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Abstract
Zinc takes part in several of cellular signaling pathways, containing defense against free radicals, apoptosis, and inflammation.
However, interaction between zinc and prostate cancer progression is poorly understood. Therefore, zinc treatment in DU-145
human prostate cancer cells was investigated. First, zinc sulfate (ZnSO4) concentrations with antiproliferative effect were
determined using MTT assay. Then, ZnSO4-induced oxidative damage was evaluated by malondialdehyde (MDA) levels,
glutathione (GSH) levels, total oxidant status (TOS) levels, and total antioxidant status (TAS) levels. Apoptotic effects of
ZnSO4 were determined by measuring biochemical and immunohistochemical parameters including caspase 3 (CASP3), cyto-
chrome C (CYC), Bcl-2-associated X protein (Bax), and B cell CLL/lymphoma 2 (Bcl-2) levels. Inflammatory effects of ZnSO4

were investigated by measuring interleukin-6 (IL-6) levels and tumor necrosis factor-alpha (TNF-α) levels. Finally, morpholog-
ical analysis was performed using hematoxylin-eosin staining. We found that ZnSO4 caused a concentration-dependent increase
in oxidative stress, apoptosis, and inflammation pathways. Moreover, there were a number of morphological alterations in treated
cells depending on the ZnSO4 concentration. Consequently, our data showed that zinc acts as a regulator of increased oxidative
damage and apoptosis through the upregulation of TNF-α and IL-6.
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Introduction

Prostate cancer is globally among the first five cancer cases in
terms of incidence and mortality rate [1]. Prostate cancer is

usually the most common malignancy that affects 1 in 5 men,
and each year ~1.5 million men are diagnosed with and over
300,000 men die due to prostate cancer [2]. Despite improve-
ments in early diagnosis, ~ 50% of men recrudesce after pros-
tatectomy [3]. Therefore, prostate cancer is an important part
of health problems for men. Recently, the correlation between
eating habits and cancer threat has increased the interest of
researchers day by day. Normal prostate cells have the highest
zinc concentration, and the alteration of zinc levels in the
prostate tissue is related to the progress of prostate cancer
[4]. It was suggested that decreased levels of zinc in cancer
patients could be a probable correlation between zinc and
cancer development [5]. Furthermore, studies have demon-
strated that is a relationship between dietary compounds and
reduced menace for prostate cancer [6, 7].

Zinc is a significant trace element required for many signal-
ing pathways in the human body by acting as a cofactor of
more than 300 enzymes. These enzymes are related to the
proliferation, metabolism, and functions of cells [8]. Zinc con-
centrations throughout the prostate can be prominently about
10 times more than typically found in other tissues. Notably,
malignant prostate cells lose the talent of zinc gathering, which
considerably diminishes zinc concentrations in the cells. It is
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supposed that this reduction contributes to the fate of prostate
carcinogenesis, since androgen-dependent and androgen-
independent prostate cancer cells have generally been declared
to own a fairly poor zinc concentration [9]. A previous study
showed that zinc treatment inhibited cell proliferation and in-
creased apoptosis by inducing Bcl-2-associated X protein
(Bax) and B cell CLL/lymphoma 2 (Bcl-2) expressions in pros-
tate cancer cells [10]. Additionally, it was reported that zinc
supplementation in nude mice grafted with PC3 cells correlated
with decreased prostate tumor growth [11]. Furthermore, high
concentrations of zinc are toxic to cells, and also, it induces a
number of intracellular pathways provoking reactive oxygen
species (ROS) generation [12, 13]. However, connections
among zinc, apoptosis, and oxidative mechanisms in prostate
cancer are not well understood.

Tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-6),
which have pleiotropic effects on proliferation and differenti-
ation of tumor cells, are multifunctional inflammatorymarkers
that can be generated by cancer cells [14, 15]. TNF-α and IL-6
induce a number of cellular pathways, which regulate invasion
and metastasis of cancer cells [16]. A previous study showed
that DU-145 and PC3 androgen-independent prostate cancer
cell lines can secrete IL-6 and TNF-α in vitro. This cytokines
normally have a role in cancer growth at low levels (0.05–0.5
U/mL), but enhanced levels (5–50 U/mL) dose-dependently
prevent the cell growth [17].

Zinc has promise for cancer therapy for its potential in-
volvement in the suppression of tumor growth. However,
there are few published observations about zinc treatment on
the inflammatory response, apoptotic processes, and oxidative
stress processes in prostate cancer cells. The aim of the present
study was to focus on further investigating the effects of zinc
sulfate (ZnSO4) on DU-145 relevant to cell death pathways
in vitro. Inhibitory effects of ZnSO4 on DU-145 cell line were
investigated by measuring some inflammatory, apoptotic, and
oxidative parameters including IL-6 levels, TNF-α levels, cas-
pase 3 (CASP3) levels, cytochrome C (CYC) levels,
malondialdehyde (MDA) levels, glutathione(GSH) levels, to-
tal oxidant status (TOS) levels, and total antioxidant status
(TAS) levels. In addition, morphological changes were inves-
tigated with hematoxylin-eosin staining and Bcl-2 and Bax

proteins were determined immunohistochemically to show
apoptotic situations in cells. Our data showed that ZnSO4

inhibits cell proliferation, causes morphological changes,
and triggers apoptotic and oxidative pathways in DU-145.

Materials and Methods

Cell Culture

Human prostate cancer cells (DU-145) were purchased from
the American Type Culture Collection (ATCC, Rockville, MD,
USA) and were seeded in DMEM supplemented with 10%
(v/v) fetal calf serum, 100 U/mL penicillin and 100 μg/mL
streptomycin at 37 °C in a humidified atmosphere containing
95% air and 5% CO2. The cells were cultured in 75 cm2 cell
culture flasks. Sufficiently confluent (80–90%) cells were laved
with phosphate-buffered saline (PBS; pH 7.2), rewashed with
EDTA, and budged with 0.25% trypsin-1 mM EDTA solution.

MTT Viability Assay

DU-145 cells were grown at a density of 5 × 103 cells per well
in 96-well plates for MTT assay. Firstly, cells were allowed to
adhere to flasks for 1 day before experiment. The cells were
then incubated with ZnSO4 concentrations (0 to 1 mM) for
24 h except the control group. The 3-(4,5-dimethylthiazol2-
yl)-2,5-diphenyltetrazoliumbromide (MTT) viability/
cytotoxicity analysis was realized according to the Mosmann
method [18]. Following the 24-h treatment, the cell media
were discarded, and 100 μL of 0.5 mg/mL MTT diluted in a
medium was added to the wells. After a 4-h incubation period
at 37 °C, the formazan salts were dissolved with 100
μL DMSO by shaking. Finally, absorbance values of
each well were quantified at a wavelength of 570 nm
in ELISA reader (800TS, BioTek Instruments, Winooski,
VT, US). Viability of ZnSO4-treated cells was calculated
in reference to the untreated control cells by using the
following formula:

OD of the treated cells−OD of blankð Þ= OD of the untreated cells–OD of the blankð Þ � 100

OD Optical density

IC25, IC50, and IC75 were estimated by the graph drawn
with the help of viability percentages. These values are used
for all analysis except for hematoxylin-eosin staining
and immunocytochemistry. IC50 and IC75 were used

for hematoxylin-eosin staining. IC25 and IC50 were
used for immunocytochemistry.

Cell Lysate Preparation

Du-145 cells were lysed according to the following method to
determine levels of MDA, GSH, TOS, TAS, CASP3, CYC
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TNF-α, and IL-6. Initially, ZnSO4 treatment (337.3, 495.7,
and 653.9 μM), cells were washed with cold PBS.
Following, the cells allocated by trypsin were centrifuged at
300×g for 10 min at 4 °C and then washed three times in ice-
cold PBS. The cells were treated with RIPA lysis buffer (sc-
24948, Santa Cruz Biotechnology, CA, USA) for 30 min at
room temperature and centrifuged at 16000×g for 10 min at 4
°C to remove residues. Protein contents in cell lysates were
determined by the Lowry et al. [19] method. The cell lysates
were utilized for aforementioned assays.

Measurements of Oxidative and Antioxidant Markers

To determine the oxidative stress-induced lipid peroxide assay
in cells, MDA levels were measured according to the method
reported by Ohkawa et al [20]. In short, the pink color inten-
sity resulted from by incubation of thiobarbituric acid and
MDA for 1 h at 100 °C was measured at 532 nm. The MDA
amounts were displayed as nmol/mg protein.

GSH levels, one of the important antioxidant molecules for
the cell, were measured according to Srivastava and Beutler
method [21]. The color density resulting from GSH and 5,5′-
dithiobis (2-nitrobenzoic acid) reactionwith each other wasmea-
sured at 412 nm. The data were expressed as μmol/mg protein.

TOS and TAS levels in cells were measured spectrophoto-
metrically (Epoch, BioTek) according to the manufacturer’s
instructions (Rel Assay Diagnostics, Gaziantep, Turkey).
Shortly, the measurement of TAS levels in cells was based
on the reduction of 3-ethylbenzothiazoline-6-sulfonate
(ABTS) by antioxidants. The reduced ABTS levels were mea-
sured at 660 nm. TOS levels are based on the measurement of
color intensity at 530 nm by oxidation of ferrous iron to ferric
iron. The TAS and TOS contents were shown as mmol Trolox
Equiv/L and μmol H2O2 Equiv./L, respectively.

Measurement of Apoptotic Markers

Apoptosis in cells was determined biochemically by measur-
ing CASP3 and CYC levels with a commercially available
ELISA kit (Cloud-Clone Corp., USA) according to the man-
ufacturer’s instructions. The CASP3 and CYC levels were
detected at 450 nm. Measurements were performed using a
microplate spectrophotometer (Epoch, BioTek) device. The
results of CASP3 and CYC were indicated as ng/mL.

Measurement of Inflammatory Markers

Inflammatory cytokine levels (TNF-α and IL-6) were mea-
sured using a commercial kit (Cloud-Clone Corp., USA, cat
no. SEA133Ra and SEA079Ra). The concentrations of
TNF-α and IL-6 in serum samples were shown as pg/mL in
comparison with the optical density of the standard curve.

Hematoxylin-Eosin Staining

Hematoxylin and eosin stains are commonly used for investi-
gating morphological changes of cells [22]. Firstly, DU-145
cells were grown at a density of 3 × 105 in 6-well plates and
subsequently treated with determined concentrations of
ZnSO4 (495.7 and 653.9 μM) for 24 h. Thereafter, the cells
fixed with 100% ice-cold methanol were incubated with he-
matoxylin and eosin stains for 5 min each, followed by dip-
ping into 1% ammonia solution. In the end, the cells were
agitated in distilled water and monitored with a light
microscope.

Immunocytochemistry

Cells were seeded at a density of 2 × 105 in 6-well plates and
treated with different ZnSO4 concentrations of 337.3 and
495.7 for 24 h. After, the treated cells were washed with
PBS three times. After that, the cells were fastened with
100% ice-cold methanol for 10 min and embedded in 0.2%
Triton X-100 for 5 min, followed by a blocking solution for 10
min. Thereafter, the cells were treated with anti-Bax and anti-
Bcl-2 antibodies overnight at 4 °C with sufficient moisture
maintained to keep antibodies from drying. Subsequently, bi-
otinylated goat anti-polyvalent antibody and streptavidin per-
oxidase reagents were consecutively added for 10 min each.
Later, the cells were sequentially stained with 3-amino-9-
ethylcarbazole and hematoxylin. Eventually, the stained cells
were observed under a light microscope.

Statistical Analysis

Three independent experiments each consisting of triplicates
were done. All the data of our experiment followed the
Gaussian distribution as a result of the Shapiro-Wilk normality
test. All statistical analyses were employed by one-way anal-
ysis of variance (ANOVA) followed by Tukey’s post hoc tests
using the Graphpad Prism 7.0 statistical software (San Diego,
CA). p < 0.05 was considered significant. Results were indi-
cated as mean ± SD (standard deviation).

Results

ZnSO4 Has Anti-proliferative Effects on DU-145 Cells

In the study, DU-145 prostate cancer cells were treated with
increasing concentrations of ZnSO4 (0–1000 μM) for 24 h. It
was detected that the treatments with 15.6, 31.3, 62.5, 125,
and 250 μM of ZnSO4 caused an insignificant reduction in
cell viability compared with the control (97.5, 97.1, 101.9,
103.6, and 88.8%, respectively) as indicated in Fig. 1.
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ZnSO4 concentrations of 500 and 1000 μM showed a
49.3% and 96.9% reduction in cell viability compared with
the control, respectively (P < 0.001). IC25, IC50, and IC75
concentrations in ZnSO4-treated DU-145 cells for 24 h were
found as 337.3, 495.7, and 653.9 μM, respectively.

ZnSO4 Treatment Triggers Oxidative, Apoptotic,
and Inflammatory Pathways in DU-145 cells

As shown in Fig. 2 a and c, the DU-145 cells treated with
337.3, 495.7, and 653.9 μM of ZnSO4 caused concentration-
dependently a rise inMDA and TOS levels compared with the

control. 653.9 μM ZnSO4 concentration showed two-fold in-
crease in MDA levels and about three-fold increase in TOS
levels compared with the control (P < 0.01). Additionally,
653.9 μM ZnSO4 concentration caused the highest enhance-
ment in MDA and TOS levels (176.11 ± 10.27 nmol/mg pro-
tein and 13.85 ± 2.14 μmol H2O2 Equiv./L, respectively).

Conversely, DU-145 cells demonstrated a statistically sig-
nificant decrease in antioxidant defense because of the expo-
sure to increasing concentrations. It can be seen from Fig. 2b
that GSH and TAS levels displayed concentration-
dependently a reduction in ZnSO4-treated DU-145 cells.
653.9 μM ZnSO4 concentration showed an important

Fig. 2 MDA, GSH, TOS, and
TAS levels for determination of
oxidative damage in DU-145
prostate cancer cells after 24 h of
ZnSO4 treatment. a MDA levels.
b GSH levels. c TOS levels. d
TAS levels. *Indicates statically
significant differences in compar-
ison with control: *P < 0.05 and
**P < 0.01. Data are presented as
mean ± SD

Fig. 1 ZnSO4 inhibits cell
viability of DU-145 in a
concentration-dependent manner.
*Indicates statically significant
differences in comparison with
control: P < 0.001. Data are pre-
sented as mean ± SD of three in-
dividual 96-well plates
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decrease in GSH levels (59.44 ± 2.07 μmol/mg protein, P <
0.01). Similar to GSH results, ZnSO4 treatment triggered a
decrease in the TAS levels in DU-145 cells (Fig. 2d).
653.9 μM ZnSO4 concentration caused the highest decrease
by 53% in TAS levels (1.02 ± 0.06 mmol Trolox Equiv./L)
compared with the control. Conversely, 337.3 μM ZnSO4

concentration indicated an insignificant alteration in TAS
levels compared with the control.

We found that treatments of ZnSO4 (337.3, 495.7, and
653.9 μM) for 24 h produced a rise in CYC and CASP3 levels
by activating apoptosis in DU-145 cells treated with increas-
ing concentrations of ZnSO4 (Fig. 3a, b). The CYC and
CAPS3 levels in DU-145 cells increased approximately
four-fold of the control at the 653.9 μM concentration of
ZnSO4. Namely, our results demonstrated concentration-
dependently a decrease in DU-145 cell viability compared
with the control after a 24-h exposure with ZnSO4

concentrations.
Similarly, the results of oxidative and apoptotic markers,

the TNF-α and IL-6 levels increased significantly depending
on ZNSO4 concentrations (Fig. 4a, b). The highest increase in
the levels of TNF-α and IL-6 were observed at the 653.9 μM
ZnSO4 concentration (168.72 ± 5.29 and 203.91 ± 6.25 pg/
mL, respectively).

ZnSO4 Induced Changes to Cytoplasmic, Nuclear,
and Extracellular Matrices in DU-145 Cells

In Fig. 5, untreated DU-145 cells showed no morphology
alterations. However, ZnSO4 treatment in DU-145 cells dem-
onstrated numerous concentration-dependent reductions in
cell number, cytoplasmic, and nuclear modifications.

In order to explore potential signaling pathways contribut-
ing to ZnSO4-induced apoptosis, immunocytochemistry anal-
ysis was used to evaluate the Bcl-2 and Bax proteins.
Concentration-dependently, the level of Bcl-2 protein de-
creased (Fig. 6d–f), while the level of Bax protein increased
following treatment with ZnSO4 for 24 h (Fig. 6a–c).

Discussion

Zinc is one of the important trace elements that play a role in
many biological functions related to cellular differentiation
and proliferation, protein synthesis, DNA synthesis, ROS
clearance, and apoptosis [23]. Zinc has conflicting reports that
may exhibit inducing or inhibitory effects according to the cell
type and its concentration. For example, a current study has
reported that 75–600 μM zinc concentrations hindered cell
proliferation of mouse thymocytes but 7.5–15 μM zinc con-
centrations enhanced it [24]. Conversely, Schrantz et al. [25]
found that zinc at 10–50 μM low concentrations inhibited the
growth of Ramos cells but at 50–100 μM high concentrations
promoted it. Also, it was reported that zinc induces apoptosis
in prostate cancer cell lines unlike normal prostate cells [26].
Although, in the current study, zinc treatments were greater
than plasma levels which are normally 10 to 20 μM, the zinc
concentrations in the prostate tissue that increase 1.5 mM
levels [27]. Also, we demonstrated that ZnSO4 treatment
(more than 500 μM) was cytotoxic to DU-145 prostate cancer
cells.

The increase of redox imbalance of cancer cells triggers
ROS production [28]. ROS, produced either by endogenous
or by exogenous sources, plays a vital role in the regulation of
biochemical processes (oxidative stress, apoptosis, inflamma-
tion, etc.) [29]. ROS generation has been associated with ox-
idative damage or apoptosis, which is traditionally the inhibi-
tion of cellular proliferation or differentiation [30]. Actually,
proliferation, apoptosis, and inflammation-related processes
are the response of signaling pathways to changes in intracel-
lular ROS levels [31]. Therefore, ROS production or a defi-
ciency of the antioxidant defense system can affect the fate of
many cancer types [32]. Zinc also acts as a pro-oxidant and
leads to oxidative stress when its concentration is in excess
since this case promotes the ROS formation and decreases
antioxidant defense [33]. A previous study showed that zinc
treatment in Hep-2 cells promoted the generation of ROS and
this situation was accompanied by gradual depletion of GSH
[34]. Our data verify these evidences and additionally show

Fig. 3 CASP3 and CYC 24 h
after treatment with ZnSO4 in
DU-145 prostate cancer cells. a
CASP3 levels. b CYC levels.
*Indicates statically significant
differences in comparison with
control: *P < 0.05 and **P <
0.01. Data are presented as mean
± SD
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that zinc induces oxidative damage by a concentration-
dependent manner in the DU-145 cells. Moreover, we found
that the increase in MDA and TOS correlated in ZnSO4-treat-
ed cells with decreasing levels of GSH and TAS. Noteworthy,
this study indicated that ZnSO4 concentrations higher than

500 μM on prostate cancer cells are correlated with increased
oxidative stress.

Zinc takes an active part in regulating apoptosis.
Apoptosis, called programmed cell death, is defined by sever-
al morphological and biochemical conditions containing cell

Fig. 5 Hematoxylin-eosin images
of untreated and ZnSO4-treated
DU-145 cells. a, b Regular-
shaped DU-145 cells with their
nuclei in the untreated group. c, d
495.7 μM ZnSO4-treated DU-
145 cells. The abnormal cells with
condensed nuclei and more eo-
sinophilic cytoplasm (arrows). e, f
653.9 μM ZnSO4-treated DU-
145 cells. In this group, abnormal
cell number increases and cellular
morphology becomes more se-
vere when compared with the low
dose group (arrows). Bars in a, c,
and e indicate 50 μm and bars in
b, d, and f indicate 20 μm

Fig. 4 TNF-α and IL-6 levels of
ZnSO4-treated DU145 cells. a
TNF-α levels. b IL-6 levels.
*Indicates statically significant
differences in comparison with
control: *P < 0.05 and **P <
0.01. Data are presented as mean
± SD
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contraction, crescent-shaped nuclei, diminished Bcl-2 protein
levels, increased Bax, CASP3, and CYC levels [35]. CASP3
is known as a significant enzyme for the regulation of apopto-
sis [36]. CASP3 is closely related to the reorganization of Bcl-
2 and Bax proteins. The anti-apoptotic Bcl-2 protein controls
apoptosis by regulating the migration of CYC from the mito-
chondria to the cytoplasm, whereas the Bax protein forms a
heterodimer with Bcl-2 and activates Bcl-2-suppressed apo-
ptosis by promoting CYC release [37]. It was reported that the
apoptotic effects of zinc directly stemmed from an increase in
Bax protein expression, and the release of cytochrome C from
mitochondria to cytosol that causes the activation of caspase
[38]. Our results are in agreement with a previous study where
the apoptosis in zinc-treated DU-145 cells was triggered
through the reduction of Bcl-2 and the increase of Bax related
to the caspase-3 activation [10]. In our experiment, the amount
of Bcl-2 and Bax proteins correlated with increased CAPS3
and CYC levels. Reduced Bcl-2 protein levels and increased
Bax protein, CASP3, and CYC levels in DU-145 cells treated
with ZnSO4 in this study (Fig. 6) indicate that zinc-induced
apoptosis is pertinent to the mitochondrial death-signal path-
way in DU-145 cells. Additionally, we used hematoxylin-
eosin staining to the morphological changes in the DU-145
cells following ZnSO4 exposure for 24 h. The ZnSO4-treated
DU-145 cells showed a concentration-dependent decrease in
adherence to culture dish and an increase in morphological
alterations such as flattened and low-volume cells.

TNF-α and IL-6 are produced by cancer cells and affect
various physiologic processes including cancer progression,
migration, and differentiation [39]. IL-6 and TNF- α are

responsible for a number of signaling mechanisms, which
cause either apoptosis or proliferation based on the IL-6 and
TNF-α levels of a cell [40]. TNF-α and IL-6 are multifunc-
tional cytokines that regulate proliferation and differentiation
depending on their intracellular concentration [17]. Few stud-
ies investigated the relation between IL-6 and proliferation of
prostate cancer cells. Increased IL-6 level inhibited growth in
androgen-independent cell lines (DU-145 and PC3), but no
effect on androgen-sensitive cell line (LNCaP) [41].
Similarly, it was reported that TNF-α at concentrations higher
than 100 ng/mL inhibited the proliferation of PC3 prostate
cancer cells; TNF-α at concentrations lower than 50 ng/mL
induced the growth of PC3 [42]. Besides, Lu et al. [43] sug-
gested that 10 ng/mLTNF-α in MDA-MB-231 breast cancer
cells induced apoptosis by upregulation of caspases. Our
study is the first to demonstrate that zinc treatment leads to a
concentration-dependent enhancement of TNF-α and IL-6
levels in the DU-145 cells. Additionally, by deteriorating the
equilibrium between redox mechanisms that are liable for in-
ducing apoptosis, zinc may contribute to activation of the
inflammatory response. It can be supposed that this imbalance
promotes the vulnerability of prostate cancer cells to the oxi-
dative and apoptotic effects of TNF-α and IL-6, finally caus-
ing DU-145 cell death.

Conclusions

To summarize, we here have shown that ZnSO4 can control
proliferation in the DU-145 cells via inducing oxidative

Fig. 6 Bax and Bcl-2 staining of untreated and ZnSO4-treated DU-145
cells. a The nuclei of regular-shaped DU-145 cells stains sparsely (ar-
rows). b Bax staining is conspicuously higher (arrows) than the untreated
group in 337.3 μM (IC25) of the ZnSO4-treated group. c Higher Bax
staining persists (arrows) although many cells shrank in 495.7 μM (IC50)

of the ZnSO4-treated group. d The nuclei of regular-shaped DU145 cells
stain intensely (arrows). e The intensity of Bcl-2 staining decreases
(arrows) in 337.3μM (IC25) of the ZnSO4-treated group. fBcl-2 staining
decreases (arrows) even more in 495.7 μM (IC50) of the ZnSO4-treated
group. All bars indicate 50 μm
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damage, apoptosis, inflammation, and morphological chang-
es. Interestingly, it has been shown that zinc treatment not only
enhances anti-proliferative effects associated with activation
of oxidative damage and apoptosis but also elevates the ex-
pression of inflammatory cytokines and provokes chronic in-
flammation. In addition, zinc treatment in DU-145 prostate
cancer cell line negatively affects the proliferation of cells by
decreasing the antioxidant defense system. However, for clin-
ical application of zinc in the prevention and treatment of
prostate cancer, further studies are needed reflecting the me-
tabolism of zinc and its compounds in other prostate cancer
cell lines and experimental animal models.
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