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s polymethoxyflavone, enhances
the effects of bicalutamide on prostate cancer cells
via down regulation of NF-kB, STAT3, and ERK
activation

Yuran Ma,a Xiang Ren,a Nandini Patel,b Xuetao Xu, ac Panpan Wu,a Wenfeng Liu,ac

Kun Zhang,ac Susan Goodin,d Dongli Li ac and Xi Zheng *bd

Natural products have shown potential to be combined with current cancer therapies to improve patient

outcomes. Nobiletin (NBT) is a citrus polymethoxyflavone and has been shown to exert an anticancer

effect in various cancer cells. We investigated the effects and mechanisms of NBT in combination with

bicalutamide (BCT), a commonly used anti-androgen drug in prostate cancer therapy, on prostate

cancer cells. Our results demonstrate that the combined treatment with NBT and BCT produces an

enhanced inhibitory effect on the growth of prostate cancer cells compared to either compound alone.

The synergistic action of NBT and BCT was confirmed using isobologram analysis. Moreover, this study

has shown that NBT and BCT synergistically inhibited colony formation and migration as well as induced

apoptosis. Mechanistic studies demonstrate that NBT and BCT combination reduced key cellular

signaling regulators including: p-Erk/Erk, p-STAT3/STAT3 and NF-kB. Overall, these results suggest that

NBT combination with BCT may be an effective treatment for prostate cancer.
Introduction

Prostate cancer is the most common non-skin malignancy in
males in developed countries and is the second most frequent
cause of male cancer-related death.1 Despite recent diagnostic
and therapeutic advances, prostate cancer is quite deadly due to
its metastatic propensity. Prostate cancer therapies have shown
toxic side effects and eventual resistance.2 Currently, androgen
deprivation/castration is the principal option for treating pros-
tate cancer. Bicalutamide (BCT, Fig. 1B) is a non-steroidal
competitive androgen receptor inhibitor approved by the FDA
for the treatment of stage D2 metastatic prostate carcinoma.
Although BCT treatment initially exhibits favorable responses,
prostate cancers eventually develop resistance and progress to
castration-resistant prostate cancer (CRPC).3 Thus, CRPC pres-
ents a major obstacle during the management of advanced
prostate cancer. In addition, long-term administration of BCT
may lead to a series of side effects including breast pain, hot
ushes, gynecomastia, and/or decreased libido and impotence,
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which decreases the quality of life of patients.4 Therefore, it is
urgent to develop a novel and efficacious treatment for prostate
cancer. Previous reports have indicated that combining anti-
cancer drugs with natural products may help minimize drug
resistance and enhance therapeutic efficacy.5,6

Polymethoxyavones (PMFs) are a group of avonoids whose
bioactivity has just been discovered. These avonoids are
mainly derived from the citrus plant of Rutaceae, especially
from Citrus sinensis and Citrus reticulata. Nobiletin (NBT,
Fig. 1A) is one of the more widely known citrus polymethoxy-
avones and has been shown to exert a potential
Fig. 1 Chemical structures of NBT and BCT.

This journal is © The Royal Society of Chemistry 2020

http://crossmark.crossref.org/dialog/?doi=10.1039/c9ra10020b&domain=pdf&date_stamp=2020-03-10
http://orcid.org/0000-0002-6919-948X
http://orcid.org/0000-0001-9955-2304
http://orcid.org/0000-0001-7522-631X
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra10020b
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA010017


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
M

ar
ch

 2
02

0.
 D

ow
nl

oa
de

d 
on

 1
2/

4/
20

25
 2

:5
8:

49
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
pharmacological effect in various groups of diseases, such as
cardiac,7 vascular,8 and neurodegenerative diseases.9 NBT, as
a promising natural product, has exhibited anti-proliferative,
anti-angiogenesis and apoptotic effects in various cancer vis
inhibited NF-kB, STAT3 and ERK.10–13 Many studies have shown
that NBT enhances the drug sensitivity of cancer cells to some
clinical drugs, such as atorvastatin5 and paclitaxel.14 Moreover,
NBT also shown synergistic anti-prostate cancer cells when
combined with sorafenib.15 So NBT may be a great adjuvant to
use in anti-cancer.

Due to the complexity of cancers, there is an increasing
interest in using a combination of anticancer agents at low
doses to target multiple pathways rather than using a high dose
single agent to target one pathway only. Based on a series of
studies looking at the bioactivity of NBT and its application to
androgen-dependent and androgen-independent prostate
cancer in conjunction with BCT, and previous research on our
group,16–18 we hypothesize that together NBT and BCT may
synergistically and more efficaciously inhibit prostate cancer
cells. Our study is the rst to provide evidence that shows NBT's
ability to enhances the anti-cancer effects of BCT in prostate
cancer cells, especially those which are androgen-independent.
Experimental
Cell culture and reagents

Prostate cancer VCaP and PC-3 cells, and non-tumorigenic
epithelial HaCaT cells were obtained from the American Type
Culture Collection (ATCC, Rockville, MD, USA). NBT (MB6570-S)
was acquired from Dalian Meilun Biotechnology Co, Ltd
(Dalian, China), and BCT was purchased from Med Chem
Express (China). RPMI-1640 tissue and DMEM culture medium,
penicillin–streptomycin, L-glutamine and fetal bovine serum
(FBS) were obtained from Gibco (Grand Island, NY). VCaP and
PC-3 cells were maintained in a RPMI-1640 culture medium,
HaCaT cells were maintained in a DMEM culture medium. Both
RPMI-1640 and DMEM culture medium were supplemented
with 10% FBS, penicillin (100 units per mL)–streptomyc
in (100 mg mL�1) and L-glutamine (300 mg mL�1). Cultured cells
were grown at 37 �C in a humidied atmosphere of 5% CO2 and
were passaged twice a week.
MTT assay

MTT assay is one of the common methods for cell viability
assay, which based on the activity of mitochondrial enzyme
succinate dehydrogenase.19 In the present assay, PC-3, VCaP
and HaCaT cells were seeded on 96-well plates at a density
of 4 � 103 per well and incubated at 37 �C for 24 h. The cells
were then treated with various concentrations of NBT and/or
BCT for 24 h, 48 h and 72 h. Aer treatment, 100 mL of MTT
solution (0.5 mg mL�1 in free-FBS medium) was added to each
of the wells of the plate and incubated at 37 �C for 4 h. Aer
careful removal of the medium, 100 mL DMSO was added to
each well. The absorbance was recorded on a microplate reader
at 490 nm.
This journal is © The Royal Society of Chemistry 2020
Trypan blue exclusion assays

Trypan blue exclusion assay is used to determine the number of
viable cells by measuring the cell membrane integrity.20 PC-3
and VCaP cells were seeded at a density of 0.2 � 105 cells
per mL in 35 mm dishes and incubated for 24 h. The cells were
then treated with NBT and BCT alone or in combination for
72 h. The number of viable cells aer each treatment was
determined using a hemocytometer under a light microscope
(Nikon Optiphot, Tokyo, Japan). Cell viability was determined
by the trypan blue exclusion assay, which was done bymixing 80
mL of cell suspension and 20 mL of 0.4% trypan blue solution for
2 min. Blue cells were counted as dead cells and the cells that
did not absorb dye were counted as live cells.

Colony formation assay

Cells were seeded at 1 � 103 cells per well in 6-well plates and
treated with NBT, BCT or a combination of the two for 24 h and
replaced with fresh media. Cells were grown for 5 days. In order
to visualize the colonies, cells were xed in methanol for 15 min
and then stained with Giemsa for an additional 10 min.

Assessment of apoptotic cells by morphology

Apoptosis was determined bymorphological assessment of cells
stained with PI.21 PC-3 and VCaP cells were seeded at a density
of 2 � 105 cells per mL and the cells were treated with NBT
(30 mM) or BCT (30 mM) alone or in combination for 48 h.
Cytospin slides were prepared aer each trypan blue exclusion
experiment and cells were xed with acetone/methanol (1 : 1, v/
v) for 10 min at room temperature, followed by 10 min with PI
staining (1 mg mL�1 in PBS) and analyzed using a uorescence
microscope (Nikon Eclipse TE200). Apoptotic cells were identi-
ed by classic morphological features, including nuclear
condensation, cell shrinkage, and formation of apoptotic
bodies.

Cell migration assays

The cell migration ability was assessed using a scratch wound-
healing assay. In brief, cells were seeded at 5� 105 cells per well
in 12-well plates. Aer 24 h, when the cells were 95–100%
conuent, media was removed and the cell surface was
scratched using a sterile 200 mL pipette tip. Floating cells were
removed by washing twice with PBS. Cultivation was subse-
quently continued for 24 h in 1% FBS medium. The cells were
treated with NBT or BCT alone or in combination.

NF-kB-dependent reporter gene expression assay

According to a previously published protocol, NF-kB transcrip-
tional activity was measured using the NF-kB-luciferase reporter
gene expression assay using PC-3/N and VCaP/N cells.21,22 PC-3/
N and VCaP/N cells were seeded at a density of 2 � 104 cells
per mL in 12-well plates and treated with NBT and/or BCT for
24 h, and then the cells were washed with ice-cold PBS and
harvested in 1� reporter lysis buffer (Promega Madison WI,
USA). Aer centrifugation, 10 mL aliquots of the supernatants
were mixed with 10 mL luciferase substrate (Promega) and
RSC Adv., 2020, 10, 10254–10262 | 10255
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measured for luciferase activity using a Luminometer from
Turner Designs Instrument (Sunnyvale, CA, USA).
Western blot analysis

PC-3 cells were seeded at a density of 1 � 106 cells in 100 mm
culture dishes and treated with NBT and/or BCT for 24 h. Aer
treatment, the cell lysates were prepared as described earlier.
Proteins were subjected to sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) and transferred to
a nitrocellulose membrane. Aer blocking nonspecic binding
sites with blocking buffer, the membrane was incubated over-
night at 4 �C with primary antibodies. The b-actin was used as
a loading control. Following removal of the primary antibody,
the membrane was washed three times with TBS (PBS con-
taining 0.05% tween 20) buffer at room temperature and then
incubated with uorochrome conjugated secondary antibody.
Themembrane was then washed with TBS three times. The nal
detection was carried out using Pierce™ ECL Western Blotting
Substrate (Thermo, USA).
Statistical analysis

The interaction between BCT and NBT was determined using
a combination index (CI), which was calculated according to the
median-effect principle, based on a previous report.23 The
equation for the isobologram was shown as CI ¼ A1/A2 + B1/B2.
A1 and B1 represent the doses of NBT and BCT necessary to
produce the same effect in combination, and A2 and B2 repre-
sent the individual doses of drug NBT and BCT required to
inhibit a given level of cell viability respectively. If CI is <1, then
the drugs are considered to act synergistically. If the CI is >1 or
¼1, then the drugs act in an antagonistic or additive manner,
Fig. 2 Inhibitory effect of NBT and BCT on the growth of prostate cancer
cell viability was measured using MTT assay. Figure showing reduced viab
are mean � SEM; n ¼ 5.

10256 | RSC Adv., 2020, 10, 10254–10262
respectively. All the data is represented as mean � SEM.
Experimental data analysis was carried out using a one-way
ANOVA. A p-value < 0.05 was considered statistically signicant.

Results
Treatment with NBT or BCT reduces the viability of both PC-3
and VCaP cells

The effects of NBT and BCT alone on the growth of human
prostate cancer cells were determined using MTT assays. VCaP
(androgen-dependent) and PC-3 (androgen-independent) prostate
cancer cells were treated with different concentrations of NBT or
BCT alone for 24 h, 48 h and 72 h. As shown in Fig. 2, treatment of
PC-3 and VCaP cells with BCT or NBT alone resulted in the inhi-
bition of the viability of the cancer cells in a dose-dependent and
time-dependent manner. In this result, BCT showed greater
inhibitory effect on cell viability in VCaP cells than that in PC-3
cells, while the inhibitory effect of NBT were stronger in PC-3
cells than that in VcaP cells. It was worth noting that BCT, as an
androgen receptor, shown inhibiting activity on PC-3 cells. These
results agree with previous studies.6,24,25 NBT or BCT at 20–50 mM
concentrations had small to moderate effects on prostate cancer
cells, which allow us to determine the potential synergistic effect
of combinations of the two compounds. Therefore we chose
20–50 mM for combination studies.

Combination treatment of NBT and BCT synergistically
inhibit the viability of both PC-3 and VCaP cells

For the combination studies, we chose NBT and BCT to incubate
PC-3 cells and VCaP cells at concentrations ranging from 20 to 50
mMwith a 1 : 1 ratio using MTT assay. Fig. 3A shows that a greater
inhibit viability effect was observed with NBT and BCT used
cell lines. Cells were treated with NBT and BCT for 24 h, 48 h, 72 h, and
ility of PC-3 (A) and VCaP (B) upon NBT or BCT exposure. Data shown

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 NBT and BCT alone or in combination showing their effect on cell viability in prostate cancer cells. Cell viability was assessed using MTT
after treating cells with different concentrations of NBT and/or BCT for 72 h (A). Data shown are mean � SEM; n ¼ 5. **p < 0.01, ***p < 0.001,
significantly different from combination group. Combination index analysis for the cell viability in PC-3 and VCaP cells treated with the
combination of NBT and BCT (B). (C) Cell viability in the various cell lines treated with NBT and/or BCT for 72 h by trypan blue exclusion assay.
Data shown are mean� SEM; n¼ 3. **p < 0.01, ***p < 0.001, significantly different fromNBT-treated group, #p < 0.05, ###p < 0.001 significantly
different from BCT-treated group. (D) Cell morphology under a microscope treated with NBT and BCT alone or combination. (E) Cell viability of
HaCaT cells after treating cells with NBT and/or BCT for 72 h.

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 10254–10262 | 10257
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together to treat PC-3 and VCaP cells than NBT or BCT alone. The
fraction affected versus combination index (FA–CI) curve shown in
Fig. 3B demonstrates a synergistic (CI < 1) cytotoxic effect of NBT
combined with BCT, with CI values in PC-3 cells ranging from
0.602 to 0.87 and in VCaP cells ranging from 0.81 to 1.15 (Table 1).
Moreover, we selected lower concentrations (20 and 30 mM) in the
trypan blue exclusion assay to determine the effect of NBT/BCT
combination treatment on PC-3 and VCaP cell viability. As
shown in Fig. 3C, combinations of NBT and BCT hadmore potent
inhibitory effect on cell viability than either compound used
alone. According to the trypan blue exclusion assay, the CI value in
PC-3 cells was 0.67 (20 mM) and 0.64 (30 mM), VCaP cells was
0.81 (20 mM) and 0.69 (30 mM). For this result, the combination
effect of NBT and BCT on viable cells in PC-3 cells was greater than
that in VCaP cells. The combination group of 30 mM show more
effective of inhibited viability and had a lower CI than 20 mM. Cell
morphology observed under the microscope is shown Fig. 3D. In
additional experiments, we determined the effect of the combi-
nation on viability of non-tumorigenic epithelial HaCaT cells and
found that the combination treatment only had a small inhibitory
effect on the cell viability of HaCaT cells (Fig. 3E). Based on this
result, we used 30 mM concentration of NBT and BCT alone or in
combination for the following experiment.
Combination treatment of NBT and BCT induced PC-3 and
VCaP cell apoptosis and inhibited colony formation

We assessed the effects of NBT and BCT alone or in combina-
tion on the apoptosis of two prostate cancer cells by morpho-
logically assessing these cells, which were stained with PI.
Apoptotic cells were identied according to classic morpho-
logical features such as nuclear condensation, cell shrinkage,
and the formation of apoptotic bodies.26 Morphologically
distinct apoptotic cells from the representative samples are
shown in Fig. 4A. In both cell lines, individual treatment with
BCT and NBT led to a minor enhancement of apoptosis;
however, there was a stronger increase of apoptotic cells treated
with the combination. In addition, colony formation by PC-3
and VCaP was signicantly reduced when the cells were
treated with both NBT and BCT, as shown in Fig. 4B.
Combination treatment of NBT and BCT inhibited cell
migration of both PC-3 and VCaP cells

The effects of NBT and BCT alone or in combination on the
migration of VCaP and PC-3 cells was determined using
Table 1 Combination index (CI) analysis of the viable in PC-3 and
VCaP cells treated with the combination of NBT and BCT

NBT (mM) BCT (mM)

CI

PC-3 VCaP

20 20 0.602 1.15
30 30 0.87 1.00
40 40 0.80 0.98
50 50 0.63 0.81

10258 | RSC Adv., 2020, 10, 10254–10262
a scratch wound-healing assay. We treated PC-3 and VCaP cells
with NBT/BCT 30 mM alone or in combination for 24 h. As
shown in Fig. 5, we observed that treatment with NBT or BCT
alone in 30 mM slightly reduced cell motility. However, combi-
nation treatment with NBT and BCT signicantly inhibited the
migration of VCaP and PC-3 cells.

Combination treatment of NBT and BCT inhibited NF-kB
transcriptional activity and expression of related proteins

A luciferase reporter gene expression assay was used to deter-
mine the effect of NBT and BCT when used alone or in combi-
nation on the activation of NF-kB. Since growth inhibition and
apoptosis usually occur at later time point aer inhibition of
NF-kB signaling pathway, we determined the NF-kB activity at
24 h aer the cells were treated with NBT and BCT. In the
experiments, PC-3/N and VCaP/N cells were treated with NBT
and BCT individually or in combination for 24 h, and the
activity of NF-kB in prostate cancer cells was reected by lucif-
erase activity. As shown in Fig. 6A, treatment of PC-3/N and
VCaP/N cells with NBT or BCT alone caused a modest decrease
in luciferase activity in PC-3/N and VCaP/N cells, and the
combinations of NBT and BCT had a stronger effect than either
agent alone. It is worth noting that the combination treatment
had a greater effect on the PC-3 cells than the VCaP cells. We
further detected the levels of phospho-p65 (p-p65; a protein of
the NF-kB family), and the NF-kB downstream targets Bcl-2 and
survivin27,28 in PC-3 cells by western blot analysis. As depicted in
Fig. 6B, the results show that combination treatment with NBT
and BCT had even stronger effect on decreasing p-p65 and
survivin levels than either alone; however, the combination
treatment seemed to have no signicant effect on the expres-
sion of Bcl-2.

Combination treatment of NBT and BCT inhibited the levels
of p-STAT3/STAT3 and p-Erk/Erk in PC-3 cells

The levels of p-STAT3/STAT3 and p-Erk/Erk in PC-3 cells were
determined using western blotting. As shown in Fig. 7A, treat-
ment of PC-3 cells with NBT or BCT alone resulted in
a moderate to strong decrease in the level of p-Erk1/2, while the
combination treatment with NBT and BCT showed a stronger
effect on reducing the expression of p-Erk1/2. Furthermore, the
cells showed a much stronger inhibition on the expression of c-
myc, a downstream target of Erk1/2, when treated with NBT and
BCT, while CyclinD1 seemed to show no signicant difference.
We also detected the expression of p-STAT3/STAT3 in PC-3 cells.
As shown in Fig. 7B, the combination of NBT and BCT had
a strong inhibitory effect on the expression of p-STAT3/STAT3
than either drug alone.

Discussion

Majority of advanced prostate cancers are sensitive to androgen
deprivation therapy initially, but subsequently progress to
CRPC. Due to the limitations of current therapeutic approaches,
many patients die of recurrent and metastatic diseases. Natural
products are very promising compounds that may be developed
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Effects of NBT and BCT alone or in combination on apoptosis and colony formation of prostate cancer cells. Apoptotic cells were
determined by propidium iodide staining (A). Data shown are mean � SEM; n ¼ 3. ***p < 0.001 between the combination group and the NBT or
BCT-treated group. Effect of combined treatment on colony formation. Cell were treated for 24 h and stained with Giemsa on day 5 (B).
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as anticancer agents or as adjuvants to one's diet. NBT is one of
themain compounds extracted from the plants of Citrus sinensis
and Citrus reticulata, which has displayed antitumor activities
by inhibiting cell growth, migration, inducing cell-cycle arrest
and apoptosis.10,29,30 In this study we demonstrated that NBT
enhanced the efficacy of BCT against prostate cancer cells,
especially in androgen-independent prostate cancer cells.

BCT is widely accepted as an androgen receptor antagonist
and shows efficacious pharmacological activity in androgen-
dependent prostate cancer cells. Our result showed that BCT
had greater inhibitory effect on viability in VCaP than in PC-3
cells. Interestingly, our study shows that BCT exhibits anti-
cancer activity not only in androgen-dependent prostate cancer
Fig. 5 Effects of NBT and BCT in combination on the migration of
prostate cancer cells. For cell migration assays, micrographs were
obtained at 0 h and 24 h after scratch. Representative micrographs of
cells treated with NBT and/or BCT. Migration of cells was determined
and expressed as percentages of the original scratch area. Data shown
are mean � SEM; n ¼ 3. **p < 0.01 between the combination group
and the NBT-treated group, #p < 0.05, ##p < 0.05 between the
combination group and BCT-treated group.

This journal is © The Royal Society of Chemistry 2020
cells, but also in androgen-independent prostate cancer cells.
These ndings agree with earlier studies reported.6,25 One of
studies reveals that the mechanisms of BCT-induced apoptosis
in androgen-independent prostate cancer cells is partially
reliant on calpain activity and pan-caspase inhibition.31

However, the detailed molecular mechanisms of how bicaluta-
mide inhibits the growth of androgen-independent prostate
cancer cells remains unclear. In addition, NBT inhibited the cell
viability of both VCaP and PC-3 cells, and NBT showed greater
inhibitory effect in PC-3 than in VCaP cells. This result implies
that androgen-independent prostate cancer cells were more
sensitive with NBT.

Furthermore, NBT has been studied due to it low cytotoxicity
and enhances the efficacy of chemotherapeutic agents.5,14 In the
present study, we showed that combination treatment of NBT
and BCT (at 30 mM group) on normal epithelial cells had a lower
cytotoxicity (viable cell inhibition rate was 13% in HaCaT cells,
Fig. 3E) than that in prostate cancer cells (viable cell inhibition
rate was 31% and 33% in PC-3 and VCaP cell, respectively,
Fig. 3A). Reduction of toxicity to normal cells may be achieved
by reducing the doses or changing the ratio of the drugs in
combination. Future studies on combinations of NBT and BCT
with different dose ratios may help nd a combination that have
even lower toxicity to normal cells and in the meantime retain
strong inhibitory effect on prostate cancer cells. In addition, our
result shown that NBT enhances the anticancer effects of BCT
by inhibiting cell growth and migration as well as inducing
apoptosis, especially in androgen-independent prostate cancer
cells. These results were similar to those of previous studies in
which curcumin enhanced the inhibitory effect of BCT on the
growth of androgen-independent prostate cancer cells.6 Our
ndings imply that the combination of NBT and BCT is
a potentially new mechanism for this synergy that is AR-
unrelated.
RSC Adv., 2020, 10, 10254–10262 | 10259
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Fig. 6 Effect of NBT and BCT in combination on NF-kB activity and the levels of p-p65, Bcl-2 and survivin. For the assay of NF-kB activity, the
luciferase activity was measured and expressed as a percentage relative to the control (A). Data shown are mean � SEM; n ¼ 3. ***p < 0.001
between the combination group and the NBT-treated group, ##p < 0.01, ###p < 0.001 between the combination group and BCT-treated group.
Western blotting was performed to determine the levels of p-p65, Bcl-2 and survivin (B).
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Moreover, we used two different assays to analyze the cell
viability and synergistic effect. Although the results of cell
viability measured by trypan blue exclusion assay were slightly
stronger than that by the MTT assay, they had the same trend.
This nding suggests that the trypan blue assay may be more
sensitive than the MTT assay in our experiments. In addition,
the CI value of trypan blue assay is lower than MTT assay. It is
possible that the combination of NBT and BCT had a stronger
effect on decreasing cell membrane integrity than decreasing
mitochondrial enzyme activity. The mechanisms of action for
NBT and BCT on mitochondrial and cell membrane in prostate
cancer cell need further study. Both of MTT assay and trypan
blue exclusion assay have shown that NBT and BCT synergisti-
cally inhibited the viability of prostate cancer cells.

The NF-kB transcription factor has been recognized as amajor
effector of initiation and progression of prostate cancer as well as
regulates the inammatory response, apoptosis, and metastasis
seen in prostate cancer.27,28 The activation of inammatory
response can promote the occurrence and development of
tumor.28,32 Studies shown that NBT exhibited great anti-
inammatory activity via down-regulating NF-kB activity.33,34

Moreover, NBT shown inhibits cancer activity via mediating NF-
kB signaling.11,35 Upregulation of NF-kB occurs in castrate-
resistant patients and inhibition of NF-kB activity leads to
a decrease in cellular proliferation and induction of apoptosis.36

In addition, targeting NF-kB signaling could restores sensitivity
Fig. 7 Effect of NBT and BCT on the level of p-Erk1/2, Erk1/2, c-myc, Cy
check the levels of p-Erk1/2, Erk1/2, c-myc, CyclinD1, p-STAT3, STAT3.

10260 | RSC Adv., 2020, 10, 10254–10262
of prostate cancer cells to BCT, especially in CRPC cells.6,37 Since
inhibition of the NF-kB signaling pathway by NBT and BCT may
occur before the onset of growth inhibition and apoptosis, we
determined activation of NF-kB and expression of its downstream
anti-apoptosis protein Bcl-2 and survivin at 24 h aer the cells
were treated with NBT and BCT. We found that the combination
of NBT and BCT strongly inhibited NF-kB activation as evidenced
by decreases in NF-kB luciferase reporter activity and decreased
level of p-p65 protein. Furthermore, the expression of survivin
was inhibited by the combination but the combination did not
have any effect on the level of Bcl-2. One study found that
inhibiting survivin expression will enhance sensitivity to anti-
androgen therapy.38 These results imply that the combination of
NBT and BCT exerts its anti-prostate cancer cell activity by
inhibiting NF-kB and survivin.

The STAT family play an important role in cell proliferation,
survival, and differentiation especially STAT3.32 Study show that
STAT3 becomes persistently activated in a high percentage of
solid and hematopoietic malignancies.39 NBT exhibited activity
of inhibit cancer cells viability, migration and angiogenesis via
regulating STAT3 expression.40,41 Besides, the interaction
between STAT3 and NF-kB plays a crucial role in the tumori-
genesis,32 targeting STAT3 and NF-kB offer new chemothera-
peutic approaches. In our study, the combination treated with
NBT and BCT not only show great inhibit in NF-kB but also in
the expression of p-STAT3/STAT3.
clinD1, p-STAT3, STAT3 in PC-3 cell line. Western blotting was used to

This journal is © The Royal Society of Chemistry 2020
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ERK is one of the three key members of the MAPK family and
plays a central role in normal prostatic epithelial proliferation.
In addition, ERK is associated with the proliferation of cancer
cells and tumor invasion via degradation of extracellular matrix
proteins.42 Review studies documented the ERK can activate
transcription factors, such as c-myc and NF-kB.43 This makes
ERK1/2 an important anti-prostate cancer target. One study
shown that ERK1/2 involved in the activation of AR mutation
induced by treatment with BCT in prostate cancer cells.44

Inhibited the activity of ERK1/2 may enhanced the anti-prostate
cancer effect of BCT. Some studies have shown that NBT
induces cell-cycle arrest and apoptosis by suppressing MAPK
pathways.12,45 In the present study, we showed that there was no
signicant change in the inhibition of ERK expression at low
concentrations of NBT and that combination treatment with
BCT signicantly inhibits the expression of p-ERK/ERK and the
downstream targets of c-myc. Our results indicate that the
combination of NBT and BCT inhibit cell viability and induce
apoptosis involved in a down modulation of NF-kB, STAT3, and
ERK in prostate cancer cells.

In conclusion, the results of the current study demonstrate
that the combination of NBT and BCT strongly inhibits cell
viability, migration and induces apoptosis in human prostate
cancer cells. Moreover, mechanism studies have shown that the
anti-prostate cancer activity of NBT and BCT together are
involved in inhibition of multi-targets, such as NF-kB, STAT3
and ERK. The clearer molecular mechanism of NBT combined
with BCT against prostate cancer needs to be further studied.
This study suggests that the combination of NBT and BCT may
be a novel strategy in the treatment of prostate cancer.
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