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Abstract
Boron and their derived molecules have prevention or treatment potential against prostate
cancer. In this study, we aim to investigate the eﬀects of Boric acid (BA) and Disodium Pentaborate
Dechydrate (DPD) in metastatic prostate cancer cells such as DU-145 which is brain metastatic
prostate cancer, and PC3 which is bone metastatic prostate cancer.
Metastatic human prostate cancer cell lines, PC-3 and DU-145, were used to show whether
inhibition eﬀects of BA and DPD on prostate cancer cells in this study. BA and DPD were applied
for 24 hours to the cells. Cell viability determination was performed using WST-1 assay. Apoptotic
cell death was evaluated with Annexin-V/PI ﬂow cytometric analysis and caspase-3 expression
immunohistochemically. A wound healing assay was also used to measure cancer cell migration
after exposure to BA and DPD.
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Applying BA and DPD made inhibition of cell proliferation in both BA (1 mM) and DPD (7 mM)
at 24 h. The results of Annexin-V/PI showed that DPD induced higher levels of apoptosis than BA
in both prostate cancer cells. Caspase-3 expressions were also higher than BA with DPD in both
metastatic prostate cancer cells. We evaluated cell migration using a wound healing assay and the
result showed that cell migration was inhibited with BA and DPD in both cells.
Both BA and DPD inhibited the cell viability of metastatic prostate cancer cells. Apoptotic cell
death with applying DPP had a higher rate than BA treatment. Moreover, BA and DPD inhibited cell
migration in both cells when we compared them with control. This study’s results showed that BA
and DPD of boron derivates signiﬁcantly induced cells to apoptosis and the migration was inhibited
by the derived form of boron in metastatic prostate cancer cells.

Introduction
Prostate cancer is the second most common cancer type
in men with high incidence and mortality rates. In addition,
prostate cancer is one of the most important cancer types
and causes of death in malignant tumors in men [1]. Different
treatment options have been used especially for each case
with the various stages of patients with prostate cancer [2].
However, Prostate cancer treatments such as chemotherapy
or radiotherapy can seriously affect a patient’s quality of life.
The anti-proliferative effect of boron derivatives by reducing
cancer cell viability suggests that they could be a promising
new strategy for the treatment of advanced prostate cancer.
Boron is a trace element for all organisms, also humans. It
has got a high af inity for oxygen that’s important for balancing
the ROS [3]. Soluble forms include boric acid B(OH)3 and the
https://doi.org/10.29328/journal.jro.1001041

monovalent anion B(OH)4- with the presence of the dominant
form dependent upon solvent pH. In plasma, boric acid
predominates, and its concentration re lects dietary intake
and respiratory exposure [4]. Thanks to its antioxidant or
anticancer properties, it takes part in many physiological and
biochemical processes [5,6]. Treatment of nude mice injected
with androgen-sensitive LNCaP prostate cancer cells with
boric acid caused a decrease in tumor growth and inhibition
of the enzymatic activity of the prostate-speci ic antigen [7].
In the cell culture method, researchers found that boron
compounds show growth inhibitory effects [7]. However,
Mehmet, et al. showed in their study that DPD has a better
anti-cancer potential as an inhibitor of cancer cell viability
than boric acid [8].
Apoptosis is a type of programmed cell death that
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results in the orderly and ef icient elimination of injured
cells, along with those due to DNA damage or in the course
of development. Apoptosis can develop due to intracellular
or extracellular signal pathways [9]. Normally, most
chemotherapeutic agents induce cancer cell death via
apoptosis. Caspase-3 is an effector caspase in the apoptotic
pathway so the determination of caspase-3 activation is the
most important step for the completion of apoptotic cell
death.
Our study, it was aimed to investigate the effects of BA
and DPD, which are boron derivatives, on the viability
and induction of apoptosis in DU-145 and PC-3 advanced
metastatic prostate cancer cell lines and we also showed
that inhibition of cell migration by BA and DPD was also
determined.

Material and methods
This study was carried out in Dokuz Eylul University
Oncology Institute Basic Oncology Department Laboratories.
Advanced stage metastatic human prostate cancer cell lines,
DU-145 (ATCC) and PC-3 (ATCC) were genteelly obtained
from Prof. Dr. Kemal Sami Korkmaz, Ege University Faculty
of Engineering Bioengineering Department. Boric acid (BA)
and Disodium Pentaborate Decahydrate (DPD) were also
kindly provided by Prof. Dr. Mehmet Korkmaz, Celal Bayar
University. All conditions were replicated at least by three
times.
DU-145 and PC-3 prostate cancer cell culture
Cells were grown using complete media created by
adding 1% L-glutamine and 1% penicillin-streptomycin
and 10% fetal bovine serum to RPMI-1640 medium at 37 °C
5% CO2 humidi ied incubator conditions. BA (250 μM - 1 mM)
[10] and DPD (7 mM) [8] agents were added to the DU-145
and PC-3 cell lines and the cytotoxic effect of the agents
was evaluated. The cells were passaged when suf icient
con luence is achieved. Boron derivatives were freshly
prepared from stock solutions. The main stock solution was
prepared by dissolving boric acid (BA; 1 mM) and disodium
pentaborate decahydrate (DPD; 7 mM) in distilled water.
WST-1 cell proliferation
Cell proliferation assay was performed in accordance
with WST-1 kit (Roche) protocol [8]. Cells were seeded in 96well cell culture plates at 1 × 104 in each well and checked the
next day. After the BA and DPD were applied in the cells by
24 h incubations, 10 μl WST-1 solution for each 100 μl was
added to these cells. Control cells were incubated under the
same conditions without boron derivatives. After incubation
periods, the absorbances of the cells were measured test
wavelength of 450 nm and the reference wavelength at 630
nm was measured with an ELISA plate reader (Thermo). The
control group was accepted as 100% viable and compared
with the BA and DPD-induced changes. The half-maximal
https://doi.org/10.29328/journal.jro.1001041

lethal concentrations (LD50) of the agents were calculated
according to to control cell viability.
Apoptotic cell death analysis
In our study, Annexin-V/PI Assay (Biovision) was used
to determine apoptosis cells. Annexin-V can be labeled
with FITC, a luorescent substance, which can bind to the
phosphatidylserine on the outer surface of the cell [11].
Thus, the apoptotic cells to which FITC is conjugated with
annexin-V can be made visible. The principle of the method
is based on of the extent apoptosis determination using
low cytometry of cells stained with annexin-V-FITC and PI.
Brie ly, cells were washed three times with cold PBS and
binding buffer was added to 1×105 cells/mL cell to be 100 μl
and the cells were re-suspended. After the Annexin V-FITC
and PI were added, the cells were transferred to a tube. After
mixing, they were kept at room temperature for 15 minutes.
Analyses were carried out using a low cytometer (Accuri,
BD) at 488 nm excitation and 530 nm emission wavelengths
for Annexin-V and 480 nm excitation and 588 nm emission
wavelengths for PI, and then assessed using the BD Accuri C6
Software (BD Biosciences).
Caspase-3 expression analysis by immunohistochemical
analysis (IHC)
The grown DU-145 and PC-3 cells are removed from
the lask by using a cell scraper and taken into lysine and
positively charged slides and spread on the surface by
dripping [12]. Firstly, the slides were incubated at 37 oC
for overnight to dry of slides. Before starting the staining
process, slides were kept in a 4% formaldehyde solution for
1 hour, after being dried and ixed, the slides were exposed
to 0.1% Tween 20 for 2 minutes and washed with distilled
water 3 times. 1:200 Dilution of active-caspase 3 antibodies
(Bioss), and Rabbit Host Seconder Antibody (Roche) was
used to examine the immunohistochemical analysis of DU145 and PC-3 prostate cancer cells. After this procedure, the
slides were kept in xylol for 1 hour before mounting with
Stellan. All positive cells were counted via a light microscope
(Olympus, Germany).
Wound healing analyzing for cell migration
3 × 105 cells were seeded to each well of the 6-well plate
for each condition and incubated for 24 hours. After cell
con luency, a wound was made (with the help of a 20 μL
micropipette). Then, the cells were washed with a medium
and removed from the suspension. After this, the medium
with BA and DPD was added to the cells. The control sample
contained a standard medium with 1% FBS in the cells. The
gap areas of all conditions were taken the following every 6
hours (0 h, 6 h, and 12 h) and recorded the results, after the
experimental process, the gaps were measured by Image-J.
Statistical analysis
Data were presented as mean ± standard deviation. All
www.radiooncologyjournal.com
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statistical analyses were made using the SPSS 22.0 software
program (BMI, USA). Differences were compared with the
Mann-Whitney U test. The values p < 0.05 was considered
statistically signi icant.

Results
In our study, we investigated the 24-hour effect of BA and
DPD on human-derived metastatic DU-145 and PC-3 prostate
cancer cell lines. We evaluated cell viability by WST-1 test,
apoptotic cell death with low cytometric Annexin-V/PI
dye, scratch wound model for migration analysis, and
immunohistochemistry with anti-caspase 3 antibody.
WST-1 viability results
We evaluated viability with disodium pentaborate
decahydrate (7 mM) and boric acid (0, 250 μM, 500 μM, 1
mM) for DU-145 and PC-3 cells at 24 h incubation (Figure 1).
In PC-3 prostate cancer cells, the cell viability decreased at a
rate of 57%, and 61% with treatment with DPD (7 mM) and
BA (1 mM) when compared to the control group after 24 h
of incubation, respectively (p < 0.05; Figure 1). In DU-145
prostate cancer cells, the cell viability decreased at a rate of
50%, and 58% with the treatment of DPD (7 mM) and BA
(1 mM), when compared to the control group after 24 h of
incubation, respectively (p < 0.05; Figure 1).

(1 mM), when compared to the control group after 24 h of
incubation, respectively (p < 0.05; Figure 2).
Evaluation of the apoptotic cell death of active-Caspase-3
expression
Active-Caspase-3 protein expression was de ined by the
immunohistochemical method. All groups including DU-145
and PC-3 cells were stained with the active-Caspase-3 primer
antibody. After the staining procedure, cells were counted
and active-caspase3 positive cells were determined by light
microscopy.
The Control group of DU-145 cells’ caspase-3 positive
cells were counted and the result showed that the control
group had 5% apoptotic cells (Figures 3,4).
The other groups’ positive cells were 31% and 50% with
BA and DPD, respectively (p < 0.05, Figures 3,4).
PC-3 cells also were evaluated by staining with activecaspase-3 primer antibody after 24 h of Boric Acid and
Disodium Pentaborate Dechydrate applied. After this, activecaspase 3 positive cells indicated apoptosis with 12%, 38%,
and 54% positive with Control, BA, and DPD in PC-3 cells
(p < 0.05, Figure 3,4).

Apoptotic cell death analysis by ﬂow cytometry
Apoptotic cell death was determined by Annexin-V/PI
Flow Cytometry analysis after 24 hours of incubations of
agents. The results obtained from the analysis are given in
Figure 2. In PC-3 prostate cancer cells, apoptosis increased at
a rate of 52.4%, and 21.5% with treatment with DPD (7 mM)
and BA (1 mM) when compared to the control group after
24 h of incubation, respectively (p < 0.05; Figure 2). In DU145 prostate cancer cells, the apoptosis increased at a rate of
52.4%, and 29.3% with treatment with DPD (7 mM) and BA

Figure 1: WST-1 Results of Cell Lines.
The eﬀects of BA and DPD on PC-3 and DU-145 cell viability were assessed by
the WST-1 assay for 24 h. In PC-3 cells, IC50 dose of DPD (7 mM) and BA (1mM)
treatment has resulted in a decrease at the rate of 57% and 61% for 24 h when
compared to control, respectively (p < 0.05). In DU-145 cells, IC50 dose of DPD
(7 mM) and BA (1 mM) treatment has resulted in a decrease at the rate of 50%
and 58% for 24 h when compared to control, respectively (p < 0.05). *Statistically
signiﬁcant from control exposures (p < 0.05).

https://doi.org/10.29328/journal.jro.1001041

Figure 2: Apoptotic Cell Death Results.
Apoptotic cell death analysis of BA and DPD-treated PC-3 and DU-145 cells
by Annexin-V/PI ﬂow-cytometry. In PC-3 and DU-145 cells, DPD (7 mM) and
BA (1 mM) at 24 h incubations induced apoptosis when compared to control.
*Statistically signiﬁcant from control exposures (p < 0.05).

Figure 3: Anti-Caspase3 Expression Scores in Du-145 and PC3 Cells.
Caspase-3 protein expression immunohistochemistry scores in PC-3 and DU145 cell line. Diﬀerential expression of caspase-3 in PC-3 and DU-145 cells was
signiﬁcant compared to control. When the anti-caspase3 positive cells were
counted, in PC-3 and DU-145 cells, caspase-3 expression was signiﬁcantly
increased with treatment of BA and DPD cells (p < 0.05). *Statistically signiﬁcant
from control exposures (p < 0.05).
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Wound healing assay results for cancer cell migration

Figure 4: Caspase-3 protein expression results in PC-3 and DU-145 cells 20x.

3 × 105 cells were seeded in 6-well plates and incubated
for 24 h. A wound model was created in the con luent cell
plate, and a complete medium with 1% FBS and the agents
were applied to the cells. The images of the wound healing
assay were taken each 6 hours; before the agent’s application,
a sixth hour later, and at the end of the 12th hour (0 h, 6 h
and 12 h). The results are seen in Figure 5 and Figure 6.
Depending on the time in DU-145 and PC-3 cell lines, agent

Coh (DU-145)

BA12h (DU-145)

C0h (PC3)

BA12h (PC3)

C6h (DU-145)

DPD0h (DU-145)

C6h (PC3)

DPD 0h (PC3)

DPD6h (DU-145)

C12h (PC3)

DPD 6h (PC3)

DPD12h (DU-145)

BA 0h (PC3)

DPD 12h (PC3)

C12h (DU-145)

BA0h (DU-145)

BA6h (DU-145)

Figure 5: Wound Healing Model of DU-145 cells.
Wound Healing Model of DU-145 cells. Cells were seeded and incubated
overnight; cells were applied with BA (1 mM) and DPD (7 mM). Cell migration
was monitored under a phase-contrast microscope every 6 hours for 12 hours.
Data are representative of the results that agents inhibited migration in DU-145
cells. Shows images taken at 0 h, 6 h and 12 h. The black line shows the wound.

https://doi.org/10.29328/journal.jro.1001041

BA 6h (PC3)

Figure 6: Wound Healing Model of PC-3 cells.
Wound Healing Model of PC-3 cells. Cells were seeded and incubated overnight;
cells were treated with BA (1 mM) and DPD (7 mM). Cell migration was monitored
under a phase-contrast microscope every 6 hours for 12 hours. Data are
representative of the results that agents inhibited migration in PC-3 cells. Shows
images taken at 0 h, 6 h and 12 h. The black line shows the wound.
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administration was found to inhibit cell migration when
compared to control. Inhibition of the cell migration showed
a time-dependent trend in Figures 5,6.

Discussion
Derivatives of Boron have been shown associated with
both preventive and anti-carcinogenic effects in prostate
cancer and some other cancers [3,6-8]. Some epidemiologic
studies showed that derives of boron intake could inhibit
prostate cancer [8,15]. With all this information, in our study,
we aim to compare two boron derivatives including BA and
DPD, on two types of advanced metastatic prostate cancer
cells.
Henderson, et al. showed that boric acid signi icantly
induced apoptosis based on inducing ER stress in a dose
depending [10]. One study demonstrated that BA inhibits
cell proliferation in both DU-145 (non-androgen sensitive)
and LNCAP (androgen sensitive) prostate cancer cells
depending on the dose. They also reported that both healthy
prostate epithelial cell lines of RWPE-1 and PWR-1E were
inhibited by BA, but they declared that these doses are
above the physiological blood level in individuals [14]. They
indicated that the result of applying boric acid to DU-145
cells showed an aging-like effect and boric acid reduced the
rate of metastasis to make inhibition F-actin activation [10].
Barranco, et al. showed in their study, that boric acid improves
the antiproliferative effect of chemopreventative agents and
rising groundwater boron concentration decreases prostate
cancer morbidity and mortality [15]. In this study, BA and
DPD effects on both DU-145 and PC-3 cells were detected, BA
and DPD inhibited cell viability at almost the same ratios in
both DU-145 and PC-3 cells and our results are compatible
with the literature, 24-hour administration of BA and DPD
signi icantly reduced cell proliferation in both cells [8,16].
Moreover, our study also assessed apoptotic cell death
through Annexin-V/PI staining and active caspase-3 protein
expression by IHC. BA and DPD applied groups’ cell apoptotic
cell ratios were signi icantly increased when we compared
them with control. Compatible with these results, the
caspase-3 expression was also increased in BA and DPD
groups when we compared it to the control groups in both
PC-3 and DU-145 cells.
Our results were observed in correlation with
Henderson’s results, in which boron intake was shown to
induce apoptosis. Henderson’s study showed the apoptosis
effect because of ER stress by activating eIF2 alpha/ATF4
pathways in DU-145 brain metastatic prostate cell line [13].
Yamada, et al. examined the elF2 alpha/ATF4 pathways with
the BA relationship. They suggested that the relationship of
elF2 alpha/ATF4 pathways and BA depends on increasing
antioxidant response element (ARE) genes; including heme
oxygenase-1 (HMOX-1), NAD(P)H dehydrogenase quinone-1
(NQO1), and glutamate-cysteine ligase catalytic subunit
(GCLC) [16].
https://doi.org/10.29328/journal.jro.1001041

Gallardo-Williams’ study reported that nutritional
supplements with BA can inhibit PSA levels and reduce
the development of tumor formation and proliferation of
prostate cancer cells in xenograft models [7].
Migration plays a critical role in invasive and metastatic
tumor formation. For this reason, revealing the effects of
agents on migration is also important for potential treatment
approaches. McAuley, et al. showed that BA treatment
signi icantly reduces migration in metastatic prostate cancer
cell lines but not in the healthy prostate epithelial cell [17].
In addition, according to our wound healing model results,
BA and DPD decreased metastatic cancer cell invasions in
both metastatic cell lines. McAully, et al. also showed similar
results to our study. They also indicated that BA reduced
the expression of RhoA, Rac1, and Cdc42 genes in DU-145
prostate cancer cells but not in prostate epithelial cells
(RWPE-1) [17]. Korkmaz, et al. studied the DPD effect on the
DU-145 cell line at different times. Compatible with this, DPD
at 7mM showed induction of apoptosis in DU-145 prostate
cancer cells in our study [8].
In our study, the result of applying BA and DPD showed
inhibition of cell proliferation and decreasing cell invasion
in both DU-145 and PC-3 cell lines. In addition, this study
indicated the apoptotic effects of BA and DPD against
metastatic prostate cancer cells through active caspase-3
protein expression. Our results suggested that DPD was
more effective in terms of the anticancer ield between boron
derivatives (BA and DPD) for metastatic prostate cancer
therapy. In the light of these results, we will gain more
knowledge on the study models about metastatic prostate
cancer and further evaluation of BA and DPD as effective
chemotherapeutic agent candidates for prostate cancer
treatment.
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