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Introduction
Prostate cancer 

Prostate cancer (PCa) still remains a medical challenge to the 
world1 and it is becoming a common disease in the world.2 PCa 
account for 15% of all cancers in men worldwide.3 Prostate cancer is 
the most prevalent among the cancer related diseases and the second 
leading cause of cancer related death in USA.4 Prostate cancer poses 
a major economic limitation in humans. The economic limitation on 
patients makes prostate cancer one of the deadliest diseases. Patients 
with advanced stage of the disease have a low quality of life; they 
constantly visit the hospital for extremely expensive treatments. 
Regardless of the costly treatment of prostate cancer, there is life 
threatening transformations in the patient’s body system.5‒7

The life-threatening transformation in the patient’s system is 

because of uncontrollable division of the prostate cancer cells even 
after chemotherapy. Chemotherapy may be ineffective as a result of 
spontaneous accretion of tissues with polymorphous phenotype during 
treatment.2This is illustrated in Figure 1A and 1B. The blue arrow 
represents epithelial cells and the red arrow represents fibroblastic 
cells. Biologically, prostate cancer cells possess six defining 
characteristic features that favor continuous proliferation. These 
features include invasion and metastasis, proliferative signaling, 
evasion of growth suppression, resistance to cell death, replicative 
immortality, and angiogenesis.8 These features differentiate them 
from healthy cells.8 Cancer researchers have made significant efforts 
to reduce deaths caused by prostate cancer. Conventional treatment 
modalities comprising radiotherapy, chemotherapy, gene therapy, 
immunotherapy, surgery and prostate specific membrane antigen 
(PSMA) targeted therapy have been developed to treat prostate 
and other human cancers.9‒17 Unfortunately, the standard treatment 

J Cancer Prev Curr Res. 2018;9(6):270‒280. 270
© 2018 Famuyiwa et al. This is an open access article distributed under the terms of the Creative Commons Attribution License, 
which permits unrestricted use, distribution, and build upon your work non-commercially.

Interaction between 3-Bromopyruvate and SC-514 
in prostate cancer treatment

Volume 9 Issue 6 - 2018

Toluleke Oloruntobi Famuyiwa, Joubin Jebelli, 
James Kwasi Kumi Diaka, Waseem Asghar 
Department of Biological Sciences, Florida Atlantic University, 
USA
Department of Computer Engineering & Electrical Engineering 
and Computer Science, Florida Atlantic University

Correspondence: Toluleke Oloruntobi Famuyiwa, Department 
of Biological Sciences, Florida Atlantic University,3200 College 
Avenue, Davie, USA, Email tfamuyiva2014@fau.edu 
 
Received: September 30, 2018 | Published: November 12, 
2018

Abstract

Background: Prostate cancer (PCA) is the second most diagnosed cancer in men. The high 
incidence of prostate cancer has been attributed to failures in single treatment of chemotherapy. 
Failure of mono treatment is mediated by heterogeneity and plasticity of prostate cancer 
cells. 3-Bromopyruvate is one of the most common chemotherapeutic drugs used for 
the treatment of prostate cancer. However, its clinical therapeutic efficiency has been 
limited due to numerous side effects and drug resistance. SC-514 is a relatively new drug. 
Very little information exists on the anti-cancer effects of SC-514. Nevertheless, SC-514 
might be able to overcome side effects of conventional chemotherapy. 3-BPA is strong 
potentiators of chemotherapeutic drug. 3-BPA has the potential to potentiate the anti-cancer 
activity of SC-514. The combination of 3-BPA and SC-514 might be able to inhibit prostate 
cancer carcinogenesis despite existence of heterogeneity and plasticity of prostate cancer 
cells.

Objective of study: This study aims to investigate the potential interaction between 3-BPA 
and SC-514 during treatment of prostate cancer.

Method: The bioassays used in this study include: trypan blue exclusion, MTT tetrazolium, 
NBT, LDH cytotoxicity, and poly caspase assay. Combination Index (CI) calculation was 
used to investigate the antagonistic, synergistic or additive interaction between 3-BPA and 
SC-514. One-way ANOVA was utilized to compare the cytotoxic effects of 3-BPA, SC-514 
and the combination of 3-BPA and SC-514 on DU-145 cells and PC-3 cells prostate cancer 
cells. 

Results: Results suggested a weak negative (r=-0.29) to moderate negative (r=-0.42) 
correlation between ROS released and cell death. In addition, there was a weak correlation 
(r=0.19) between percentage ROS induced and percentage apoptotic death. There was a 
positive correlation between the concentration of drug and cell death in DU-145 and PC-3 
prostate cancer cells.

Conclusion: The overlap in mechanisms of action of 3-BPA and SC-514 increased the 
impact of SC-514 on prostate cancer cells. Hence, the combination of 3-BPA and SC-514 
was more therapeutically effective (synergistic effect) than the single treatments of either 
3-BPA or SC-514. The synergistic effect between 3-BPA and SC-514 did not occur by ROS 
induction.The apoptotic induction in DU-145 and PC-3 prostate cancer cells appears to 
occur via a mechanism other than reactive species (ROS) induction. This study suggests 
that the combination of 3-BPA and SC-514 as a therapeutic regimen can inhibit prostate 
cancer carcinogenesis effectively.
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regimens frequently destroy healthy cells and thus causes considerable 
harmful side effects. Specific challenges faced by chemotherapeutic 
agents in cancer treatment include poor solubility, rapid deactivation, 
restricted bio-distribution, low therapeutic index, severe side effects, 
poor pharmacokinetic and poor pharmacodynamics performance.2,18‒21 

Studies have shown that androgen dependent prostate cancer can 

be treated with chemotherapeutic agents. However, androgen 
independent and metastatic prostate cancers are not responsive.22‒24 In 
this perspective, the materialization of combination therapy provide 
a new opportunity for researchers to solve these shortcomings in 
conventional chemotherapy.25

Comparison of metabolic activity in prostate cancer cells and normal prostate cells

Figure 2 A clear knowledge of the mechanism of ATP production in prostate cancer cells and normal prostate cells is important in achieving better treatment 
outcome in combination therapy. 29−40, 42−58
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The mechanism of anticancer effects of 3-BPA

A potent anticancer agent known as 3-Bromopyruvate (3-BPA) 
has been reported to inhibit ATP production in prostate cancer (PCa) 
cells by targeting glycol sis, promoting mitochondrial destruction, and 
consequently increase oxidative stress.26 3-BPA is an antineoplastic 
compound that targets both the “Warburg effect”, (elevated glycolysis  
even in the presence oxygen), as well as mitochondrial oxidative 
phosphorylation in cancer cells.27 3-BPA is a lactic acid analog 
of private (the simplest of the alpha keto acids and intermediate in 
several metabolic pathways), that is transported through the same  
mono carboxylate transporters (MCT) as pyruvate.28 3-BPA mimics 

lactic acid. Lactic acid is taken up by the cells’ lactate transporters and 
inhibits hexokinase.29 MCTs are involved in the efflux of lactic acid 
out of the cells.27 A study suggested that 3-BPA uptake is particularly 
effective because of the overexpression of MCTs in PCa cells.30 
The entry of 3-BPA is successfully achieved because lactic acid and 
3-BPA differ in only a single atom (Br), making it impossible for the 
cancer cells’ MCTs to distinguish between Br and O.27 Once inside the 
PCa cells, 3-BPA inhibits glycolysis (2 ATP production machinery). 
Normal cells are not inhibited by 3-BPA, as they have a deficiency of 
MCTs.30,31 This deficiency does not allow 3-BPA to enter the normal 
cells easily.30,31

Figure 3 Metabolic pathways regulate the production of energy and nutrients for PCa cells’ survival. This regulation may impact the immune system’s fight 
against PCa in multiple ways .23‒25

Furthermore, 3-BPA was shown to inhibit mitochondrial bound 
hexokinase II ( HKII).32 The mitochondrial phosphate transporter, that 
is essential for ATP synthesis is also inhibited by compounds reacting 
with sulfhydryl groups (-SH) such as 3-BPA.33 The second most 
important cellular target for 3-BPA is the Glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) enzyme.32‒34 GAPDH like HK2 is also 
important for glycolysis. 3-BPA can compete with glucose in the first 
step of glucose conversion into glucose-6-phospate via the enzyme 
hexokinase II. 3-BPA inactivates HK II such that glucose cannot be 
metabolized any further in the glycolytic pathway, causing inhibition of 
glycolysis.32,35‒37 Detailed examination of 3-BPA treated cells showed 
release of cytochrome c which is an apoptotic marker indicating that 
there has been a disruption of the mitochondrial membrane.38 3-BPA is 
a potent anti-glycolytic drug, able to induce severe ATP reduction and 
viability loss in many PCa cell lines;39 and it is less toxic to normal 
hepatocytes while depleting ATP in hepatocellular carcinoma (HCC) 
cells.40,41

Over the past 16years 3-BPA have been frequently studied as a 
promising antitumor agent.32,42 3-BPA regressed advance abdominal 
tumor.41 It eradicated xenograft tumors of HCC in all tested animals.41 
There were no reported corrosive effects of 3-BPA.43 Furthermore, 
3-BPA inhibits angiogenesis.44 3-BPA induced the reversal of cancer 
cell chemo-resistance, where 3-BPA was reported to inhibit the efflux 
of chemotherapy through the ATP-binding cassette transporters; 
and antagonized the P-glycoprotein-mediated efflux in cancer 
cells.45‒47 Multidrug resistance reversal, using 3-BPA might take 
place through decreasing ATP content in cancer cells, decreasing HK 
II activity, inhibiting ATPase activity, and reducing the expression 
of P-glycoprotein in chemo-resistant prostate cancer cells44,47,48 and 
thus results in a chemo-sensitization effect.16 Furthermore, 3-BPA 

has also been shown to inhibit cell viability by increasing reactive 
oxygen species (ROS)49,50 and inhibiting translation.51 The response to 
3-BPA at 50mM and 100 mM was dose-dependent, leading to loss of 
ATP at 65% and 90% loss, respectively.49 It was reported in the study 
that 3-BPA treated cells revealed an increase in cellular ROS levels.23 
The properties of 3-BPA that promote mitochondrial destruction 
and increase in ROS, highlight its potential benefits in treatment of 
carcinoma.52 3-BPA impacts rapid depletion of glutathione (GSH) 
pool, and consequent increase in cell oxidative stress.44,53‒55 Clinically, 
3-BPA kills prostate cancer cells, prevents cancer recurrence, and 
reduces chemo-resistance and radio-resistance commonly encountered 
in clinical oncology.48 3-BPA dramatically improve the therapeutic 
outcome of a patient having fibro lamellar hepatic carcinoma and/
or metastatic melanoma.56,57 Significant improvements in late stage 
cancer patients suggest the potential efficacy of 3-BPA to differentiate 
between tumor and healthy tissues.58

The mechanism of anticancer effects of SC-514

Not much is known about SC-514. SC-514 is an orally active, 
ATP-competitive inhibitor of nuclear factor kappa-B kinase subunit 
beta inhibitor (IKK-2 or IKKβ). SC-514 blocks nuclear factor 
Kappa-light-enhancer of activated B cells (NF-κB)-dependent gene 
expression with IC-50 of 3-12mΜ.59 Previous studies have also 
reported the inhibitory effects of SC-514 on IKKβ in the treatment 
of tumors and inflammation.60‒69 However, the effect of SC- 514 on 
proliferation of PCa cell lines, multidrug resistance and RANKL-
induced NF-kB signaling pathways is hitherto unknown. ROS-
inducing IKKβ inhibitor SC-514 enhanced nitrosourea-induced 
cell death in melanoma cells.70 SC-514 has been reported to be a 
selective IKKβ inhibitor and displayed >10-fold selectivity against 
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28 other kinases, including both tyrosine kinases and other serine- 
threonine kinases.71 Inhibition of NF-KB pathway may influence 
cell survival.72‒74 Although kinases have a number of similarities, 
IKKβ has a 20- to 50-fold-higher level of kinase activity for Ikβ than 
IKKα.75‒79 Hence, this study investigates the impact of inhibitor of 
IKKβ on prostate cancer carcinogenesis. SC-514 dose-dependently 
inhibits RANKL-induced osteoclastogenesis with an IC-50 <5µM.80 
SC-514 inhibits transcription of NF-kappa B-dependent genes in IL-1 
beta-induced rheumatoid arthritis-derived synovial fibroblasts in a 
dose-dependent manner.59 At high concentrations, SC-514(12.5mM) 
induced apoptosis and caspase 3 activation in RAW 264.7 cells. 
Moreover, SC-514 specifically suppressed NF-kB activity owing 
to delayed RANKL-induced degradation of IkBα and inhibition of 
p65 nuclear translocation.80 Studies indicates that SC-514 impairs 
RANKL-induced osteoclastogenesis and NF-kB activation. Consistent 
with this observation, blocking IKKβ kinase activity by SC-514 
decreases the phosphorylation of p65/RelA at Ser-536 in human T-cell 
lymphotropic virus type I-transformed cells.64 Co-treatment of mouse 
skin with the IKKβ-specific inhibitor SC-514 (1µM) attenuated TPA-
induced activation of Akt and NF-kappaB, and also the expression of 
COX-2 in hairless mouse skin.63 SC-514 is a  reversible and highly 
selective inhibitor of IKK-2.81 SC-514 inhibited proliferation of DU-
145 prostate cancer cells.82 SC-514 potentialized the effect of tyrosine 
receptor kinase (Axl) knockdown on proliferation (up to 10 fold) and 
apoptosis.82

Methods
Experiment 1: MTT Tetrazolium assay was performed to assess the 
cell viability of the prostate cancer cells after treatment with 3-BPA 
and/or SC-514. Results from this experiment will answer the question 
“will the combination of 3-BPA and SC-514 synergistically reduced 
cell viability compared to the single treatment of 3-BPA or SC-514”? 

Briefly, prostate cancer cells (DU-145 and PC-3) were seeded 
at a density of 2500 cells /well in 96-well plate. These cells were 
incubated at 37 0C and 5% CO2 for 48hrs (until they reach their 
log phase and 80-90% of confluence). These cells were treated with 
3-BPA and/or SC-514 at their log phase for 48hrs. 20 µl of MTT (5 
µg/ml) were added to the wells in the 96 well plate after the media 
was removed from the wells. The cells and MTT solution in the 
wells was incubated for 4hrs at 37oC. The yellow tetrazolium MTT 
(3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide) 
(Invitrogen) was reduced by metabolically active prostate cancer cells 
after drug treatment (3-BPA, SC-514 and 3-BPA + SC-514), by the 
action of dehydrogenase enzymes, to generate reducing equivalents 
such as NADH and NADPH. The resulting intracellular purple 
formazan was solubilized by adding 50µl DMSO to each well and 
quantified by spectrophotometric means using ELISA plate reader 
(Biotek ELx800). The absorbance was measured at 570 nm. The 
absorbance values recorded was a measure of live cells in each well 
after drug treatment.

Computation of the combination index for quantitative 
determination of drug interactions

The percentage cell viability values from MTT Tetrazolium assay 
was used to determine drug interaction between 3-BPA and SC-514. 
The combination index values were used to quantify drug interactions 
between 3-BPA and SC-514. The classification of the interactions into 
categories of synergy, additivity, or antagonism was based on applying 
the formula in equation (1) and equation (2). Combination index (CI) 
analyses are widely used methods for evaluating drug interactions in 

combination cancer chemotherapy.83 The Loewe additivity model has 
been largely used as a reference model when the combined effect of 
two drugs is additive. 

The model can be written as in Equation (1) 

(D)1/(Dx)1+(D)2/(Dx)2=1 

where (D)1 and (D)2 are the respective combination doses of drug 
1(3-BPA) and drug 2(SC-514) that yielded an effect of 50% growth 
inhibition, with (Dx)1 and (Dx)2 being the corresponding single doses 
for drug 1( 3-BPA) and drug 2(SC-514) that resulted in the same 
effect, which is by definition the concentrations of drug 1( 3-BPA) 
and drug 2(SC-514) that will impact 60% reduction in cell viability. 
When Equation 1 holds, it can be concluded that the combined effect 
of the two drugs is additive. Based on Equation 1, the combination 
index, defined in Equation 2, can be used to classify drug interactions 
as synergistic, additive, or antagonistic. 

Equation (2) 

CI= (D)1/(Dx)1+(D)2/(Dx)2 

CI<1 synergy; CI=1 additivity; CI 1>antagonism

A CI of less than, equal to, and more than 1 indicates synergy, 
additivity, and antagonism, respectively.83

Experiment 2: To further evaluate the cytotoxic effects of 3-BPA and 
SC-514, we used Lactate Dehydrogenase (LDH) assay to quantify 
the LDH activity in the drug treated prostate cancer cells. This is a 
more sensitive assay to investigate the cell viability of the drug treated 
prostate cancer cells.

Lactate dehydrogenase (LDH) is a cytosolic enzyme present in 
prostate cancer cells. Plasma membrane damage releases LDH into 
the prostate cell culture media after treatment with 3-BPA and/or SC-
514. Extracellular LDH in the media was quantified by a coupled 
enzymatic reaction in which LDH catalyzes the conversion of lactate 
to pyruvate via NAD+ reduction to NADH. Diaphorase then uses 
NADH to reduce a tetrazolium salt (INT) to a red formazan product 
that can be measured at 490nm. The level of formazan formation 
is directly proportional to the amount of LDH released into the 
medium, which is indicative of extent of cytotoxicity after 3-BPA 
and/or SC-514 treatment. Briefly, cultured prostate cancer cells (DU-
145 and PC-3) were incubated with 3-BPA and/or SC-514 to induce 
cytotoxicity and subsequently release LDH. The LDH released into 
the medium was transferred to a new microtiter plate and mixed with 
reaction mixture. After a 30-minute room temperature incubation, 
reactions were stopped by adding stop solution. Absorbance at 490nm 
and 630nm were measured using a plate-reading spectrophotometer 
(Biotek ELx800) to determine LDH activity.

Experiment 3: After determining the cytotoxic effects of 3-BPA 
and/or SC-514. We initiated studies on the mechanism of action of 
3-BPA and SC-514. This study indicated impairment in the biological 
activities of prostate cancer cells after drug treatment. Extremely 
low or high ROS levels in prostate cancer cells may be correlated to 
impaired cell functions.  NBT assay was performed to measure the 
ROS level in the treated prostate cancer cells after treatment with 
3-BPA and/or SC-514. This assay answers the question “will the 
combination of 3-BPA and SC-514 modulate ROS levels significantly 
compared to the single treatment of 3-BPA or SC-514?

The bioactivity of 3-BPA and/or SC-514 generated Superoxide 
ions (O2-). Superoxide ions (O2-) converted NBT to NBT diformazan. 
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On the other hand, SOD reduces the O2
- concentration and thereby 

lowers the rate of NBT-diformazan formation. The extent of reduction 
in the appearance of NBT diformazan is a measure of SOD activity 
present in the drug treated prostate cancer cells (DU-145 and PC-
3). Increase in absorbance reading from absorbance reader (Biotek 
ELx800) reflects an increased level of intracellular ROS in the drug 
treated prostate cancer cells.

Experiment 4: We further investigated the mode of cell death in 
3-BPA and/or SC-514 treated prostate cancer cells by detecting 
caspase activity in the treated prostate cancer cells. Caspases activities 
are one of the indicators of apoptosis. Live red image-poly caspase 
detection assay was used to detect apoptosis in prostate cancer cells 
after treatment with 3-BPA and/or SC-514.

This assay is based on a fluorescent inhibitor of caspases (FLICA™) 
methodology, essentially an affinity label. The reagent associates a 
fluoromethyl ketone (FMK) moiety, which can react covalently with 
a cysteine, with a caspase-specific amine acid sequence. For poly 
caspases, this recognition sequence is valine-alanine-aspartic acid 
(VAD). A sulforhodamine group (SR) is attached as a reporter. The 
FLICA reagent is thought to interact with the enzymatic reactive 
center of an activated caspase via the recognition sequence, and then 

to attach covalently through the FMK moiety. The FLICA inhibitor is 
cell permeant and noncytotoxic. Unbound FLICA molecules diffuse 
out of the cell and are washed away; the remaining red-fluorescent 
signal is a direct measure of the amount of active caspase that was 
present at the time the inhibitor was added. The amount of caspase is 
an indication of the extent of apoptosis in the treated prostate cancer 
cells. 

Briefly, 2500 cells/well were seeded in the 96 well microtiter plate 
and drug treatments was performed as described earlier. To estimate 
the number of cells with caspase activities, 100 cells were counted 
in five different fields under the fluorescence microscope. Percentage 
of cells showing caspase activities was calculated. The percentage of 
cells indicating caspase activity was plotted against the concentration 
of the drugs. 

Results and discussion
MTT Tetrazolium assay

To evaluate the impact of 3-BPA and SC-514 on percentage cell 
viability of prostate cancer cells in vitro, PCa cells were treated with 
3-BPA and/or SC-514. Results are shown in Figures 4A & 4B.

Figure 4 (A) Graph showing the percentage cell viability of PC-3 prostate cancer cells after 48hrs treatment with 3-BPA, SC-514 and 3-BPA + SC-514. 
Combination treatment of 3-BPA and SC-514 was prepared with a cocktail of 150µM 3-BPA (IC-50) + varying concentration of SC-514 (0.488µM - 1000µM) 
Data represented are the mean of ±SD of six independent experiments. A one-way anova analysis comparing the three treatment groups revealed a p-value 
< 0.01. IC-50 of SC-514 = 450µM, IC-50 of 3-BPA = 150µM. IC-50 of 3-BPA + SC-514 = 0.3µM. Figure 4 (B) Graph showing the percentage cell viability of 
DU-145 prostate cancer cells after 48hrs treatment with 3-BPA, SC-514 and 3-BPA + SC-514. Combination treatment of 3-BPA and SC-514 was prepared 
with a cocktail of 110µM 3-BPA (IC-50) + varying concentration of SC-514 (0.488µM - 1000µM). Data represented are the mean of ±SD of six independent 
experiments. Single factor one-way anova analysis comparing the three treatment groups revealed a p-value < 0.01. IC-50 of SC-514 = 250µM, IC-50 of 3-BPA 
= 110µM. IC-50 of 3-BPA + SC-514 = 15µM.

Calculation of combination index in DU-145 Prostate 
cancer cells

Equation (2) 

CI= (D)1 /(Dx)1+(D)2/(Dx)2 

Substituting values extrapolated from Figure 5 for equation (2): 

(D)1=110µM, (Dx)1=125 µM, (D)2=31.25µM, (Dx)2=500µM

110/125 + 31.25/500=0.88 + 0.0625=0.9425

Based on the standard that CI <=1 synergy; CI=1 additivity; CI 1 
> antagonism. Combination treatment using SC-514 and 3-BPA was 
synergistic because 0.9425< 1.

Calculation of combination index in PC-3 Prostate 
cancer cells

Equation (2) 

CI= (D)1/(Dx)1 + (D)2/(Dx)2 

Substituting values extrapolated from Figure 5 for equation (2): 

(D)1=150µM, (Dx)1=187.5 µM, (D)2=0.4µM, (Dx)2=1000µM.

150/187.5 + 0.4/1000=0.8 + 0.0004=0.8004

Based on the standard that CI <=1 synergy; CI=1 additively; CI 1 
> antagonism. Combination treatment using SC-514 and 3-BPA was 
synergistic because 0.8004< 1. 
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Lactate dehydrogenase (LDH) assay

Figure 5 (A) Comparison of LDH cytotoxicity and MTT cell viability of 3-BPA treated DU-145 prostate cancer cells. DU-145 prostate cancer cells (2500 cells 
per well) were plated in a 96-well plate in DMEM medium supplemented with 10% fetal bovine serum and incubated at 37oC and 5% CO2. After 48hrs, varying 
concentrations of 3-BPA (0.488µM, 0.976µM, 1.953µM, 3.906µM, 7.812µM, 15.625µM, 31.25µM, 62.5µM, 125µM, 250µM) were added to the 96 well plates and 
incubated for 48hrs at 37 ͦC, and 5% CO2. LDH Cytotoxicity was measured using the Pierce LDH cytotoxicity assay and cell viability measured by MTT cell 
proliferation assay. (B) Comparison of LDH cytotoxicity and MTT cell viability of SC-514 treated DU-145 prostate cancer cells. DU-145 prostate cancer cells 
(2500 cells per well) were plated in a 96-well plate in DMEM medium supplemented with 10% fetal bovine serum and incubated at 37oC and 5% CO2. After 
48hrs, varying concentrations of SC-514 (0.488µM, 0.976µM, 1.953µM, 3.906µM, 7.812µM, 15.625µM, 31.25µM, 62.5µM, 125µM, 250µM) were added to the 96 
well plates and incubated for 48hrs at 37oC and 5% CO2. LDH Cytotoxicity was measured using the Pierce LDH cytotoxicity assay and cell viability measured 
by MTT cell proliferation assay. (C) Comparison of LDH cytotoxicity and MTT cell viability of 3-BPA + SC-514 treated DU-145 prostate cancer cells. DU-145 
prostate cancer cells (2500 cells per well) were plated in a 96-well plate in DMEM medium supplemented with 10% fetal bovine serum and incubated at 37oC and 
5% CO2. After 48hrs, varying concentrations of SC-514 (0.488µM, 0.976µM, 1.953µM, 3.906µM, 7.812µM, 15.625µM, 31.25µM, 62.5µM, 125µM, 250µM) + 110µM 
3-BPA (IC-50) were added to the 96 well plates and incubated for 48hrs at 37oC and 5% CO2. LDH Cytotoxicity was measured using the Pierce LDH cytotoxicity 
assay and cell viability measured by MTT cell proliferation assay. (D) Comparison of LDH cytotoxicity and MTT cell viability of 3-BPA treated PC-3 prostate 
cancer cells. PC-3 prostate cancer cells (2500 cells per well) were plated in a 96-well plate in DMEM medium supplemented with 10% fetal bovine serum and 
incubated at 37oC and 5% CO2. After 48hrs, varying concentrations of 3-BPA (0.488µM, 0.976µM, 1.953µM, 3.906µM, 7.812µM, 15.625µM, 31.25µM, 62.5µM, 
125µM, 250µM, 500µM, 1000µM) were added to the 96 well plates and incubated for 48hrs at 37oC, and 5% CO2. LDH Cytotoxicity was measured using the 
Pierce LDH cytotoxicity assay and cell viability measured by MTT cell proliferation assay. (E) Comparison of LDH cytotoxicity and MTT cell viability of SC-514 
treated PC-3 prostate cancer cells. PC-3 prostate cancer cells (2500 cells per well) were plated in a 96-well plate in DMEM medium supplemented with 10% fetal 
bovine serum and incubated at 37oC and 5% CO2. After 48hrs, varying concentrations of SC-514 (0.488µM, 0.976µM, 1.953µM, 3.906µM, 7.812µM, 15.625µM, 
31.25µM, 62.5µM, 125µM, 250µM, 500µM, 1000µM) were added to the 96 well plates and incubated for 48hrs at 37oC, and 5% CO2. LDH Cytotoxicity was 
measured using the Pierce LDH cytotoxicity assay and cell viability measured by MTT cell proliferation assay. (F) Comparison of LDH cytotoxicity and MTT cell 
viability of 3-BPA + SC-514 treated PC-3 prostate cancer cells. PC-3 prostate cancer cells (2500 cells per well) were plated in a 96-well plate in DMEM medium 
supplemented with 10% fetal bovine serum and incubated at 37oC and 5% CO2. After 48hrs, varying concentrations of SC-514 (0.488µM, 0.976µM, 1.953µM, 
3.906µM, 7.812µM, 15.625µM, 31.25µM, 62.5µM, 125µM, 250µM, 500µM, 1000µM) + 150µM 3-BPA (IC-50) were added to the 96 well plates and incubated for 
48hrs at 37oC, and 5% CO2. LDH Cytotoxicity was measured using the Pierce LDH cytotoxicity assay and cell viability measured by MTT cell proliferation assay.

NBT assay measuring the ROS level

Figure 6 (A) NBT assay results showing treatment-induced inhibition of SOD/ROS production in DU-145 prostate cancer cells. Cells were treated as 
described earlier and subjected to the NBT assay for ROS determination. The results indicated no statistical differences (P> 0.05) between the different 
treatment regimens at all concentration points. The results/data points were the means of six independent experiments performed in triplicates. Figure 6 
(B) NBT assay results showing treatment-induced inhibition of SOD/ROS production in PC-3 prostate cancer cells. Cells were treated as described earlier 
and subjected to the NBT assay for ROS determination. The results indicated statistical differences (P< 0.05) between the different treatment regimens at all 
concentration points. The results/data points were the means of six independent experiments performed in triplicates.
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Live red image-poly caspase detection assay in PC-3 cells

        A                                                                                                       B

Image-iT ™ LIVE Red Poly Caspases Detection in DU-145 cells (Figure 7C)

                                         C

Figure 7 (A) Binding of SR-VAD-FMK FLICA to Prostate cancer cells that undergo apoptosis. PC-3 prostate cancer cells growing in 96 well plates were 
treated with 3-BPA, SC-514, and 3-BPA + SC-514 for 48 hrs. The cells were then incubated with fam-VAD-fmk as described in protocol. Cells were examined 
under a fluorescence microscope (Nikon eclipse E600) using incident fluorescence excitation with red fluorescence (caspase activation), green fluorescence 
(plasma membrane integrity) and blue fluorescence (nuclear morphology) released from treated cells. Magnification of images was 20x. Figure 7 (B) Caspase 
activation increases as concentration of drug treatment increases in PC-3 PCa cells. PC-3 cells were treated for 48hrs with varying concentrations of SC-514 
(0.488µM, 3.906µM, 7.812µM, 31.25µM, 125µM, 500µM, 1000µM), 3-BPA (0.488µM, 3.906µM, 7.812µM, 31.25µM, 125µM, 500µM, 1000µM), and 3-BPA + SC-514: 
110µM 3-BPA (IC-50) and varying concentration of SC-514 (0.488µM, 3.906µM, 7.812µM, 31.25µM, 125µM, 500µM, 1000µM) Figure 7 (C) Caspase activation 
increases as concentration of drug treatment increases in DU-145 PCa cells. DU-145 prostate cells were treated for 48hrs with varying concentrations of SC-
514 (0.488µM, 3.906µM, 7.812µM, 31.25µM, 125µM, 500µM, 1000µM), 3-BPA (0.488µM, 3.906µM, 7.812µM, 31.25µM, 125µM, 500µM, 1000µM), and 3-BPA + 
SC-514: 110µM 3-BPA (IC-50) and varying concentration of SC-514 (0.488µM, 3.906µM, 7.812µM, 31.25µM, 125µM, 500µM, 1000µM).

This study suggests that 3-BPA and/or SC-514 treatment can 
inhibit prostate cancer carcinogenesis. The combination treatment of 
3-BPA and SC-514 was more effective in inhibiting prostate cancer 
cell proliferation compared to the monotreatment of either 3-BPA or 
SC-514 as shown in Figure 4A and Figure 4B. Figure 4A shows a 
dose-dependent effect for the combined drug treatment, while Figure 
4B shows no clear dose-dependence. There is a possible explanation 
for this observation. The cell line used in figure 4B is DU-145 prostate 
cancer cell line while the cell line used in figure 4A is PC-3 prostate 
cancer cell line. DU-145 prostate cancer cell has an active nuclear 
factor kappa light chain enhancer of activated B cells (NF-KB) receptor, 
which is not as active in PC-3 prostate cancer cells.84 The NF-KB 
receptor in DU-145 prostate cancer cells could be interfering with 

the activity of the drugs (3-BPA and SC-514) in the combination 
treatment. This is highly possible since SC-514 works by inhibiting 
NF-KB. Overexpression of NF-KB receptor in DU-145 prostate 
cancer cells potentially hinders/impacts the mechanism of action of 
SC-514 drug in DU-145 prostate cancer cells. 

The interaction between 3-BPA and SC-514 was synergistic in 
DU-145 and PC-3 prostate cancer cells as calculated from Loewe 
additivity model and combination index.85 Comparison of LDH 
cytotoxicity and MTT cell viability results in figures 5A-5F further 
confirm the cytotoxicity effect of 3-BPA and/or SC-514 on prostate 
cancer cells. The result show that as cell proliferation decreased the 
quantity of lactate dehydrogenase (LDH) released into the culture 
media from damaged prostate cancer cells increased at most treatment 
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concentrations. The LDH released serve as a biomarker for cellular 
cytotoxicity and cytolysis of the drug treated DU-145 and PC-3 
prostate cancer cells.86,87 The combination of these two assays provide 
a safe alternative to radioactive cytotoxicity assays.

LDH cytotoxicity level in DU-145 cells treated with combination 
of 3-BPA and SC-514 (Figure 5C) did not impact the highest level 
of cytotoxicity at all concentrations when compared to the single 
treatment of 3-BPA (Figure 5A) or SC-514 (Figure 5B). Similarly, LDH 
cytotoxicity level in PC-3 cells treated with combination of 3-BPA 
and SC-514 (Figure 5F) did not impacted highest level of cytotoxicity 
at all concentrations when compared to the single treatment of 3-BPA 
(Figure 5D) or SC-514 (Figure 5E). This observation suggests that 
there are other mechanisms of actions used by these 3-BPA and/or SC-
514. These undiscovered mechanisms may not involve destruction of 
cell membrane and leakage of lactate dehydrogenase enzymes to the 
extra-cellular spaces. For example, shrinking of the prostate cancer 
cells in manner that allow other cell contents to be released more than 
the release of lactate dehydrogenase enzymes. The synergistic effect 
observed earlier could have occurred as result multiple mechanisms 
that are not fully understood.  Future studies will use other cell 
viability assays such as alamar Blue and cell titer glo to confirm this 
suggestion.

MTT cell viability in DU-145 prostate cancer cells indicated the 
lowest level at combination treatment of 3-BPA and SC-514 (Figure 
5C) when compared to the single treatment of 3-BPA (Figure 5A) or 
SC-514 (Figure 5B). Similarly, MTT cell viability in PC-3 prostate 
cancer cells indicated the lowest level at combination treatment of 
150µM 3-BPA and 1000µM SC-514 (Figure 5F) when compared to 
the single treatment of 1000µM 3-BPA (Figure 5D) or 1000µM SC-
514 (Figure 5E). However, the over all trend of cell viability in PC-3 
prostate cancer cells do not show that the combination treatment of 
3-BPA and SC-514 impacted the lowest level of cell viability at all 
concentrations. For example, the combination treatment of 150µM 
3-BPA and 125µM SC-514 in PC-3 recorded higher cell viability when 
compared to the single treatment of 125µM 3-BPA or 125µM SC-514 
This may be as result of resistance to the combination treatment at 125 
µM concentration. 

Results from the NBT assay suggests that ROS induction only 
cannot account for the mechanism of action of 3-BPA and/or SC-514. 
ROS modulation in DU-145 and PC-3 prostate cancer cells indicated 
a weak correlation between ROS released and concentration of 
3-BPA and/or SC-514 (Figure 6A & Figure 6B). However, SC-514 
monotreatment induced elevated level of ROS at 125µM concentration 
and higher concentrations. Oxidative stress in cells could mean that the 
ROS is too low or too high. In this study, 3-BPA at low concentrations 
(0.48µM–62.5µM) appears to work by increasing the ROS levels,88,89 
but 3-BPA at higher concentrations (62.5µM-1000µM) appears 
to work by decreasing the ROS levels.90 On the other hand, higher 
concentrations of SC-514 (125µM) appear to upregulate ROS levels. 
This conflicting effect between 3-BPA and SC-514 explains why the 
combination treatment (SC-514 + 3-BPA) gave a lower ROS level 
compared to the single treatment with either 3-BPA or SC-514. 
The ROS modulation result shows that the interaction between the 
3-BPA and SC-514 is not through ROS only. The synergistic effect 
between 3-BPA and SC-514 could be through a mechanism that is 
not directly linked to ROS induction. Future studies will elucidate 
the mechanism/s of action that may be involved. Survival pathways 
such as NF-KB pathway, IL-6 pathway and AKt-p13 pathway can be 
investigated to further understand the mechanism of action of 3-BPA 
and/or SC-514.  

It appears that combination of 3-BPA and SC-514 was more 
effective than SC-514 monotreatment in inducing apoptosis in 
DU-145 and PC-3 prostate cancer cells (Figure 7A–7C). But the 
combination treatment of 3-BPA and SC-514 did not induce apoptosis 
more than 3-BPA monotreatment at most concentration in DU-145 
and PC-3 prostate cancer cells (Figure 7A–7C). 3-BPA appears to 
induce more apoptosis than SC-514 in DU-145 and PC-3 cells at 
most concentrations as indicated by caspase activation assay (Figure 
7A–7C). However, other modes of cell death may exist with SC-514 
drug treatment that may make SC-514 therapeutically more effective 
than 3-BPA. Future studies will investigate modes of cells deaths such 
as necrosis, autophagy, necroptosis, and ferroptosis in prostate cancer 
cells treated with 3-BPA and/or SC-514.91

The existence of multidrug resistance (MDR) may influence the 
mode of cell deaths or survival pathways in prostate cancer cells as 
mentioned above. Metabolic activities of prostate cancer cells favor 
the sustained production of ATP energy required for MDR (Figure 
2). Specifically, catabolic activity in prostate cancer cells produces 
ATP from break down of fats proteins and carbohydrate (Figure 3). 
MDR occurs when ATP Binding Cassette (ABC) proteins use the ATP 
energy produced to pump drug from inside of the prostate cancer cells 
to the extracellular surroundings of the prostate cancer cells.  Future 
studies will investigate the role of BCL2 family on ABC proteins-
mediated MDR during the treatment of prostate cancer with 3-BPA 
and/or SC-514.

Furthermore, drug delivery of 3-BPA and/or SC-514 will be 
explored for better therapeutic efficiency, reduction of MDR and 
better treatment outcome because nanoparticle drug delivery systems 
(NDDS) are effective in delivering anti-cancer drugs such as 3-BPA 
and/or SC-514 to prostate cancer.2,92,93

Conclusion 
In conclusion, combination treatment remains a viable option when 

conventional monotherapy fails. Results from combination of 3-BPA 
and SC-514 in prostate cancer therapy will potentially encourage 
further combination possibilities between other chemotherapeutic 
drugs.
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