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Abstract. Salinomycin is a polyether antiprotozoal antibiotic 
that is widely used as an animal food additive. Some anti‑
fungal, antiparasitic, antiviral and anti‑inflammatory activities 
have been reported for salinomycin. Recently, the anti‑cancer 
effect of salinomycin has been demonstrated in breast cancer; 
however, the underlying mechanism remains unknown. The 
present study aimed to investigate the functional roles of 
salinomycin in the progression of prostate cancer cells using 
the DU145 and PC‑3 cell lines. Western blotting and reverse 
transcription‑quantitative polymerase chain reaction were 
performed to detect the expression of oxidative stress and endo‑
plasmic reticulum stress‑related molecules, and flow cytometry 
was performed to detect the apoptosis rate of DU145 and PC‑3 
cells after salinomycin treatment. The results demonstrated 
that salinomycin inhibited the viability and induced the apop‑
tosis of PC‑3 and DU145 cells in a dose‑dependent manner. 
Furthermore, salinomycin increased the production of reac‑
tive oxygen species (ROS) and 8‑hydroxy‑2'‑deoxyguanosine 
(8‑OH‑dG) and the lipid peroxidation. In addition, salinomycin 
induced the activation of unfolded protein response and endo‑
plasmic reticulum stress in DU145 and PC‑3 cells, as indicated 
by the elevated expression of binding immunoglobulin protein, 
activating transcription factor 4, phosphorylated eukaryotic 
initiation factor 2α, phosphorylated protein kinase RNA‑like 
endoplasmic reticulum kinase and C/EBP homologous protein. 
In addition, salinomycin significantly downregulated the 
expression of nuclear factor erythroid 2‑related factor 2 (Nrf2), 
heme oxygenase‑1, NAD(P)H quinone dehydrogenase 1 and 

glutamate‑cysteine ligase catalytic subunit and decreased the 
activity of the antioxidant enzymes superoxide dismutase, 
catalase and glutathione peroxidase in PC‑3 and DU145 cells. 
Furthermore, the Nrf2 activator, tert‑butylhydroquinone, 
significantly reversed the therapeutic effects of salinomycin 
by stimulating the Nrf2 pathway and increasing the activity of 
antioxidant enzymes. Taken together, these findings demon‑
strated that salinomycin may trigger apoptosis by inducing 
oxidative and ER stress in prostate cancer cells via suppressing 
Nrf2 signaling.

Introduction

Prostate cancer is characterized by a high morbidity and 
mortality and is the second most common malignant cancer 
in men (1). Salinomycin, a monocarboxylic ionophore isolated 
from Streptomyces albus, is widely used as an animal food 
additive and has recently been demonstrated to possess 
anti‑cancer effects (2). Salinomycin exhibits antibacterial 
activity, especially against Gram‑positive bacteria and various 
antibiotic‑resistant species of Streptomyces (3). Gupta et al (4) 
reported that salinomycin selectively kills breast cancer stem 
cells (CSCs) in tumor xenograft‑inoculated mice. Salinomycin 
activity toward CSCs is 100‑fold higher than the conventional 
chemotherapeutic drug paclitaxel. However, the efficacy and 
underlying mechanism of salinomycin in the treatment of 
prostate cancer remain to be elucidated.

Increased reactive oxygen species (ROS) production 
has been detected in various cancers (5). Malondialdehyde 
(MDA) and 8‑hydroxy‑2'‑deoxyguanosine (8‑OH‑dG) are 
the end‑product of ROS‑induced lipid peroxidation and DNA 
oxidation, respectively, which are commonly used as oxida‑
tive stress biomarkers (6,7). Recent studies have suggested 
that MDA and 8‑OH‑dG levels in the urine are significantly 
higher in patients with prostate cancer compared with healthy 
volunteers (8,9). Recently, the anti‑nasopharyngeal carci‑
noma effect of salinomycin has been widely hypothesized 
to promote the apoptosis of cancer cells and decrease cancer 
radioresistance and relapse using a clone formation assay (10). 
A previous study demonstrated that salinomycin can induce 
colorectal cancer cell apoptosis by disrupting the osmotic 
balance (11). Furthermore, treatment of gastric cancer, lung 
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cancer and prostate cancer cells with salinomycin in vitro 
induces autophagy (12), stimulates oxidative stress (13) and 
has some anti‑angiogenic and anti‑tumorigenic activities (14), 
as well as inhibits cancer cell proliferation (15). Furthermore, 
salinomycin‑induced endoplasmic reticulum (ER) stress could 
improve apoptosis and serve therefore an anti‑cancer role in 
prostate cancer cells (16). However, the exact target and under‑
lying mechanism of salinomycin anti‑tumor effect remain 
unclear.

Nuclear factor erythroid 2‑related factor 2 (Nrf2) is 
a crucial regulator of the cellular antioxidant defense 
system (17,18). Nrf2 pathway is involved in the regulation of 
several antioxidative enzymes, including heme oxygenase‑1 
(HO‑1), NAD(P)H quinone oxidoreductase 1 (NQO1) and 
glutamate‑L‑cysteine ligase catalytic subunit (GCLc) (19,20). 
It has been reported that Nrf2 is overexpressed in squamous 
cell carcinoma and that it is associated with a poor prognosis 
for patients, since it stimulates cancer cell survival and 
proliferation (21). Inhibition of tumor cell proliferation using 
Nrf2 inhibitors has therefore become a potential anti‑cancer 
therapy strategy. Although a previous study has already shown 
that salinomycin can inhibit Nrf2 expression and promote the 
generation of ROS in nasopharyngeal carcinoma (10), the role 
of salinomycin on the Nrf2 pathway and redox metabolism of 
prostate cancer cells and its potential molecular mechanism 
are poorly understood.

The present study aimed to elucidate the role of salino‑
mycin in the treatment of prostate cancer by suppressing Nrf2 
antioxidant signaling, promoting oxidative and ER stress and 
triggering apoptosis in cancer cells. The findings from the 
present study may help understanding the anti‑cancer mecha‑
nism of salinomycin.

Materials and methods

Cell culture. The human prostate cancer cell lines PC‑3 
and DU145 were purchased from The Cell Bank of Type 
Culture Collection of The Chinese Academy of Sciences. 
Cells were cultured in RPMI‑1640 medium (cat. no. R0883; 
Sigma‑Aldrich; Merck KGaA) supplemented with 10% FBS 
(Welgene, Inc.), 2 mM of L‑glutamine, 100 U/ml of penicillin 
and 100 µg/ml streptomycin (Welgene, Inc.) and placed at 
37˚C in a humidified incubator containing 5% CO2.

Cell viability assay. Cells were seeded into 96‑well plates at the 
density of 5,000 cells/well. After 24 h incubation, cells were 
treated with 2 and 5 µM salinomycin, 10 µM tBHQ (Nrf2 acti‑
vator) or 10 µM ML385 (Nrf2 inhibitor) for 72 h (22‑24). 
Salinomycin (Sigma‑Aldrich; Merck KGaA) was dissolved in 
DMSO to create the stock solution. Cell viability was assessed 
using the Cell Titer Glo Assay (cat. no. G7570; Promega 
Corporation) according to the manufacturer's protocol.

Cell apoptosis analysis. Apoptosis was assessed using a 
Annexin V‑FITC apoptosis detection kit (BD Biosciences). 
Briefly, PC‑3 and DU145 cells were cultured in 6‑well plates 
at a density of 5x104/well. After treatment with 2 and 5 µM 
salinomycin for 72 h, cells were harvested, mixed in 100 µl 
binding buffer and stained with 10 µl Annexin‑V/propidium 
iodide (PI) at room temperature for 15 min. The stained cells 

were analyzed by flow cytometry (FACSCalibur; Becton, 
Dickinson and Company) and the apoptotic rate was calcu‑
lated using Cell Quest Pro software (version 5.1) on Mac®OS 9 
(Becton, Dickinson and Company).

Detection of ROS. The intracellular ROS level was evaluated 
using the ROS assay kit (cat. no. MAK145; Sigma‑Aldrich; 
Merck KGaA) according to the manufacturer's instructions. 
Briefly, the PC‑3 and DU145 cells were plated in a 96‑well 
plate (5x104 cells/well). Following treatment with 2 and 5 µM 
salinomycin for 72 h, cells were washed with Hanks balanced 
salt solution (HBSS) and incubated with 500 µM of the luminol 
derivative L‑012 in HBSS at 37˚C for 15 min. ROS‑induced 
chemiluminescence was determined every 10 min for a total 
of 60 min using a Microplate Luminometer (Tropix TR717; 
Applied Biosystems; Thermo Fisher Scientific, Inc.).

Detection of MDA. MDA was quantified as thiobarbituric 
acid reactive substances (TBARS) as previously described 
by Xiong et al (25). Briefly, 5x106 cells were sonicated in 
200 µl ice‑cold PBS and 100 µl cell lysate was placed into 
a 1.5 ml micro‑centrifuge tube. After adding 200 µl ice‑cold 
10% trichloroacetic acid (TCA) to the cell lysate, the samples 
were incubated for 5 min on ice. After centrifugation at 
10,000 x g for 15 min at 4˚C, the supernatant was collected 
and mixed with 1 ml 10% TCA and 1 ml 0.67% thiobarbituric 
acid. The mixture was subsequently heated in a boiling water 
bath for 30 min. TBARS were determined by reading the 
absorbance at 532 nm.

Detection of 8‑OH‑dG. Cell nuclear DNA was isolated using 
the sodium iodide method. Briefly, total DNA was isolated from 
cells with DNAzol reagent (Thermo Fisher Scientific, Inc.). 
UV spectrophotometry was used for the quantification of the 
isolated DNA (26). 8‑OH‑dG was measured using OxiSelect™ 
Oxidative DNA Damage ELISA kit (cat. no. STA‑320; Cell 
Biolabs, Inc.) according to the manufacturer's protocol (26).

Activity of antioxidant enzymes. The activity of the antioxidant 
enzymes catalase (CAT), glutathione peroxidase (GSH‑Px) 
and superoxide dismutase (SOD) was determined by spectro‑
photometrical methods (27). GSH‑Px activity was detected 
using the DTNB method (28) (cat. no. A005‑1‑2), CAT activity 
was measured using the ammonium molybdate method (29) 
(cat. no. A007‑1‑1) and SOD activity was measured using the 
xanthine‑oxidase method (30) (cat. no. A001‑3‑2; all from 
Nanjing Jiancheng Bioengineering Institute).

Western blot analysis. Cells were lysed in RIPA buffer (cat. 
no. R0010) with PMSF (cat. no. P0100; both from Beijing 
Solarbio Science & Technology Co., Ltd.) for 30 min on 
ice. Protein concentration was determined using a Bradford 
Protein Assay kit (cat. no. PC0010; Beijing Solarbio Science 
& Technology Co., Ltd.). A total of 30 µg protein/lane 
were separated by 10% SDS‑PAGE and transferred onto 
PVDF membranes. Membranes were blocked with 
5% skimmed milk powder at 4˚C overnight and incubated 
with primary antibodies (1:1,000; Cell Signaling Technology, 
Inc.) against binding immunoglobulin protein (Bip; cat. 
no. 3117), eukaryotic initiation factor 2α (eIF2α; cat. no. 5324), 
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phosphorylated (p)‑eIF2α (cat. no. 5199), protein kinase 
RNA‑like endoplasmic reticulum kinase (PERK; cat. no. 5683), 
p‑PERK (cat. no. 3179), activating transcription factor 4 
(ATF4; cat. no. 11815), C/EBP homologous protein (CHOP; 
cat. no. 2895), Nrf2 (cat. no. 12721), GCLc (cat. no. 19689), 
HO‑1 (cat. no. 86806), NQO1 (cat. no. 3187) and GAPDH (cat. 
no. 5174) overnight at 4˚C. Membranes were then incubated 
with HRP‑conjugated goat anti‑mouse IgG (H+L) secondary 
antibody (1:3,000; cat. no. SE131) or HRP‑conjugated goat 
anti‑rabbit IgG (H+L) secondary antibody (1:3,000; cat. 
no. SE134; both from Beijing Solarbio Science & Technology 
Co., Ltd.) at room temperature for 1 h, followed by washing 
three times with TBS‑Tween (0.1% Tween‑20) for 10 min 
each. Enhanced chemiluminescence reagent (Thermo Fisher 
Scientific, Inc.) was used to detect the signal on the membrane. 
The data were analyzed using Tanon‑410 automatic gel 
imaging system (Shanghai Tianneng Corporation, China) and 
normalized to expression of the internal control (GAPDH).

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). The expression level of CHOP was determined 
using RT‑qPCR. mRNA was isolated from PC‑3 and DU145 
cells using TRI reagent following the manufacturer's instruc‑
tions (cat. no. T9424; Sigma‑Aldrich; Merck KGaA). cDNA 
synthesis was performed using the GoScript Reverse 
Transcription System (Promega Corporation) following the 
manufacturer's instructions. The reaction mixture contained 
6.25 µl 2X GoTaq qPCR Master Mix (Promega Corporation), 
1 µl cDNA, 0.25 µl upstream PCR primers and 0.25 µl down‑
stream PCR primers. Nuclease‑free water was added to a final 
volume of 12.5 µl. Each reaction was run in triplicate. The 
qPCR reaction conditions were subjected to an initial predena‑
turation step at 95˚C for 3 min, followed by 39 cycles of 95˚C 
for 20 sec and 60˚C for 30 sec. The relative expression levels 
were normalized to endogenous control β‑actin and were 
expressed as 2‑ΔΔCq (31). The sequences of the primers used 
were as follows: CHOP, forward 5'‑CTTCCATGTAGCGGA 
GTCCT‑3'; reverse 5'‑GTGAGAGCCAGTCTCCCTTT‑3'; and 
β‑actin, forward 5'‑CACCACACCTTCTACAATGAG‑3' and 
reverse 5'‑TACGACCAGAGGCATACAG‑3'.

Statistical analysis. Statistical analyses were performed 
using SPSS software (version 22.0; IBM Corp.). Data were 
presented as the means ± standard deviation of three inde‑
pendent experiments. Differences were compared using 
ANOVA followed by Dunnett's or Tukey's post hoc tests. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Effects of salinomycin on prostate cancer cell proliferation 
and apoptosis. The effects of salinomycin on the prolifera‑
tion and apoptosis of PC‑3 and DU145 cells were determined 
for different concentrations (0, 2, 5, 10, 20 and 50 µM). As 
seen in Fig. 1A and B, the proliferation of PC‑3 and DU145 
cells was significantly decreased following treatment with 
salinomycin (2‑50 µM). In addition, salinomycin treatment 
significantly increased the apoptosis of PC‑3 and DU145 cells 
in a dose‑dependent manner (Fig. 1C‑E). These data indicated 

that salinomycin significantly inhibited the proliferation and 
induced the apoptosis of prostate cancer cells.

Salinomycin treatment increases oxidative stress in prostate 
cancer cells. To determine the impact of salinomycin on 
prostate cancer cell oxidative stress, the level of ROS was 
determined in PC‑3 and DU145 cells following treatment with 
2 and 5 µM salinomycin for 72 h. The results demonstrated 
that salinomycin significantly increased the production of 
ROS in a dose‑dependent manner in PC‑3 and DU145 cells 
(Fig. 2A and B). Furthermore, a significantly increase in MDA 
levels in PC‑3 and DU145 cells following salinomycin treat‑
ment was observed (Fig. 2C and D). In addition, the levels of 
8‑OH‑dG, which is a marker of oxidative stress‑induced DNA 
damage, were determined. As presented in Fig. 2E and F, 
8‑OH‑dG levels were significantly increased in PC‑3 and 
DU145 cells after salinomycin treatment. These data indicated 
that salinomycin treatment promoted the production of ROS 
and caused lipid peroxidation of polyunsaturated fatty acid 
and DNA damage.

Salinomycin increased ER stress in prostate cancer cells. To 
determine whether salinomycin could induce ER stress in PC‑3 
and DU145 cells, the expression of ER stress‑related proteins 
was determined by western blotting (Fig. 3A). The results 
demonstrated that salinomycin treatment caused the significant 
upregulation of the ER stress biomarkers Bip (Fig. 3B), ATF4 
(Fig. 3E) and CHOP (Fig. 3F) in both PC‑3 and DU145 cells. 
Furthermore, the expression of p‑eIF2α (Fig. 3C) and p‑PERK 
(Fig. 3D) was significantly increased in both PC‑3 and DU145 
cells following treatment with salinomycin. These findings 
indicated that salinomycin could increase the expression of ER 
stress regulatory proteins in prostate cancer cells.

Salinomycin inhibits the activation of Nrf2 signaling in 
prostate cancer cells. Whether salinomycin could regulate the 
activation of Nrf2 pathway, which is the essential signaling 
transduction pathway involved in anti‑oxidative response, 
was further investigated. As shown in Fig. 4A and B, sali‑
nomycin treatment significantly decreased Nrf2 expression 
in both PC‑3 and DU145 cells. In addition, the expression of 
Nrf2 downstream target proteins GCLc, HO‑1 and NQO1, 
was significantly decreased in salinomycin treated groups 
compared with control group (Fig. 4A and C‑E).

Furthermore, cell treatment with salinomycin and the 
Nrf2 activator tert‑butylhydroquinone (tBHQ) significantly 
increased the expression of Nrf2 in both PC‑3 and DU145 
cells compared with treatment with salinomycin alone 
(Fig. 5A). Conversely, cell treatment with salinomycin and the 
Nrf2 inhibitor ML385 significantly decreased the expression 
of Nrf2 in both PC‑3 and DU145 cells compared with treat‑
ment with salinomycin alone (Fig. 5A). These data indicated 
that salinomycin treatment could inhibit the activity of Nrf2 
signaling in prostate cancer cells.

Salinomycin decreases the activity of antioxidant enzymes 
and increases the apoptosis of prostate cancer cells via 
inhibiting Nrf2 pathway. To determine the relationship 
between salinomycin‑induced Nrf2 signaling inhibition and 
the change in antioxidant enzyme activity in prostate cancer 
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Figure 1. Effects of salinomycin on the proliferation and apoptosis of prostate cancer cells. Prostate cancer PC‑3 and DU145 cells were treated with various 
concentrations of salinomycin for 72 h. Effect of salinomycin on the proliferation of (A) PC‑3 and (B) DU145 cells was determined using cell proliferation 
assay. (C‑E) Effect of salinomycin on the apoptosis of PC‑3 and DU145 cells was determined using Annexin V‑FITC apoptosis detection kit. Data were 
presented as the means ± standard deviation. *P<0.05 and **P<0.01 vs control. 

Figure 2. Salinomycin promotes prostate cancer cell oxidative stress. Prostate cancer PC‑3 and DU145 cells were treated with 2 and 5 µM salinomycin for 72 h. 
Effect of salinomycin on the ROS levels of (A) PC‑3 and (B) DU145 cells. Effect of salinomycin on the MDA levels of (C) PC‑3 and (D) DU145 cells. Effect 
of salinomycin on the 8‑OH‑dG levels of (E) PC‑3 and (F) DU145 cells. Data were presented as the means ± standard deviation. **P<0.01 vs. control. ROS, 
reactive oxygen species; MDA, malondialdehyde; 8‑OH‑dG, 8‑hydroxy‑2'‑deoxyguanosine. 
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cells, the activities of SOD, CAT and GSH‑Px were deter‑
mined following treatment of PC‑3 and DU145 cells with 

5 µM salinomycin, 10 µM tBHQ, 10 µM ML385 or DMSO 
vehicle for 72 h. As presented in Fig. 5B‑D, the activities of 

Figure 3. Salinomycin promotes prostate cancer cell ER stress. Prostate cancer cells PC‑3 and DU145 were treated with 2 and 5 µM salinomycin for 72 h. 
(A) Effect of salinomycin on ER stress biomarker was assessed by western. Bip, p‑eIF2α, eIF2α, p‑PERK, PERK, ATF4, CHOP and GAPDH protein elec‑
trophoresis images. (B‑F) Relative quantification of protein expression from bands in (A). Data were presented as the means ± standard deviation. *P<0.05 
and **P<0.01 vs. PC‑3 cells control. ##P<0.01 vs. DU145 cells control. ER, endoplasmic reticulum; Bip, binding immunoglobulin protein; eIF2α, eukaryotic 
initiation factor 2α; p, phosphorylated; PERK, protein kinase RNA‑like endoplasmic reticulum kinase; ATF4, activating transcription factor 4; CHOP, C/EBP 
homologous protein. 

Figure 4. Salinomycin inhibits Nrf2 pathway in prostate cancer cells. Prostate cancer cells PC‑3 and DU145 were treated with 2 and 5 µM salinomycin for 
72 h. (A) Effect of salinomycin on the expression of Nrf2 and downstream proteins was assessed by western blotting. Nrf2, GCLc, HO‑1, NQO1 and GAPDH 
protein electrophoresis images. (B‑E) Relative quantification of protein expression from bands in (A). Data were presented as the means ± standard deviation. 
**P<0.01 vs. PC‑3 cells control. ##P<0.01 vs. DU145 cells control. GCLc, glutamate‑L‑cysteine ligase catalytic subunit; Nrf2, nuclear factor erythroid 2‑related 
factor 2; HO‑1, heme oxygenase‑1; NQO1, NAD(P)H quinone dehydrogenase 1. 
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Figure 5. Salinomycin decreases the activity of antioxidant enzymes and increases the apoptosis via inhibiting Nrf2 pathway in prostate cancer cells. Prostate 
cancer cells PC‑3 and DU145 were treated with 5 µM salinomycin, 10 µM tBHQ (Nrf2 activator), 10 µM ML385 (Nrf2 inhibitor) or DMSO vehicle for 
72 h. (A) Expression of Nrf2 was assessed by western blotting. Antioxidant enzyme activity of (B) SOD, (C) CAT and (D) GSH‑Px and (E) intracellular 
ROS levels. (F) Expression of CHOP was detected by reverse transcription‑quantitative polymerase chain reaction. (G and H) Apoptosis was detected 
using Annexin V‑FITC apoptosis detection kit. Data were presented as the means ± standard deviation. *P<0.05 and **P<0.01 vs. PC‑3 control. #P<0.05 and 
##P<0.01 vs. DU145 control. tBHQ, tert‑butylhydroquinone; SOD, superoxide dismutase; ROS, reactive oxygen species; CAT, catalase; GSH‑Px, glutathione 
peroxidase; CHOP, C/EBP homologous protein. 
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SOD, CAT and GSH‑Px were significantly decreased after 
salinomycin treatment. Furthermore, tBHQ treatment signif‑
cantly increased the activities of SOD, CAT and GSH‑Px in 
the two prostate cancer cell lines compared with treatment 
with salinomycin alone. Conversely, ML385 treatment signifi‑
cantly decreased the activities of SOD, CAT and GSH‑Px in 
both PC‑3 and DU145 cells compared with treatment with 
salinomycin alone.

The effects of Nrf2 inhibitor and activator on salino‑
mycin‑induced oxidative and ER stress in prostate cancer 
cells were further investigated. As presented in Fig. 5E and F, 
ROS levels and CHOP expression were significantly decreased 
folowing tBHQ treatment compared with treatment with 
salinomycin alone. Furthermore, tBHQ treatment signif‑
cantly decreased the apoptosis in both PC‑3 and DU145 cells 
compared with treatment with salinomycin alone (Fig. 5G). 
Conversely, ML385 treatment significantly elevated ROS 
level, CHOP expression and apoptosis in both prostate cancer 
cell lines compared with treatment with salinomycin alone 
(Fig. 5E‑H).

Discussion

Prostate cancer is a commonly diagnosed cancer in men. The 
present study demonstrated a potential important role of sali‑
nomycin in mediating the apoptosis of prostate cancer cells by 
increasing oxidative and ER stress through the inhibition of 
Nrf2 antioxidant signaling.

Salinomycin is a monocarboxylic ionophore isolated 
from Streptomyces albus (2). Salinomycin ability to kill 
cancer stem cells and therapy‑resistant cancer cells may 
allow this compound to be considered as a potential novel 
chemotherapeutic drug (32). The present study demonstrated 
that salinomycin significantly inhibited the proliferation 
and induced the apoptosis of PC‑3 and DU145 cells in a 
dose‑dependent manner. It was previously reported that cancer 
chemopreventive agents cancer induce apoptosis partly via 
ROS generation and disruption of the redox homeostasis (33). 
The results from the present study demonstrated that 
salinomycin could promote ROS accumulation, lipid 
peroxidation of polyunsaturated fatty acids and DNA damage. 
These findings were consistent with results from a previous 
study demonstrating that salinomycin inhibits prostate cancer 
cell proliferation and migration by reducing the expression 
of key prostate cancer oncogenes, inducing oxidative stress, 
decreasing the antioxidative capacity and diminishing cancer 
stem cell fraction (13).

The ER is an essential intracellular organelle that is crucial 
for multiple cellular functions, including protein folding and 
maturation and maintenance of cellular homeostasis. ER stress 
is activated by a variety of factors and triggers the unfolded 
protein response (UPR), which restores homeostasis or acti‑
vates cell death (34). Previous studies have reported that UPR 
signaling pathways are closely related to autophagy, apop‑
tosis, inflammatory response and oxidative stress in cancer 
cells (35‑37). The PERK/ATF4/CHOP pathway plays an 
important role in modulating anti‑ and pro‑apoptotic proteins, 
such as B‑cell lymphoma‑2 (Bcl‑2) family members that control 
mitochondrial apoptosis (38). Similarly, the present study 
demonstrated that the expression of UPR proteins, including 

Bip, ATF4, p‑PERK, p‑eIF2α and CHOP, was significantly 
increased in PC‑3 and DU145 cells treated with salinomycin. 
Previous studies have reported that ROS activate PERK signal 
transduction, which induces apoptosis via ER stress in chorio‑
carcinoma cells (39). Furthermore, ROS may play a role in cell 
death via the p‑eIF2α/ATF4/CHOP axis (40). Taken together, 
these results indicate that salinomycin may initiate prostate 
cancer cell apoptosis by promoting ROS production and ER 
stress.

Nrf2 is a key regulator of the antioxidant system (41,42). 
Recent studies have demonstrated that regulation of the 
Nrf2 signaling pathway is involved in the pathogenesis and 
treatment of various cancers (43‑45). In the present study, 
salinomycin effectively downregulated the expression of 
Nrf2, HO‑1, NQO1 and GCLc in prostate cancer cell lines. 
Cell treatment with the Nrf2 activator tBHQ significantly 
reversed the therapeutic effects of salinomycin by promoting 
the expression of the Nrf2 pathway and antioxidant enzyme 
activities. In addition, cell treatment with the Nrf2 inhibitor 
ML385 promoted the therapeutic effects of salinomycin. 
These results indicated that salinomycin may promote some 
anti‑cancer effects by inhibiting the Nrf2 pathway in prostate 
cancer cells. These results were in agreement with previous 
results demonstrating that salinomycin overcomes radioresis‑
tance in nasopharyngeal carcinoma cells by inhibiting Nrf2 
levels and promoting ROS production (10).

To test our hypothesis, we explored the influence of sali‑
nomycin on antioxidant enzyme activity in prostate cancer 
cells. The results demonstrated that salinomycin treatment 
significantly downregulated the activities of CAT, GSH‑Px 
and SOD. Furthermore, Nrf2 activator tBHQ treatment 
significantly increased the activities of antioxidant enzymes 
and inhibited the apoptosis promoting effect of salinomycin 
on prostate cancer cells. Conversely, the Nrf2 inhibitor ML385 
promoted apoptosis of prostate cancer cells and enhanced the 
anti‑cancer effect of salinomycin by reducing the antioxidant 
capacity and increasing oxidative stress and ER stress. These 
results suggested that salinomycin treatment may reduce the 
activity of antioxidant enzymes by inhibiting the Nrf2 pathway 
in prostate cancer cells that become more susceptible to oxida‑
tive damage. These results were in line with the upregulated 
ROS levels, CHOP expression and apoptosis in prostate cancer 
cells.

In conclusion, to the best of our knowledge, the present 
study demonstrated for the first time that salinomycin, which is 
a potent antitumor agent, exhibited some anti‑cancer activities 
on human prostate cancer cells by inducing ROS and ER 
stress‑dependent apoptosis via suppressing Nrf2 antioxidant 
signaling. These findings elucidated the anti‑cancer effects 
and underlying mechanism of salinomycin and may help the 
development of novel therapeutic strategies against prostate 
cancer.
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