment resulted in increased ROS level that peaked at 9 h and then 

decreased to approximately basal level by 12 h (Figure 1E). As the effect of B2G2 was 

observed to be relatively robust in LNCaP cells compared to 22Rv1 cells in terms of both 

dead cells percentage and ROS generation, and also based upon the rationale that PCa is 

initially an androgen-dependent malignancy and mutation in AR is very common in PCa 

patients [43], we chose LNCaP cells which harbor T877A mutation for our further 

mechanistic studies.

NAC reverses B2G2-induced ROS generation and cell death in LNCaP cells

To demonstrate that B2G2-induced LNCaP cell death was due to ROS generation, next we 

pre-treated the LNCaP cells with an antioxidant NAC (10 mM) 15 min prior to B2G2 (50 

μM) treatment. At the end (24 h), cells were observed under a phase-contrast microscope for 

gross morphological changes. As show in Figure 1F, B2G2 treatment caused a growth 

inhibition with significant increase in floating cells (generally, represent dead cells); while 

NAC pre-treatment resulted in a reversal of B2G2-caused changes in cell morphology and 

floaters (Figure 1F). Consistent with these morphological changes, NAC pre-treatment 

caused a 54% reduction in B2G2-induced ROS levels compared to the B2G2 alone treated 

group (Figure 1G). It was also observed that NAC pre-treatment significantly rescues 

LNCaP cells from B2G2-induced cell growth inhibition and cell death (Figure 1H). Overall, 

these results clearly suggest that B2G2 has pro-oxidant effects in human PCa cells and 

exerts its cytotoxic effects by generating ROS.

Effect of NAC on B2G2-induced mitochondrial superoxide production and MMP loss in 
LNCaP cells

Mitochondria and NADPH oxidase (NOX) system are considered as major sources of ROS 

generation [45–48]. Therefore, in order to identify the source of ROS following B2G2 

treatments, we first assessed the effect of B2G2 on NOX activity in LNCaP cells and 

observed no change in its activity at 6 h (data not shown), a time-point when B2G2 

treatment causes highest ROS generation as shown in Figure 1D. This ruled out NOX role in 

B2G2-induced ROS production in LNCaP cells. Next, we analyzed the effect of B2G2 

treatment on mitochondrial superoxide generation using the mitochondria specific Mitosox 

red dye. As shown in Figure 2A, B2G2 treatment caused ~2 fold increase in mitochondrial 

superoxide levels at 6 h which was only partially affected by NAC pre-treatment. Since, 
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mitochondrial superoxide has been reported to depolarize MMP, we next assessed the effect 

of B2G2 treatment on MMP. As presented in Figure 2B, B2G2 treatment significantly 

reduced the MMP at 6 h that was also not affected by NAC pre-treatment. Furthermore, 

depolarization of MMP has been reported to cause a decrease in ATP production, and as 

shown in Figure 2C, B2G2 treatment (only at 50 μM) caused a significant decrease in ATP 

level in LNCaP cells at 6 h. Taken together, these results suggest that B2G2-induces 

oxidative stress via increasing ROS generation in mitochondria resulting in loss of MMP and 

inhibition in ATP generation, leading to cell death.

B2G2 inhibits mitochondrial complex III activity

The primary source of superoxide ion in mitochondria occurs via mitochondrial electron 

transport chain (ETC) complexes as electrons may leak from these complexes and react with 

oxygen to form superoxide ions [49]. Earlier studies suggest that mitochondrial OXPHOS 

complexes I and III are the major source of leaked electrons and thus superoxide generation 

[46,49]. Furthermore, our group recently reported that GSE induces mitochondrial 

superoxide generation in human head and neck cancer cells by inhibiting the activity of 

mitochondrial complex III [19]. Our results also showed that B2G2 treatment significantly 

inhibited complex III activity in LNCaP cells with no effect on complex I activity at all the 

tested time points (1, 3 and 6 h; Figure 2D and 2E), which was consistent with increased 

levels of ROS at 1 h and onwards (Figure 1D). In addition, in order to assess whether B2G2 

inhibits complex III activity via direct interaction, we isolated mitochondria from naïve 

LNCaP cells and incubated with various concentrations of B2G2 and then assayed for 

complex III activity. As shown in Figure 2F, B2G2 directly inhibited complex III activity in 

a dose dependent manner. Overall, these results support the notion that inhibition of complex 

III activity by B2G2 could be the primary cause of pro-oxidant effects of B2G2 in LNCaP 

cells.

B2G2 activates ERK1/2 in LNCaP cells

It is well established that ROS-dependent sustained activation of ERK MAP kinases may be 

one of the probable reasons of its growth inhibitory effects [22,24,25,27,50,51]. Therefore, 

we analyzed the effect of B2G2 on ERK1/2 phosphorylation (Thr202/Tyr204), and as 

depicted in Figure 3A, significant activation of ERK1/2 was observed in LNCaP cells 

following B2G2 treatment (50 μM) at 3, 6, 9 and 12 h time points; whereas no ERK 

activation was observed at 30 and 40 μM doses. Next, we chose a 50 μM dose to observe the 

time-dependent activation of ERK1/2, and as presented in Figure 3B, ERK1/2 was activated 

by 3 h and remained activated up to 24 h following B2G2 exposure. To establish the role of 

ERK1/2 activation in B2G2-induced LNCaP cell death, we pre-treated cells with MEK 

inhibitor PD98059 (10, 25 and 50 μM) 15 min prior to B2G2 treatment. As displayed in 

Figure 3C and 3D, pre-treatment of PD98059 (50 μM) inhibited B2G2-induced ERK1/2 

activation and PARP cleavage (a marker of apoptotic cell death) as well as significantly 

compromised the B2G2-induced cell growth inhibition and cell death in LNCaP cells. 

Moreover, we also observed that NAC pre-treatment inhibited B2G2-induced ERK1/2 

activation at 6 h and 9 h (Figure 3E) as well as PARP cleavage (Figure 3F); these 

experimental observation were consistent with our above mentioned observation where NAC 

pre-treatment inhibited the B2G2-induced LNCaP cell death (Fig. 1H). These results 
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strongly suggest that B2G2-induced sustained ERK1/2 activation could be a key molecular 

event in its cytotoxic effects in LNCaP cells.

B2G2 strongly inhibits MAP kinase phosphatase 3 activity in LNCaP cells

As mentioned in the introduction that ROS-induced inhibition of MKPs may leads to 

sustained activation of ERK, we next analyzed MKP1, 2 and 3 protein levels in LNCaP cells 

following B2G2 treatment at 1, 3, 6 and 24 h. As shown in Figure 4A, B2G2 treatment only 

decreased the MKP3 expression at 3, 6 and 24 h, but not MKP1 and 2. Earlier reports 

suggest that MKPs contain a protein tyrosine phosphatase (PTP) domain with cysteine 

residues which could be oxidized by ROS resulting in MKP inactivation [52,53]. Therefore, 

we next assessed the effect of B2G2 on MKP activity using purified p-ERK2 as a substrate. 

As presented in Figure 4B, de-phosphorylation of p-ERK2 was inhibited following B2G2 

treatment suggesting an inhibition of MKP activity. Importantly, NAC pre-treatment restored 

the MPK activity inhibited by B2G2 treatment (Figure 4B). These results clearly suggested 

that B2G2-induced ROS generation activates ERK by inhibiting MKPs activity.

As only MKP3 was observed to be down regulated following B2G2 treatment, we over-

expressed MKP3 in LNCaP cells (Figure 4C) and then assessed its role. There was no 

ERK1/2 phosphorylation observed in MKP3 over-expressing LNCaP (LNCaP-MKP3) cells 

following B2G2 treatment; in contrast, B2G2 treatment decreased the MKP3 level and 

increased the ERK1/2 phosphorylation in empty vector transduced LNCaP (LNCaP-VC) 

cells (Figure 4D). These results confirmed that inhibition in MKP3 activity is responsible for 

B2G2-induced sustained ERK1/2 activation. Furthermore, the effect of B2G2 on cell death 

in LNCaP-VC and LNCaP-MKP3 cells were also analyzed by trypan blue staining assay. 

Results showed that B2G2 treatment in LNCaP-VC cells caused significant cell growth 

inhibition (by 65%) and increased the percentage dead cells (~4.5 folds) compared to vehicle 

treated LNCaP-VC cells (Figure 4E). However, the cytotoxic effects of B2G2 were 

significantly compromised in LNCaP-MKP3 cells with only 30% cell growth inhibition and 

~3.4 fold increase in percentage dead cell compared to vehicle treated LNCaP-MKP3 cells 

(Figure 4E). Furthermore, B2G2-induced PARP cleavage was relatively compromised in 

LNCaP-MKP3 cells compared to LNCaP-VC cells (Figure 4F). Importantly, results with 

LNCaP-MKP3 cells were comparable with PD98059 pre-treated LNCaP cells; the 

percentage of dead cells in both conditions showed ~30% dead cells following B2G2 

treatment. Taken together, these results strongly suggest the role of ERK1/2 activation in 

B2G2-induced cell death in LNCaP cells.

B2G2 activates cellular energy sensor AMPK in LNCaP cells

As presented in above, pre-treatment of LNCaP cells with MEK inhibitor PD98059 

significantly inhibited B2G2-induced cell death, and the cytotoxic effects of B2G2 were also 

compromised in LNCaP-MKP3 cells. In both conditions the reversal in B2G2-induced cell 

death was found to be approximately 50% when compared to control; which indicates the 

involvement of other pathways in B2G2-induced cytotoxicity. Interestingly, as mentioned 

above, B2G2 treatment decreases cellular ATP level, indicating energy stress in LNCaP cells 

(Figure 2C). Therefore, we further assessed the effect of B2G2 on AMPK activation, a 

biomarker for cellular energy status. As shown in Figure 5A, AMPKα phosphorylation 

Kumar et al. Page 8

Mol Carcinog. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Thr172) was enhanced in LNCaP cells at 6, 9 and 24 h following B2G2 treatment; and 

NAC pre-treatment inhibited the AMPKα phosphorylation. In addition to analyzing 

AMPKα phosphorylation levels, we also analyzed LC3B-II/LC3B-1 ratio in LNCaP cells 

following B2G2 treatment with the rationale that higher LC3B cleavage is one of the 

hallmarks of autophagy and LC3B-II/LC3B-1 ratio was found to be increased in B2G2 

treated LNCaP cells at 6 and 9 h (Figure 5B). It has been reported that ERK1/2 could 

activate AMPKα phosphorylation in mouse hypothalamic GT1-7 cells [54]]. Therefore, we 

assessed the effect of MEK inhibitor PD98059 on AMPKα phosphorylation. As shown in 

Figure 5C, pre-treatment of PD98059 had no significant effect on B2G2-induced AMPKα 
phosphorylation. These results supported the notion that ERK1/2 is not involved in AMPKα 
activation. Next, to assess the involvement of AMPKα in B2G2-induced growth inhibition 

and death in LNCaP cells, we pre-treated LNCaP cells with compound C, a specific 

pharmacological AMPK inhibitor. As presented in Figure 5D, compound C significantly 

reversed the B2G2-induced cell growth inhibition and cell death; and as shown above in 

Figure 3F, compound C completely reversed the B2G2-induced PARP cleavage. These 

results suggested that along with ERK activation, AMPK activation is also an important 

event in B2G2-induced cytotoxicity in LNCaP cells. To further confirm the involvement of 

AMPK in B2G2-induced cell death, we treated LNCaP-MKP3 cells with compound C 15 

min prior to B2G2 treatment and then analyzed the status of AMPKα phosphorylation and 

PARP cleavage, and determined the total cell number and percentage cell death. As shown in 

Figure 5E, pre-treatment with compound C inhibited AMPKα phosphorylation and PARP 

cleavage in both LNCaP-VC and LNCaP-MKP3 cells; however, lesser AMPKα 
phosphorylation was observed in LNCaP-MKP3 cells compared to LNCaP-VC cells. 

Similarly, compound C significantly reversed the cell growth inhibition and percentage cell 

death in LNCaP-VC cells; however, B2G2 cytotoxic effects were compromised in LNCaP-

MPK3 cells. Furthermore, compound C pre-treatment of LNCaP-MKP3 cells caused only 

18% cell death, which was not significant when compared to control cells (Figure 5F). This 

result is of importance because it provides first concrete evidence that both ERK1/2 and 

AMPKα activation by B2G2 are required for its action against human PCa LNCaP cells.

Discussion

PCa is a major health burden worldwide. In this regard, chemoprevention using non-toxic 

natural compounds has become an attractive approach and has emerged as a promising and 

cost-effective approach to manage PCa. One such natural compound is B2G2, the most 

active constituent of GSE, which is a complex mixture of various Procyanidin and already 

marketed in the United States as a dietary supplement [37]. The cytotoxic potential of B2G2 

against PCa cells has already been shown by us in our previous publications and in the 

present study we provide first evidence that B2G2 causes cell death in PCa cells by: i) 

induction of oxidative stress by inhibiting mitochondrial electron transport complex III 

activity; ii) oxidative stress which leads to sustained activation of ERK1/2 by inactivating 

MAP kinase phosphatases activity; and iii) through activation of cellular energy sensor 

AMPKα.

Our study shows that B2G2 displays strong pro-oxidant properties by generating appreciable 

amounts of intracellular ROS. The major sources of intracellular ROS include NOX system 
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and mitochondrial electron transport chain (ETC). Since NOX activity was not affected by 

B2G2 treatment, it seems B2G2-mediated increased ROS is primarily through targeting the 

mitochondrial ETC. The primary function of the mitochondrial ETC is ATP synthesis by 

creating an electrochemical proton gradient between inter-membrane space and 

mitochondrial matrix; then use the energy derived from redox reactions by transferring 

electrons from electron donors to electron acceptors [46,49]. During these redox reactions, 

electrons may leak from the respiratory chain and react with oxygen to form superoxide ions 

(O2
.−); complex I and III have been previously identified as the major sites of this electron 

leakage [46,49]. Earlier studies with antimycin A (a specific complex III inhibitor), GSE, 

benzyl isothiocyanate (BITC) and phenyl isothiocyanate (PITC) showed that inhibition of 

complex III leads to intracellular ROS generation in various cancer cells [17–19,55]. 

Likewise, in the present study, B2G2 was found to significantly inhibit complex III activity 

with no effect on complex I activity; and thus complex III is the major source of B2G2-

induced mitochondrial superoxide and H2O2 generation. Furthermore, mitochondrial 

superoxide generation leads to depolarization of MMP, and together with deficient complex 

III activity, results in decreased ATP generation and energy stress in the cells as observed in 

the present study.

Physiological levels of ROS are reported to affect cellular signaling pathways and thereby 

regulate diverse cellular processes. On the other hand, excessive amounts of ROS ultimately 

contribute to cell death [3,4,29,30]. Our results clearly showed that B2G2-induces cell death 

in PCa cells via ROS mediated processes as NAC pre-treatment reversed the B2G2’s 

cytotoxic effects. ROS primarily causes cell death by damaging cellular macromolecules like 

DNA, proteins and lipids; however, recent research showed that ROS-induced cell death may 

also be mediated by ERK1/2 activation [21,22,28]. ERK1/2 activation is primarily 

associated with survival and cell proliferation. Whereas, it has been shown that sustained 

ERK activation also contributed towards cell death, especially the DNA-damaging agents 

like cisplatin, etoposide, UV-irradiation and ROS are reported to cause apoptotic cell death 

by activating ERK1/2 [26,28]. This differential effect of ERK1/2 on cellular responses has 

been dependent upon the duration of its activation with a rapid and transient activation 

appears to linked with cell proliferation, whereas a sustained activation seems to relate with 

apoptotic cell death [56]. In the present study, we observed that B2G2-mediated ERK1/2 

activation was sustained even after 24 h. ERK1/2 role in B2G2-induced cell death was 

further supported by the finding that MEK inhibitor PD98059 pre-treatment reversed the 

B2G2-induced cell death.

ROS causes sustained ERK1/2 activation and one of the mechanisms is through inactivation 

and degradation of protein phosphatases [53,57,58]. Protein phosphatases for MAP kinases 

are dual specificity phosphatases also called MAPK phosphatases (MKPs) and negatively 

regulate the MAPK signaling by dephosphorylating both threonine/tyrosine residues within 

the activation loop of MAPK [58]. Among MKPs, MKP1, 2, and 3 are reported to regulate 

the ERK1/2 activation negatively [59]. Our results showed that B2G2 down regulates the 

expression of MKP3 but not MKP1 & MKP2 along with its ability to inhibit overall MKP 

activity. These MKPs contain cysteine residues in their active domain which are redox 

sensitive and ROS can oxidize these residues leading to inhibition of their activity [53,58]; 

our results also illustrated that NAC pre-treatment restores B2G2-inhibited MKP activity. 
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Furthermore, we also show that B2G2 effects are compromised in MKP3 overexpressing 

LNCaP cells; thereby, confirming the MKP3 role in B2G2-induced ERK1/2 activation and 

cell death.

One of the major observations from the current study is that neither pre-treatment with MEK 

inhibitor PD98059 nor overexpression of MKP3 completely reversed the B2G2-induced cell 

death in LNCaP cells. In this regard, we also observed that B2G2 treatment decreased the 

ATP level which could lead to AMPKα activation, thereby activating an additional pathway 

contributing towards B2G2-induced cell death and working in tandem with ERK1/2 

activation. Our results illustrated that B2G2 induces phosphorylation of the α-catalytic 

subunit of AMPK which may be due to both energetic stress and oxidative stress. AMPK is 

a highly conserved cellular energy sensor and primarily activated by an increased AMP/ATP 

ratio due to lowered ATP levels i.e. energetic stress. In addition, another mode of AMPK 

activation is ROS-mediated S-glutathionylation of cysteine residues within the α-catalytic 

subunit of AMPK i.e. oxidative stress [60]. The involvement of ROS in B2G2-induced 

AMPKα activation was confirmed by the observation that pre-treatment with NAC inhibits 

AMPKα phosphorylation. In addition, pre-treatment of LNCaP cells with AMPK inhibitor 

compound C was found to reverse B2G2-induced growth inhibition and cell death, which 

further confirmed the role of AMPK in the observed B2G2-induced biological effects. 

Previous studies also reported the activation of AMPK in response to energetic and oxidative 

stress leading to apoptotic cell death in cancer cells and is considered as an important target 

for cancer therapy [60]. Similarly, Kaur et al. have shown that AMPKα inhibition reversed 

bitter melon juice-induced caspase 3 activation in human pancreatic BxPC-3 cells [61]. 

Lastly, AMPK inhibition in MKP3 overexpressing LNCaP cells almost completely reversed 

the B2G2-induced cell death, further supporting the role of ROS-mediated AMPK and 

ERK1/2 activation as a probable mechanism for B2G2 efficacy against PCa cells.

In conclusion, we have demonstrated that B2G2 possesses strong pro-oxidant property and 

targets mitochondrial electron transport complex III leading to ROS generation causing 

oxidative and energetic stress in human prostate LNCaP cells. Molecular studies revealed 

that B2G2 inhibits MKP3 activity resulting in sustained activation of ERK1/2 and AMPKα; 

and this modulation in redox signaling underlies B2G2-induced biological effects in LNCaP 

cells (summarized in Figure 6). These promising findings need to be further validated in 

relevant in vivo PCa models for potential translational application.
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FIGURE 1. B2G2-induces cell death in human PCa cells via increasing ROS generation
A–B, LNCaP and 22Rv1 cells were treated with indicated doses of B2G2 for 24 and 48 h. 

At the end of each time point, floating and adherent cells were collected and dead cells 

percentage was measured. C, PWR-1E cells were treated with indicated doses of B2G2 for 

24 h, and floating and adherent cells were collected and dead cells percentage was 

measured. D–E, LNCaP and 22Rv1 cells were treated with B2G2 (50 μM) for the indicated 

time points. At the end of each time point, ROS generation in terms of DCF (arbitrary 

fluorescence unit) was measured as described in the ‘Materials and Methods’ section. E–G, 
LNCaP cells were treated with NAC (10 mM) 15 min prior to B2G2 (50 μM) treatment and 

images were captured at the end of the experiment (24 h) and representative photographs are 

shown (F). In this experiment, ROS generation was measured at 6 h (G) and total cell 

number and percentage of cell death were determined via trypan blue assay at 24 h (H). In 

each case, data is expressed as mean ± SEM (n=3). * P < 0.05, significant with respect to 

control group; # P < 0.05, significant with respect to the B2G2-treated group.
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FIGURE 2. Effect of B2G2 on mitochondrial superoxide generation, mitochondrial membrane 
potential, ATP levels and activities of mitochondrial complexes I and III
A–B, LNCaP cells were treated with B2G2 (50 μM) with or without NAC (10 mM) for 6 h 

and mitochondrial superoxide generation was measured using MitoSox red dye (A); and 

mitochondrial membrane potential was measured using JC-1 dye (B). C, LNCaP cells were 

treated with different doses of B2G2 (30, 40 and 50 μM) and ATP level was measured after 6 

h using an ATP assay kit. D–E, LNCaP cells treated with B2G2 (50 μM), mitochondria 

isolated after 1, 3 and 6 h and analyzed for mitochondrial complexes I and III activity. F, 
Mitochondria were isolated from naïve LNCaP cells and incubated with different 

concentrations of B2G2 (10–50 μM) and mitochondrial complex III activity was measured. 

Mitochondria treated with 3 μM antimycin (AA) served as positive control in this 

experiment. In each case, data is expressed as mean ± SEM (n=3). * P < 0.05, significant 

with respect to control group.
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FIGURE 3. B2G2-induced cell death in PCA cells is through sustained ERK1/2 activation
A, LNCaP cells treated with different concentrations of B2G2 (30, 40 and 50 μM), whole 

cell lysates were prepared at indicated time-points and analyzed for p-ERK1/2 by 

immunoblotting. Membranes were stripped and re-probed for total ERK1/2 and β-actin. B, 
LNCaP cells were treated with B2G2 (50 μM), whole cell lysates were prepared at 1, 3, 6, 9, 

12, 15, 18 and 24 h post-treatment and analyzed for p-ERK1/2 level by immunoblotting. 

Membranes were stripped and re-probed for total ERK1/2 and β-actin. C–D, LNCaP cells 

were treated with PD98059 (10, 25 and 50 μM) 15 min prior to B2G2 (50 μM) treatment and 

whole cell lysates were prepared at 24 h post-treatment and analyzed for p-ERK1/2 and 

cleaved PARP (cl PARP); membranes were stripped and re-probed for total ERK1/2 and β-

actin (C); at the same time-point total cell number and percentage cell death were also 

determined by trypan blue exclusion assay (D). Data are expressed as of mean ± SEM (n=3) 

for each treatment. * P < 0.05, significant with respect to control group. # P < 0.05, 

significant with respect to the B2G2-treated group. E, LNCaP cells were treated with NAC 

(10 mM) 15 min prior to B2G2 (50 μM) treatment, whole cell lysates were prepared at 6 and 

9 h post-treatment and analyzed for p-ERK1/2 by immunoblotting. Membranes were 

stripped and re-probed for total ERK1/2 and β-actin. F, LNCaP cells were treated with NAC 

(10 mM) or compound C (20 μM) prior to B2G2 (50 μM) treatment, whole cell lysates were 

prepared at 24 h and analyzed for cl PARP. Membrane was stripped and re-probed for β-

actin.
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FIGURE 4. B2G2-induced death in LNCaP cells is through inhibiting MAP kinase phosphatase 
expression and activity
A, LNCaP cells were treated with B2G2 (50 μM), whole cell lysates were prepared at 1, 3, 6 

and 24 h time points and analyzed for MKP1, MKP2 and MKP3 expression by 

immunoblotting. Membranes were stripped and re-probed for β-actin. B, LNCaP cells were 

treated with B2G2 (50 μM) with or without NAC (10 mM), protein lysates were prepared in 

phosphatase assay buffer at 6 h post-treatment and MAP kinase phosphatase activity was 

assessed using p-ERK2 as substrate as detailed in Materials and Methods’ section. LNCaP 

cells treated with H2O2 (1.0 mM) served as negative control in this experiment, whereas, 

lysate prepared from MKP3-overexpressing LNCaP cells were used as positive control for 

this assay. Last lane was recombinant p-ERK2 protein. A short and long exposure of the blot 

is presented here. C, MKP3 expression in vector control and MKP3 overexpressing LNCaP 

cells was compared by immunoblotting. Membrane was stripped and re-probed for β-actin. 

D, LNCaP-VC and LNCaP-MKP3 cells were treated with B2G2 (50 μM), whole cell lysates 
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were prepared at 24 h time point and analyzed for MKP3 (long exposure-left panel; short 

exposure-upper right panel) and p-ERK1/2 (left panel) by immunoblotting. Membranes were 

stripped and re-probed for total ERK1/2 and β-actin (left panel). E, LNCaP-VC and LNCaP-

MKP3 cells were treated with B2G2 (50 μM), total cell number and percentage cell death 

were determined by trypan blue exclusion assay at 24 h post-treatment. F, LNCaP-VC and 

LNCaP-MKP3 cells were treated with B2G2 (50 μM), whole cell lysates were prepared at 

24 h time point and analyzed for cl PARP. Membrane was stripped and re-probed for β-actin. 

Data are expressed as of mean ± SEM (n=3) for each treatment. * P < 0.05, significant with 

respect to control group; # P < 0.05, significant with respect to B2G2-treated LNCaP-VC 

versus B2G2-treated LNCaP-MKP3 group.
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FIGURE 5. B2G2 activates AMPK through MKP3 inhibition and causes cell death in LNCaP 
cells
A, LNCaP cells were treated with NAC (10 mM) 15 min prior to B2G2 (50 μM) treatment, 

whole cell lysates were prepared at 6 and 9 h post-treatment and analyzed for p-AMPKα by 

immunoblotting. Membranes were stripped and re-probed for total AMPKα and β-actin. B, 
LNCaP cells were treated with B2G2 (50 μM), whole cell lysates were prepared at 6 and 9 h 

time points and analyzed for LC3B-I/II via immunoblotting. Membranes were stripped and 

re-probed for β-actin. C, LNCaP cells were treated with PD98059 (10, 25 and 50 μM) 15 

min prior to B2G2 (50 μM) treatment, whole cell lysates were prepared at 24 h post-

treatment and analyzed for p-AMPKα by immunoblotting. Membranes were stripped and 

re-probed for total AMPKα and β-actin. D, LNCaP cells were treated with compound C (20 

μM) 15 min prior to B2G2 (50 μM) treatment and total cell number and percentage cell 

death were determined by trypan blue exclusion assay at the 24 h time point. Data are 

expressed as of mean ± SEM (n=3) for each treatment. * P < 0.05, significant with respect to 

control group; # P < 0.05, significant with respect to B2G2-treated group. E, LNCaP-VC 

and LNCaP-MKP3 cells were treated with compound C (20 μM) 15 min prior to B2G2 (50 

μM) treatment, whole cell lysates were prepared after 24 h and analyzed for p-AMPKα and 

cleaved PARP by immunoblotting. Membranes were stripped and re-probed for total 

AMPKα and β-actin. F, In the same experiment, total cell number and percentage cell death 

were also determined via trypan blue exclusion assay after 24 h. Data are expressed as of 

mean ± SEM (n=3) for each treatment. * P < 0.05, significant with respect to control group; 

# P < 0.05, significant with respect to B2G2-treated group.
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FIGURE 6. Schematic presentation of B2G2-induced death in human PCa cells
B2G2 treatment inhibits mitochondrial complex III activity leading to ROS generation, 

decrease in MKP3 activity and Erk1/2 activation. Further, B2G2 treatment decreases cellular 

ATP level resulting in AMPKα activation. Together, these molecular changes lead to death 

in human PCa cells by B2G2 treatment.
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