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Abstract. The present study aimed to understand the roles of 
hepcidin and iron metabolism in the onset of prostate cancer. 
The prostate cancer LNCap, PC3 and DU145 cell lines were 
transfected with small interfering RNA (siRNA) targeting 
hepcidin to knockdown hepcidin expression in LNCap, PC3 
and DU145 cells. The expression levels of hepcidin in prostate 
cancer and normal prostate RWPE‑1cells were detected by 
western blot analysis. Exogenous hepcidin was added into 
the hepcidin‑silenced cell lines. Intracellular iron levels were 
detected using a fluorescence assay, and the proliferative and 
migratory capacities of cells were detected using the MTT and 
wound‑healing assays, respectively. The apoptotic rate was 
measured using flow cytometry, and changes in the expression 
of the iron‑export protein ferroportin on the cell membrane 
were detected by western blot analysis. Hepcidin expression 
in prostate cancer cells was significantly higher than that of 
normal prostate cells (P<0.05). Furthermore, the iron levels of 
hepcidin‑silenced cells (hepcidin‑ve groups) were significantly 
lower than those in the cells treated with exogenous hepcidin 
(hepcidin+ve groups) (P<0.05). The proliferative capacity of the 
hepcidin+ve cells significantly exceeded those of the hepcidin‑ve 
groups (P<0.05) and increased over time. In the wound‑healing 
assay, the number of hepcidin+ve cells present within the scratch 
sites increased compared with hepcidin‑ve cells, indicating a 
higher migration rate. Additionally, the expression of ferro-
portin in the hepcidin‑ve groups significantly exceeded that in 

the hepcidin+ve groups (P<0.05). Hepcidin is involved in the 
onset of prostate cancer, most likely by reducing ferroportin 
expression and increasing intracellular iron levels to enhance 
the proliferation, migration and anti‑apoptotic capacities of 
cancer cells.

Introduction

Prostate cancer is a common male malignancy, and the 
second‑leading cause of all cancer mortalities in men (1,2). 
Iron metabolism serves an important role in the growth, 
angiogenesis and metastasis of prostate cancer (3,4). Iron is 
trace element necessary for that is extensively involved in the 
growth and metabolism of the human body, as well as facili-
tating oxygen transport, exchange and tissue respiration (5,6). 
Iron has been widely considered to be the basic substance for 
the maintenance of tumor cell growth and development (7). 
Tumor progression can be affected by regulating the iron 
metabolism and reducing intracellular iron utilization, which 
may be a suitable strategy for anticancer therapy (8,9).

Hepcidin is a hormone‑regulating molecule that is 
synthesized and secreted by liver cells and serves a vital role 
in maintaining the in vivo iron metabolic balance  (10,11). 
Hepcidin exerts core regulatory effects on iron metabo-
lism by reducing the release of intracellular free iron in 
the reticuloendothelial system and negatively regulating 
the metabolic balance of iron by decreasing its absorption 
in the duodenum (12). The mechanism of action of hepcidin 
has been investigated using animal models and patients 
with abnormal iron metabolism. Hepcidin‑knockdown mice 
undergo iron overload, and mice and patients overexpressing 
hepcidin exhibit iron deficiency  (13). Hepcidin expression 
in patients with cancer, and its role in iron metabolism, has 
attracted considerable attention (14,15). Hepcidin, which is 
regulated by its receptor ferroportin, transports intracellular 
free iron into the extracellular fluid (16). With low ferroportin 
expression, tumor cells produce additional free iron, making 
them more invasive (17).

The mechanism by which hepcidin is involved in prostate 
cancer remains unclear. In the present study, the roles of 
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hepcidin and iron metabolism in the onset of prostate cancer 
were evaluated in vitro, aiming to provide valuable evidence 
for concerning hepcidin and its potential as a novel therapy 
target.

Materials and methods

Cell lines and reagents. The prostate cancer LNCap, PC3 
and DU145 cell lines were purchased from the Type Culture 
Collection of the Chinese Academy of Sciences (Shanghai, 
China). The prostate cell line RWPE‑1 was purchased from 
JRDUN Biotechnology Co., Ltd. (Shanghai, China). Minimum 
essential medium (MEM) and fetal bovine serum (FBS) 
were obtained from Hyclone; GE Healthcare Life Sciences 
(Logan, UT, USA). Penicillin and streptomycin were obtained 
from North China Pharmaceutical Co., Ltd. (Shijiazhuang, 
China). Trypsin and dimethyl sulfoxide were provided by 
Sigma‑Aldrich; Merck KGaA (Darmstadt, Germany). The 
ELISA kit, hepcidin protein and ferroportin antibodies were 
purchased from Newgen Biotech USA Inc. (Dallas, TX, USA). 
Lipofectamine® 2000 reagent was obtained from Invitrogen; 
Thermo Fischer Scientific, Inc. (Waltham, MA, USA).

Cell culture. LNCap, PC3 and DU145 cells were cultured 
in MEM containing 10% FBS, 1% penicillin and 1% strep-
tomycin, placed in an incubator at 37˚C with 5% CO2 and 
saturated humidity, and passaged when ~85% confluence was 
reached.

Cell transfection. LNCap, PC3 and DU145 cells were 
digested, counted, inoculated into 6‑well plates at a density 
of 2.5x105 cells/well and incubated at 37˚C with 5% CO2 and 
saturated humidity until 80‑90% confluence was reached. 
Next, the cells were transfected with small interfering RNA 
(siRNA) using Lipofectamine® 2000 transfection reagent. 
siRNAs were synthesized by Invitrogen (Thermo Fisher 
Scientific, Inc.); siRNA2 was synthesized to knock down 
hepcidin expression and siRNA1 was injected as the nega-
tive control. The sequences of the siRNA were as follows: 
SiRNA2 sense, 5'‑UGG​UAU​UUC​CUA​GGG​UAC​AdT​dT‑3' 
and antisense, 5'‑UGU​ACC​CUA​GGA​AAU​ACU​AdT​dT‑3'; 
siRNA1 sense, 5'‑CUU​ACG​CUG​AGU​ACU​UCG​AdT​d T‑3' and 
antisense, 5'‑UCG​AAG​UAC​UCA​GCG​UAA​GdT​dT‑3', with a 
final siRNA concentration of 20 µl transfected. The culture 
medium was replaced with complete medium following 
incubation of the transfected cells for 4 h, and prostate cancer 
cell lines in which hepcidin gene was silenced were obtained 
through screening and passage. After 48  h, protein was 
extracted for western blot analysis.

Western blot analysis. Cells were lysed using radioim-
munoprecipitation assay buffer [50 mM (pH 7.5) Tris‑HCl, 
150 mM NaCl, 1% NP‑40, 0.5% sodium deoxycholate, 0.1% 
SDS], ultrasonicated and centrifuged at 12,000 x g and 4˚C for 
10 min. Protein concentration was determined with the bicin-
choninic acid assay. Each sample (50 µg/lane) was resolved 
by 10% SDS‑PAGE, followed by transfer onto a nitrocel-
lulose membrane. Next, the membrane was blocked with 5% 
skimmed milk at room temperature for 1 h. Membranes were 
incubated with hepcidin‑25 (1:500; Abcam, Cambridge, MA, 

USA) and β‑actin (1:5,000; Sigma‑Aldrich; Merck KGaA) 
primary antibodies overnight at 4˚C, followed by horseradish 
peroxidase‑conjugated goat anti‑rabbit IgG secondary anti-
body (1:1,000; Origene Technologies, Inc., Beijing, China) at 
37˚C for 1 h. Membranes were scanned following development 
with an enhanced chemiluminescence substrate kit (Shanghai 
Yeasen Biotechnology Co., Ltd., Shanghai, China). The relative 
expression of protein was analyzed by densitometry analysis 
using Quanity‑One 1‑D analysis software (version 4.6.9; 
Bio‑Rad Laboratories, Inc., Hercules, CA, USA) following 
internal reference calibration.

Detection of intracellular iron levels by fluorescence assay. 
siRNA targeted at hepcidin (si‑hepcidin)‑transfected LNCap, 
PC3 and DU145 cells were digested with trypsin and collected 
following centrifugation at 12,000 x g and 4˚C for 10 min, 
with the concentrations adjusted to 1x106/ml. Subsequently, 
the cells were divided into the hepcidin+ve (which contained 
and addition of 500 nM exogenous hepcidin; Newgen Biotech 
USA Inc., TX, USA) and hepcidin‑ve groups. Viable cells were 
fluorescently detected with Calcein‑AM (Shanghai Yeasen 
Biotechnology Co., Ltd.). Calcein‑AM was added to the cells 
and incubated at 37˚C for 5 min, washed with 20 mM HEPES 
buffer containing 1 mg/ml bovine serum albumin (Shanghai 
Yeasen Biotechnology Co., Ltd.) and resuspended with Hank's 
balanced salt solution buffer (Shanghai Yeasen Biotechnology 
Co., Ltd.). Fluorescence (X) was measured with a microplate 
reader. The iron chelator 2,2‑bipyridyl (100 mM; Shanghai 
Yeasen Biotechnology Co., Ltd.) was added to the cell suspen-
sion and incubated at 37˚C for 30 min to measure the resulting 
fluorescence (Y). The iron level in the cuvette was the differ-
ence between the two fluorescence values (Y‑X).

Detection of cell proliferation by the MTT assay. 
si‑hepcidin‑transfected LNCap, PC3 and DU145 cells were 
digested and counted, with the concentrations adjusted 
to 1.5x105/ml. Next, the cells were divided into exog-
enous hepcidin‑treated (hepcidin+ve) and hepcidin‑knockdown 
(hepcidin‑ve) groups, inoculated into 6‑well plates, incubated 
for 24 h, digested, centrifuged and inoculated into 96‑well 
plates following adjustment of the final concentrations to 
1x105 cells/ml (100 µl each well). MTT assay was performed 
on days 1, 2, 3 and 4 respectively. Briefly, 5 mg/ml MTT 
solution was added to the plates (20 µl/well) for 4 h. The super-
natant was subsequently discarded and DMSO (150 µl/well) 
was added to dissolve the purple formazan. Absorbance (A) 
value was measured at 460 nm with a microplate reader. The 
survival rate was calculated as follows:

Survival rate (%)=A460 of experimental group/A460 of 
control group x 100.

Detection of in vitro cell migration by the scratch method. 
si‑hepcidin‑transfected LNCap, PC3 and DU145 cells were 
divided into the hepcidin+ve and hepcidin‑ve groups. Following 
incubation for 24 h, the cells were digested with trypsin, 
pipetted and dispersed into single‑cell suspensions, with 
the densities adjusted to 4x105 cells/ml. The cells were then 
seeded into 6‑well plates (2 ml each well). When cells reached 
80‑90% confluence, a straight line was scratched uniformly 
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on the 6‑well plate with a 10‑µl pipette tip. Afterwards, the 
detached cells were washed off with PBS and cultured in a 
medium (Minimum Essential Media) containing 1% FBS. 
Images of the fixed scratch sites were captured using a light 
microscope (magnification, x200) at 0 and 24 h to record the 
cell confluence. The experiment was repeated three times.

Detection of cell apoptosis. si‑hepcidin‑transfected and 
LNCap, PC3 and DU145 cells were digested, counted, seeded 
into 6‑well plates (1.5x105/ml) and divided into the hepcidin+ve 
and hepcidin‑ve groups. Following culture for 48 h at 37˚C, 
the culture medium was discarded, and the cells were washed 
with and resuspended in PBS following trypsin digestion. 
According to the protocol of the Annexin  V‑fluorescein 
isothiocyanate/propidium iodide (FITC/PI) apoptosis 
detection kit (Shanghai Qianchen Biotechnology Co., Ltd., 
Shanghai, China), 500 µl binding buffer was added to each 
tube to suspend the cells. Subsequently, the cells were mixed 
with 5  µl Annexin  V‑FITC and 5  µl PI and incubated at 
room temperature in the dark for 15 min prior to detection 
of apoptosis with the BD FACSAria II flow cytometer (BD 
Biosciences, Franklin Lakes, NJ, USA).

Statistical analysis. All experiments were performed in 
triplicate. All data were analyzed by SPSS 22.0 (IBM Corp., 
Armonk, NY, USA) and expressed as the mean ± standard 
deviation. Two groups were compared using Student's t‑test, 
and multiple comparisons were conducted by one‑way analysis 
of variance (ANOVA). In the case of homogeneity of variance, 
overall comparisons were performed with using ANOVA and 
multiple comparisons were conducted using the Bonferroni 
method. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Hepcidin gene‑silenced prostate cancer cell lines are 
constructed. Western blot analysis revealed that the prostate 
cancer cell lines transfected with si‑hepcidin had weak protein 
bands, whereas the untransfected cells had strong bands 
(Fig. 1A). Therefore, hepcidin gene‑silenced prostate cancer 
cell lines were successfully established.

Hepcidin expression in prostate cancer cells exceeds that in 
normal prostate cells. Hepcidin expression in prostate cancer 
LNCap, PC3 and DU145 cells and that in the normal prostate 
cells RWPE‑1 after 48 h of culture as detected by western blot 
analysis. The relative hepcidin protein expression in LNCap, 
PC3, DU145 and RWPE‑1 cells (relative to β‑actin) was 
1.51±0.12, 1.33±0.11, 1.46±0.15 and 0.39±0.03, respectively 
(Fig. 1B), indicating that the expression in prostate cancer 
cells was significantly higher than that in normal prostate 
cells (P<0.05). However, the expression levels of hepcidin 
in different prostate cancer cell lines were not significantly 
different (P>0.05).

Addition of exogenous hepcidin following gene silencing 
increases the intracellular iron levels. The fluorescence 
assay revealed that the relative fluorescence intensity in 
si‑hepcidin‑transfected LNCap, PC3 and DU145 cells was 

Figure 1. Construction of hepcidin‑silenced prostate cancer cells and detec-
tion of hepcidin expression. (A) Western blotting results for untransfected 
and transfected prostate cancer cells. Transfected prostate cancer cells had 
weak protein bands but untransfected ones had strong bands. (B) Hepcidin 
protein expression detected by western blotting. Hepcidin expression in pros-
tate cancer cells was significantly higher than that in normal prostate cells, 
but different prostate cancer cells had similar expression levels. **P<0.01 
compared with the normal prostate cells. si, cell lines transfected with small 
interfering RNAs targeting hepcidin.

Figure 2. Relative intracellular iron levels as determined by fluorescence 
intensity. Fluorescence intensity in the hepcidin+ve groups was significantly 
increased. (A) Fluorescence assay images and (B) data analysis results. 
**P<0.01 compared with the hepcidin+ve groups. Hepcidin+ve, cells treated 
with exogenous hepcidin.
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0.12±0.05, 0.13±0.06 and 0.11±0.04, respectively. Following 
the addition of exogenous hepcidin (500 nM), these values 
increased 0.38±0.08, 0.42±0.07 and 0.47±0.08, respectively 
(Fig. 2). This result indicated that the relative intracellular 
iron level significantly increased following the addition of 
hepcidin, indicating that hepcidin promoted intracellular 
iron transfer.

Addition of exogenous hepcidin following gene silencing 
accelerates cell proliferation. As detected by the MTT assay, 
the proliferation capacities of the si‑hepcidin‑transfected 
LNCap, PC3 and DU145 cells, which were similar to those 
of the hepcidin‑ve groups on day 1 (P>0.05), significantly 
increased over time (P<0.05; Fig. 3). Thus, hepcidin facilitated 
the proliferation of prostate cancer cells.

Addition of exogenous hepcidin following gene silencing 
accelerates cell migration. The migration capacities of 
si‑hepcidin‑transfected LNCap, PC3 and DU145 cells prior to 
and 24 h after culture with exogenous hepcidin (500 nM) were 
determined by the scratch method. In the hepcidin+ve groups, 
the number of cells at the scratch sites was higher than that 
of the hepcidin‑ve groups, indicating higher migration rates. 
In the meantime, the distance between the boundaries of the 
scratch sites was markedly reduced (Fig. 4). Accordingly, the 
presence of hepcidin was conducive to the increased migration 
of prostate cancer cells.

Addition of exogenous hepcidin following gene silencing 
decelerates cell apoptosis. Flow cytometry revealed that 
after 48 h of culture with exogenous hepcidin, the average 
apoptotic rates of si‑hepcidin‑treated LNCap, PC3 and DU145 
cells in the hepcidin+ve groups were 2.1±0.3, 1.8±0.3 and 
1.3±0.2%, respectively, while those of the hepcidin‑ve groups 
were 10.1±0.8, 10.9±0.4 and 9.2±0.4% (Fig. 5). Markedly, the 
apoptotic rates of the hepcidin+ve groups were significantly 

lower than those of hepcidin‑ve groups, revealing that hepcidin 
inhibited the apoptosis of prostate cancer cells.

Addition of exogenous hepcidin following gene silencing 
decreased ferroportin protein expression. The ferroportin 
expression in the hepcidin‑ve cells prior to and following 
addition of exogenous hepcidin were detected by western 
blot analysis (Fig. 6). The expression of ferroportin in the 
hepcidin‑ve groups was significantly higher than that in the 
hepcidin+ve groups (P<0.05), indicating that hepcidin regulated 
the decrease of ferroportin expression.

Discussion

As a regulator of iron metabolism, hepcidin predominantly 
affects the growth of tumor cells following in vivo altera-
tions (18). The onset of many types of tumors is accompanied 
by an increase in iron consumption; therefore reducing 

Figure 3. Viability rates of (A) LNCap, (B) PC3 and (C) DU145 cells detected using an MTT assay. The proliferation capacities of the hepcidin+ve groups, which 
were similar to those of the hepcidin‑ve groups on the first day, became significantly higher with extended time. *P<0.05. **P<0.01 compared with the hepcidin+ve 
groups. Hepcidin+ve, cells treated with exogenous hepcidin; hepcidin‑ve, hepcidin‑silenced cells. 

Figure 4. Cell migration. In the hepcidin+ve groups, the numbers of cells at 
the scratch sites increased more than those of the hepcidin‑ve groups. The gap 
between the cells was markedly reduced in (A) hepcidin+ve cells after incuba-
tion for 24 h compared with (B) hepcidin‑ve cells. Hepcidin+ve, cells treated 
with exogenous hepcidin; hepcidin‑ve, hepcidin‑silenced cells.
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iron metabolism is often an aim of antitumor studies. 
Nicolas et al (19) reported that mice deficient in hepcidin 

mRNA expression had high levels of iron in tissues, veri-
fying that hepcidin was a signaling molecule involved in 
iron transport. In mice deficient in the ceruloplasmin gene, 
hepcidin expression was positively associated with serum 
transferrin saturation, but negatively associated with iron 
levels in liver tissues  (20). Upon high iron levels, more 
hepcidin is secreted by the liver, which then enters the blood-
stream and decreases iron absorption in the duodenum and 
free iron release in monocytes/macrophages (21). Therefore, 
hepcidin serves a central role in iron metabolism regulation, 
storage and cycling, a process for which ferroportin is the 
main receptor (22,23).

The present study assessed the roles of hepcidin and iron 
metabolism in the onset of prostate cancer. Hepcidin was 
highly expressed in prostate cancer cells compared with 
normal prostate epithelial cells. LNCap, PC3 and DU145 cells 
in which hepcidin gene expression was silenced were estab-
lished. Provided that the hepcidin+ve groups had significantly 
elevated iron levels, hepcidin promoted intracellular iron 
transfer by regulating ferroportin. After 48 h of culture with 
hepcidin, the proliferative capacity of the hepcidin+ve group 
became significantly different from that of the hepcidin‑ve 
group, with exogenous hepcidin facilitating the proliferation 
and growth of tumor cells. Malignant tumors are typified by 

Figure 5. Cell apoptosis detected by flow cytometry. The apoptotic rates of the hepcidin+ve groups were significantly lower than those of the hepcidin‑ve groups. 
(A) Si‑hepcidin LNCap; (B) Si‑hepcidin PC3 and (C) Si‑hepcidin DU145 cells. **P<0.01 compared with the hepcidin+ve groups. Hepcidin+ve, cells treated with 
exogenous hepcidin; hepcidin‑ve, hepcidin‑silenced cells.

Figure 6. Ferroportin protein expression detected by western blotting. The 
expression of ferroportin in the hepcidin‑ve groups were significantly higher 
than those of the hepcidin+ve groups. **P<0.01 compared with the hepcidin+ve 
groups. Hepcidin+ve, cells treated with exogenous hepcidin; hepcidin‑ve, 
hepcidin‑silenced cells.
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invasion and metastasis. In the wound‑healing assay, since 
significantly more cells in the hepcidin+ve groups migrated into 
the scratch sites than the hepcidin‑ve groups did, the migra-
tion of prostate cancer cells was boosted by the addition of 
exogenous hepcidin. Additionally, the hepcidin+ve groups had 
significantly lower apoptotic rates than those of the hepcidin‑ve 
groups, indicating that hepcidin facilitated resistance to apop-
tosis in prostate cancer cells, and interfering with hepcidin 
expression exerted the opposite effect. Significantly lower 
levels ferroportin was expressed in the hepcidin+ve groups than 
in hepcidin‑ groups, with significantly higher intracellular iron 
levels.

In summary, exogenous hepcidin treatment led to a 
decrease in ferroportin expression, increasing the intracel-
lular iron level and enhancing the proliferation and migration 
of prostate cancer cells while decreasing levels of apoptosis, 
thereby affecting cancer progression. Therefore, the use of 
hepcidin as a novel molecular therapy target may aid the 
advance of prostate cancer treatment.
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