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Abstract. Ferroptosis is a form of regulatory cell death that 
relies on iron and reactive oxygen species (ROS) to inhibit 
tumors. The present study aimed to investigate whether 
icariin‑curcumol could be a novel ferroptosis inducer in tumor 
inhibition. Various concentrations of icariin‑curcumol were 
used to stimulate prostate cell lines (RWPE‑2, PC‑3, VCAP 
and DU145). Small interfering negative control (si‑NC) and 
si‑nuclear factor erythroid 2‑related factor 2 (Nrf2) were 
used to transfect DU145 cells. Cell viability was determined 
by using cell counting kit‑8. Ferroptosis‑related factor levels 
were analyzed using western blotting and reverse transcrip‑
tion‑quantitative PCR. Enzyme‑linked immunosorbent assays 
were used to assess the ferrous (Fe2+), glutathione and malond‑
ialdehyde (MDA) content. The ROS fluorescence intensity was 
assessed using flow cytometry. DU145 cells were most sensi‑
tive to icariin‑curcumol concentration. The Fe2+ content, ROS 
fluorescence intensity and MDA level gradually increased, 
while solute carrier family 7 member 11 (SLC7A11) level, 
glutathione peroxidase 4 (GPX4) level, GSH content, Nrf2 and 
heme oxygenase‑1 (HO‑1) decreased with icariin‑curcumol in 
a dose‑dependent manner. After si‑Nrf2 was transfected, the 
cell proliferation ability, SLC7A11 and GPX4 levels declined 
compared with the si‑NC group. In contrast to the control 
group, the icariin + curcumol group showed reductions in 
Nrf2 and HO‑1 levels, cell proliferation, SLC7A11 and GPX4 
levels, with an increase in Fe2+ content and ROS fluorescence 

intensity. Overexpression of Nrf2 reversed the regulation 
observed in the icariin + curcumol group. Icariin‑curcumol 
induced ferroptosis in PCa cells, mechanistically by inhibiting 
the Nrf2/HO‑1 signaling pathway. Icariin‑curcumol could 
be used as a new type of ferroptosis inducer to treat PCa 
effectively.

Introduction

Prostate cancer (PCa) is a frequently occurring malignancy of 
the male genitourinary system (1). Cancerous cells manifest 
an elevated requirement for iron in comparison to ordinary 
non‑cancerous cells in order to stimulate proliferation (2). This 
reliance on iron renders cancerous cells more susceptible to 
iron‑catalyzed necrosis, commonly termed ferroptosis (3). This 
suggests the promise of targeting ferroptosis as a therapeutic 
intervention. Ferroptosis has been implicated in several human 
diseases, including PCa (4). Increasing evidence indicates that 
ferroptosis inhibits tumor growth (5) and the employment of 
ferroptosis inducers or targeting ferroptosis‑related genes may 
represent promising strategies for treating castration‑resistant 
PCa (CRPC) (6). Traditional Chinese medicine has multiple 
targets and can regulate various signaling pathways, including 
ADAMTS18 (7), reactive oxygen species (ROS) (8), nuclear 
factor erythroid 2‑related factor 2 (Nrf2) (9) and glutathione 
peroxidase 4 (GPX4)  (10), thereby modulating ferroptosis. 
Therefore, the use of Chinese medicine to induce ferroptosis 
in PCa cells may represent a promising avenue for future 
investigation.

A study has shown a correlation between the Nrf2 signaling 
pathway and the mechanisms underpinning ferroptosis (11). 
Nrf2 signaling is involved in ferroptosis through the regulation 
of glutathione (GSH) homeostasis, mitochondrial function and 
lipid metabolism (6,12). The p62‑Kelch‑like ECH‑associated 
protein 1 (Keap1)‑Nrf2 axis mainly governs the transcrip‑
tion of downstream genes associated with the metabolism of 
iron and ROS metabolism, thus regulating the occurrence of 
ferroptosis (13‑15). Suppression of heme oxygenase‑1 (HO‑1) in 
hormone‑refractory PCa cells reduces intracellular ROS levels 
and inhibits a variety of carcinogenic properties (16). Further 
investigation is required to fully understand the regulation of 
prostate cancer cells by the Nrf2/HO‑1 signaling pathway, 
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despite indications that suggest ferroptosis inducers may 
promote ferroptosis in cancer cells through said pathway (17,18).

Icariin  (19) and curcumol are both extracted from 
traditional Chinese herbs, which are widely available and 
cost‑effective. The former is the primary active compo‑
nent of Epimedium (20), and is used in traditional Chinese 
medicine (21). The latter, a sesquiterpene found in Curcuma 
zedoaria, exhibits neuroprotective, anti‑inf lammatory 
and anti‑tumor properties  (22). Curcumol modulates the 
PDK1/AKT/mTOR signaling pathway via miR‑9, influencing 
the onset of PCa (23). It can act in tandem with a number of 
synthetic drugs as an antibiotic or anti‑cancer agent (24). The 
present authors' initial study indicated that curcumol effec‑
tively inhibits the proliferation, invasion and migration of PC3 
and 22RV1 cells, mitigating the progression of PCa via the 
miR‑125a/STAT3 axis (25). Icariin and curcumol act syner‑
gistically to modulate the miR‑7/mTOR/SREBP1 pathway, 
inducing autophagy in PCa cells and affecting lipid metabo‑
lism (26). Our latest experiments suggested that icariin and 
curcumol increase Fe2+ and malondialdehyde (MDA) contents 
while decreasing GSH levels, whereas treatment with Fer‑1, 
an iron death inhibitor, reversed these indexes (26). However, 
it remains to be seen whether icariin‑curcumol interferes with 
PCa progression by promoting ferroptosis of PCa cells.

Although ferroptosis has gradually become a research 
hotspot in the field of cancer, the mechanism through which 
traditional Chinese medicine regulates the ferroptosis of PCa 
cells remains to be explored. The present study hypothesized 
that icariin and curcumol regulate the ferroptosis of CRPC 
cells through the Nrf2/HO‑1 signaling axis, ultimately 
disrupting the progression of CRPC.

Materials and methods

Cell culture and screening. Human prostate normal 
cells RWPE‑2 (cat.  no.  AW‑CNH470; Abiowell) and 
human PCa cells PC‑3 (cat.  no.  AW‑CCH111; Abiowell), 
VCAP (cat.   no.   AW‑CCH367; Abiowel l),  DU145 
(cat. no. AW‑CCH043; Abiowell) were cultured in a special 
medium with 10% fetal bovine serum (FBS; cat. no. 10099141; 
Thermo Fisher Scientific, Inc.) and 1% penicillin‑streptomycin 
(cat.  no.  SV30010; Cytiva). These cells were cultured in 
an incubator (cat.  no.  DH‑160I; SANTN Instrument Co., 
Ltd.) with saturated humidity at 37˚C and 5% CO2. Icariin 
(cat. no. N1705; APeXBIO Technology LLC) and curcumol 
(cat. no. N1743, APeXBIO Technology LLC) were dissolved 
in the solvent (PEG400:ethanol:normal saline volume ratio 
of 57.1:14.3:28.6) and the drug concentrations were 30 µg/ml 
and 50 µg/ml (27), respectively. Logarithmically grown cells 
were treated with icariin and curcumol at different concentra‑
tions and the cells were categorized into four distinct factions: 
Control, 10 mM [4.4 ml (30 µg) icariin and 21 µl (50 µg) 
curcumol], 20 mM [2.2 ml (30 µg) icariin and 10.5 µl (50 µg) 
curcumol] and 40 mM [1.1 ml (30 µg) icariin and 5.25 µl 
(50 µg) curcumol]. These cells were cultivated in the presence 
of icariin‑curcumol at concentrations ranging from 0‑40 mM 
for intervals of 0, 24 and 48 h.

Cell grouping and treatment. The DU145 cells were selected 
and treated with 0 mM, 10, 20 and 40 mM icariin‑curcumol 

for 24 h for subsequent studies. Then, the DU145 cells were 
further divided into three groups: Control, small interfering 
negative control (si‑NC; 5'‑TTC​TCC​GAA​CGT​GTC​ACG​
T‑3') and si‑Nrf2 (5'‑GTA​TGT​CAA​TCA​AAT​CCA​T‑3'). In 
the control group, DU145 was cultured in DMEM medium in 
a 37˚C with 5% CO2 content and proper ventilation to keep 
the intracellular environment moist. Lipofectamine 2000 
(cat. no. 11668019, Thermo Fisher Scientific, Inc.) was used for 
transfecting experiments. Cells in the si‑NC group were trans‑
fected with 5 µl of 100 nM si‑NC and cultured at 37˚C for 48 h 
according to the manufacturer's protocols of Lipofectamine 
2000, while the control group was added a reagent of the same 
volume without siRNA. Similarly, cells in the si‑Nrf2 group 
were transfected with the si‑Nrf2 and cultured at 37˚C for 
48 h. Follow‑up experiments were performed after 48 h.

Then, DU145 cells were divided into four groups: Control, 
icariin  +  curcumol, icariin  +  curcumol + overexpression 
(oe)‑NC and icariin + curcumol + oe‑Nrf2. In the control 
group, DU145 was cultured in DMEM medium in a 37˚C 
incubator with 5% CO2 content and proper ventilation to keep 
the intracellular environment moist. In the icariin + curcumol 
group, DU145 cells were treated with 40 mM icariin‑curcumol 
for 24 h at 37˚C, while the control group received solvent of 
the same volume without icariin and curcumol. In the icariin 
+ curcumol +oe‑NC and icariin + curcumol+oe‑Nrf2 groups, 
before being treated with 40 mM icariin‑curcumol for 24 h 
at 37˚C, the DU145 cells were transfected with the NC plasmid 
and Nrf2 overexpression plasmid at 37˚C for 48 h, respectively. 
Plasmid transfection was performed by mixing the plasmid 
with Lipofectamine 2000 Reagent to form a transfection 
complex. The transfection complex was incubated on DU145 
cells at 37˚C for 6 h. Subsequently, it was transferred to the 
culture medium and continued to be incubated at 37˚C for 48 h. 
The control and icariin + curcumol were added transfection 
reagents of the same volume without plasmids. The siRNAs 
and plasmids were obtained from Abiowell. Following treat‑
ment, the cells were collected for other detection after 48 h.

Cell Counting Kit‑8 (CCK‑8). The cells were seeded into 
96‑well plates at a density of 5x103 cells/well according to the 
instructions for CCK‑8 (cat. no. AWC0114a; Abiowell). CCK8 
solution with the complete medium configuration was added 
to each well and the cells were incubated for 4 h at 37˚C with 
5% CO2. The OD values at 450 nm were then analyzed with a 
multipurpose microplate analyzer (cat. no. MB‑530; HEALES, 
China).

Reverse transcription‑quantitative (RT‑q) PCR. 1x103 cells 
were collected with 1 ml of TRIzol reagent (cat. no. 15596‑026; 
Thermo Fisher Scientific, Inc.) per group, following the manu‑
facturer's instructions. The mRNA was subsequently reverse 
transcribed into cDNA, using the mRNA reverse transcription 
kit (cat. no. CW2569; CWBio) according to the manufac‑
turer's instructions. qPCR was performed in a fluorescence 
quantitative RCP instrument (QuantStudio1, Thermo, USA). 
The reaction conditions were denaturation at 95˚C for 10 min, 
then a total of 40 cycles, including denaturation at 94˚C for 
15 s, annealing and extension at 60˚C for 30 s. The primers 
were designed using Primer Premier 5 software (Premier 
Biosoft, USA) and are in Table I. For normalization purposes, 
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β‑actin was utilized as a reference gene. The experiments were 
performed using a fluorescence quantitative PCR apparatus 
(cat. no. PIKOREAL96; Thermo Fisher Scientific, Inc.). The 
2‑△△Ct method) was used to calculate the relative transcription 
level of the target gene (28). The experiment was repeated 
three times.

Western blotting. Total protein was extracted from cells 
in each group using the RIPA lysate (cat.  no.  AWB0136; 
Abiowell), following the guidelines provided by the manufac‑
turer. A BCA concentration assay kit (ab102536; Abcam) was 
employed to quantify protein concentrations. Prepared protein 
samples were added to the loading buffer with a volume of 
200 µl of protein per lane. Electrophoresis was performed with 
10% gel to segregate proteins which were further transferred 
to nitrocellulose membranes. The membranes were blocked 
in a blocking buffer containing 5% skimmed milk at 25˚C for 
1 h. Membrane were incubated overnight at 4˚C with primary 
antibodies p53 (cat. no. 10442‑1‑AP; Proteintech Group, Inc.), 
solute carrier family 7 member 11 (SLC7A11; cat. no. ab175186; 
Abcam), GPX4 (23KDa, 67763‑1‑Ig; Proteintech Group, Inc.), 
Nrf2 (110KDa, cat.  no.  16396‑1‑AP; Proteintech Group, 
Inc.), HO‑1 (33KDa, cat. no. 10701‑1‑AP; Proteintech Group, 
Inc.) and β‑actin (42KDa, cat. no. 66009‑1‑Ig; Proteintech 
Group, Inc.). The membranes were then incubated with 
the diluted secondary antibodies HRP goat anti‑mouse 
IgG (cat.  no.  SA00001‑1; Proteintech Group, Inc.) and 
HRP goat anti‑rabbit IgG (cat. no. SA00001‑2; Proteintech 
Group, Inc.) in 0.05% PBST (PBS with 0.05% Tween 20) 
for 90 min at room temperature. Following incubation, the 
membranes were treated with ECL chemiluminescence solu‑
tion (cat. no. AWB0005; Abiowell) for 1 min. Finally, the 
membranes were analyzed in a chemiluminescence imaging 
system (Chemiscope6100; Clinx Science Instruments Co., 
Ltd.). β‑actin was used as an internal reference protein. The 
optical density values of the protein bands were determined 
using ImageJ software (Version 1.48v, NIH, USA).

The detection of Fe2+, GSH and MDA content. The evalu‑
ation of intracellular Fe2+ level, GSH and MDA content 
was performed using the iron colorimetric assay kit 
(cat.  no. E‑BC‑K881‑M; Elabscience Biotechnology, Inc.), 
GSH (cat. no. A006‑2‑1, Nanjing Jiancheng Bioengineering 
Institute) and MDA (cat.  no.  A003‑1, Nanjing Jiancheng 
Bioengineering Institute) detection kits were used following 
the instructions provided by the manufacturer. The membranes 
were immersed in Superecl plus (k‑12045‑d50, advansta, 

USA) for luminescence development. β‑actin was used as the 
internal reference.

Flow cytometry. Levels of ROS within cells were assessed 
using a ROS kit (cat.  no.  S0033S; Beyotime Institute of 
Biotechnology). First, cells were digested to obtain a cell 
suspension. Then, the cell suspension was incubated in a 
medium without serum, ultimately reaching a concentration 
of 40 mM for 20 min at 37˚C. The staining lasted for 1 h 
at 15˚C. A flow cytometer (CytoFLEX A00‑1‑1102; Beckman 
Coulter, Inc.) and its corresponding software CytExpert 
(Version 2.4; Beckman Coulter, Inc.) were used to detect the 
ROS fluorescence intensity.

Statistical analysis. All measurement data were expressed 
as mean  ±  standard deviation. Each test was repeated 
independently three times. All data were analyzed by using 
SPSS 26.0 software (IBM Corp.). Kolmogorov‑Smirnov 
test and exploratory descriptive statistics test were used to 
analyze whether the data conformed to a normal distribu‑
tion and homogeneity of variance. The measurement data 
obeyed the normal distribution and homogeneity of vari‑
ance. One‑way ANOVA and Tukey's post‑hoc test were used 
to compare data. Dunnett's test was used for comparison 
of multiple time points and Bonferroni was used for post 
hoc test. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Selection of prostate cells and icariin‑curcumol concentra‑
tion. Human PCa cell lines (PC‑3, VCAP, DU145) and a 
human normal prostate cell line (RWPE‑2) were selected as 
subjects. Icariin‑curcumol concentrations were set at 0, 10, 
20 and 40 mM. With the increase of icariin‑curcumol concen‑
tration, proliferation of RWPE‑2 cells showed no significant 
change (Fig. 1A), while that of PC‑3 cells (Fig. 1B), VCAP 
cells (Fig.  1C) and DU145 cells (Fig.  1D) was noticeably 
decreased. According to IC50 data, DU145 cells (62.27) were 
the most sensitive to icariin‑curcumol concentration compared 
with PC‑3 (92.06) and VCAP (82.26; Fig. 1). The findings 
revealed that icariin‑curcumol decreased the proliferation of 
PCa cells, although it exerted no effect on the normal prostate 
cells. Finally, it was found that Nrf2 and HO‑1 protein levels 
were highest in DU145 cells compared with other cell lines 
RWPE‑2, PC‑3 and VCAP (Fig. 1E). Therefore, DU145 cells 
were chosen for subsequent studies.

Table I. Sequences of the primers.

Gene name	 Forward (5'‑3')	 Reverse (5'‑3')

p53	 ACATTCTCCACTTCTTGTTCCCC	 CTCCCCACAACAAAACACCAGT
SLC7A11	 CTCCAGGTTATTCTATGTTGCGTCT	 CAAAGGGTGCAAAACAATAACAGC
GPX4	 CGCCTTTGCCGCCTACTGAAGC	 AACCATGTGCCCGTCGATGTCC
Nrf2	 CAACTACTCCCAGGTTGCCC	 AGTGACTGAAACGTAGCCGAA
HO‑1	 AAACTTCAGAGGGGGCGAAG	 GACAGCTGCCACATTAGGGT
β‑actin	 ACCCTGAAGTACCCCATCGAG	 AGCACAGCCTGGATAGCAAC
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Icariin‑curcumol promoted ferroptosis in DU145 cells. 
Next, DU145 cells were stimulated with different concen‑
trations of icariin‑curcumol to elucidate the effect of 
icariin‑curcumol on the ferroptosis process in PCa cells. 
With the increase of icariin‑curcumol concentration, the p53 
level was gradually increased, while the protein and mRNA 
levels of SLC7A11 and GPX4 were gradually decreased 
(Fig.  2A  and  B). With the increase of icariin‑curcumol 
concentration, Fe2+ content (Fig. 2C) and ROS fluorescence 
intensity (Fig. 2D and E) were gradually increased. Notably, 
GSH content was decreased gradually with the increase of 
icariin‑curcumol concentration (Fig. 2F). In addition, the 
MDA level was also increased gradually with the increase of 
icariin‑curcumol concentration (Fig. 2F). With the increase 
of icariin‑curcumol concentration, the protein levels and 

mRNA levels of Nrf2 and HO‑1 gradually decreased 
(Fig.  2H). These results indicated that icariin‑curcumol 
promoted ferroptosis in PCa cells.

Silencing of Nrf2/HO‑1 signaling axis promoted ferroptosis in 
DU145 cells. The present study continued to use DU145 cells 
as research objects to explore the function of the Nrf2/HO‑1 
signaling axis on the ferroptosis of PCa cells. The protein and 
mRNA levels of Nrf2 and HO‑1 in the si‑Nrf2 group were mark‑
edly lower than the si‑NC group (Fig. 3A and B). Moreover, 
DU145 cell proliferation ability was signally lower in the 
si‑Nrf2 group than in the si‑NC group (Fig. 3C). Furthermore, 
in contrast to the si‑NC group, the proteins and mRNA levels 
of SLC7A11 and GPX4 in the si‑Nrf2 group notably declined, 
while the p53 level was markedly enhanced (Fig. 3D and E). 

Figure 1. Screening of prostate cells and icariin‑curcumol concentrations. The proliferation of (A) RWPE‑2, (B) PC‑3, (C) VCAP and (D) DU145 cell prolifera‑
tion was detected using CCK8. (E) The Nrf2 and HO‑1 levels in cells were analyzed by using western blotting. #P<0.05 vs. control; n=3. Nrf2, nuclear factor 
erythroid 2‑related factor 2; HO‑1, heme oxygenase‑1.
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These results together suggested that Nrf2/HO‑1 signaling 
axis inhibited ferroptosis in PCa cells.

Icariin‑curcumol regulated ferroptosis of DU145 cells 
through Nrf2/HO‑1 signaling axis. The present study 
further investigated whether icariin‑curcumol regulated 
ferroptosis in PCa cells through the Nrf2/HO‑1 signaling 
axis. In contrast to the control group, the protein and mRNA 
levels of Nrf2 and HO‑1 in the icariin + curcumol group 
were markedly reduced. The protein and mRNA levels of 

Nrf2 and HO‑1 in the icariin + curcumol + oe‑Nrf2 group 
were markedly enhanced when compared with the icariin + 
curcumol + oe‑NC group (Fig. 4A and B). Cell proliferation 
ability was conspicuously reduced in the icariin + curcumol 
group in comparison to the control group. Following trans‑
fection with overexpression of Nrf2, the cell proliferation 
ability was signally enhanced in contrast to the icariin + 
curcumol + oe‑NC group (Fig. 4C). Furthermore, the protein 
and mRNA levels of SLC7A11 and GPX4 levels in the icariin 
+ curcumol group were clearly higher, while the p53 levels 

Figure 2. Icariin‑curcumol promotes ferroptosis in DU145 cells. (A) The p53, SLC7A11 and GPX4 (ferroptosis‑related proteins) levels were analyzed using a 
western blotting. (B) p53, SLC7A11 and GPX4 levels were detected using RT‑qPCR. (C) Intracellular Fe2+ levels were assessed with an iron colorimetric assay 
kit. (D) The fluorescence intensity of ROS. (E) Flow cytometry of intracellular ROS production. (F) A GSH detection kit was utilized to detect intracellular 
GSH content. (G) The MDA level was assessed using an MDA detection kit. (H) The Nrf2 and HO‑1 levels in cells were analyzed using RT‑qPCR and western 
blotting. #P<0.05 vs. control; n=3. SLC7A11, solute carrier family 7 member 11; GPX4, glutathione peroxidase 4; RT‑qPCR, reverse transcription‑quantitative 
PCR; ROS, reactive oxygen species; GSH, glutathione; MDA, malondialdehyde; Nrf2, nuclear factor erythroid 2‑related factor 2; HO‑1, heme oxygenase‑1.
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were markedly lower than the control group. The protein and 
mRNA levels of SLC7A11 and GPX4 levels in the icariin + 
curcumol + oe‑Nrf2 were evidently increased, while the p53 
levels were markedly decreased in comparison to the icariin 
+ curcumol + oe‑NC group (Fig. 4D and E). It was worth 
noting that Fe2+ content in the icariin + curcumol group was 
markedly increased in contrast to the control group. After 
overexpression of Nrf2 transfected, the Fe2+ content was 
markedly decreased in contrast to the icariin + curcumol + 
oe‑NC group (Fig. 4F). The mean fluorescence intensity of 
ROS in the icariin + curcumol group was markedly increased 
in comparison with the control group. After overexpression 
of Nrf2, ROS mean fluorescence intensity was markedly 
decreased compared with the icariin + curcumol + oe‑NC 
group (Fig. 4G). Notably, in contrast to the control group, 
GSH content in the icariin + curcumol group was decreased, 
while MDA content was notably increased. Overexpression 

of Nrf2 reversed the associated regulation induced by icariin 
+ curcumol. (Fig. 4H‑J). These results indicated that icar‑
iin‑curcumol regulates ferroptosis in prostate cancer cells 
through Nrf2/HO‑1 signaling axis.

Discussion

Currently, natural botanical extracts are considered a signifi‑
cant source of anti‑tumor medication. This is not only due 
to their diverse chemical structures and biological activities, 
but also because of their lower toxicity compared with drugs 
synthesized chemically (29). Therefore, identifying natural 
plant extracts and their functional mechanisms has become 
a major area of research (30). The present study highlighted 
the anti‑tumor effects of icariin‑curcumol on PCa cells. It 
found that icariin‑curcumol promoted ferroptosis in PCa cells 
through the Nrf2/HO‑1 signaling pathway.

Figure 3. Silencing of the Nrf2/HO‑1 signaling axis promotes ferroptosis in DU145 cells. (A) The Nrf2 and HO‑1 levels in DU145 cells were assessed using 
western blotting. (B) The Nrf2 and HO‑1 levels in DU145 cells were examined using RT‑qPCR. (C) The proliferation ability of DU145 cells was tested using 
CCK8. (D) The p53, SLC7A11 and GPX4 levels in DU145 cells were analyzed using RT‑qPCR. (E) The p53, SLC7A11 and GPX4 levels in DU145 cells 
were assessed using western blotting. n=3; one‑way ANOVA. #P<0.05 vs. si‑NC. Nrf2, nuclear factor erythroid 2‑related factor 2; HO‑1, heme oxygenase‑1; 
RT‑qPCR, reverse transcription‑quantitative PCR; SLC7A11, solute carrier family 7 member 11; GPX4, glutathione peroxidase 4; si small interfering; NC, 
negative control.
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Figure 4. Icariin‑curcumol promotes ferroptosis in DU145 cells through Nrf2/HO‑1 signaling axis. (A) The Nrf2 and HO‑1 levels in DU145 cells were analyzed 
using western blotting. (B) The Nrf2 and HO‑1 levels in DU145 cells were assessed using RT‑qPCR. (C) The proliferation ability of DU145 cells was examined 
using CCK8. (D) The p53, SLC7A11 and GPX4 levels in DU145 cells were tested using RT‑qPCR. (E) Western blotting was used to detect the p53, SLC7A11 
and GPX4 levels in DU145 cells. (F) Intracellular Fe2+ levels were assessed with an iron colorimetric assay kit. (G) The fluorescence intensity of ROS. (H) Flow 
cytometry of intracellular ROS production. (I) A GSH detection kit was used to detect intracellular GSH content. (J) The MDA level in DU145 cells was tested 
using an MDA detection kit. n=3. #P<0.05 vs. control; &P<0.05 vs. icariin + curcumol + oe‑NC. Nrf2, nuclear factor erythroid 2‑related factor 2; HO‑1, heme 
oxygenase‑1; SLC7A11, solute carrier family 7 member 11; GPX4, glutathione peroxidase 4; si small interfering; NC, negative control; oe, overexpression; 
GSH, glutathione; MDA, malondialdehyde.
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Icariin is extracted from Yinyanghuo (Epimedium brevicornu) 
and curcumol from Ezhu (Curcuma zedoaria), which are both 
traditional Chinese herbal medicines with wide geographic distri‑
bution and affordable prices (31,32). Studies have shown that both 
icariin and curcumol have therapeutic effects on PCa (23,33).

Icariin can promote ferroptosis of tumor cells by interfering 
with ferroptosis metabolism pathways  (26). Specifically, it 
can inhibit uptake of ferroptosis in tumor cells and disrupt 
the balance of ferroptosis storage and utilization, leading to 
ferroptosis overload in tumor cells. This ferroptosis overload 
can trigger excessive ROS production and induce apoptosis and 
ferroptosis in cells (34). Curcumol is widely used in anti‑tumor 
therapy (35,36). Study has shown that curcumol can induce 
ferroptosis death by interfering with ferroptosis metabolism path‑
ways in tumor cells (37). Specifically, curcumol can inhibit the 
endogenous production of ferroptosis in tumor cells and increase 
the concentration of free ferroptosis in the cytoplasm. These free 
ferroptosis can participate in the production of excessive ROS, 
thereby triggering autophagy and apoptosis in cells and inducing 
ferroptosis in tumor cells (38). Icariin and curcumol both have the 
ability to promote apoptosis in cells (27). Apoptosis is a normal, 
orderly and programmed cell death mechanism in the body. In 
the case of tumor cells, the process of apoptosis is inhibited, 
leading to tumor growth and spread (39). icariin and curcumol 
can inhibit tumor growth and spread by promoting apoptosis in 
PCa cells. They also have inhibitory effects on cell proliferation. 
One of the characteristics of tumor cells is abnormal cell prolif‑
eration, which leads to tumor growth and spread. icariin and 
curcumol can inhibit tumor growth by suppressing the prolifera‑
tion of tumor cells. Additionally, both icariin and curcumol have 
anti‑inflammatory effects (26). Inflammation is an important 
factor in the occurrence and development of tumors and by 
inhibiting the occurrence of inflammatory reactions, tumor 
growth and spread can be suppressed (27).

Icariin and curcumol both have pharmacological activities 
and by mixing them together, they may produce a syner‑
gistic effect, enhancing the therapeutic effect (27). Previous 
experiments have demonstrated that Icariin and curcumin 
synergistically regulate the miR‑7/mTOR/SREBP1 pathway, 
inducing autophagy and ferroptosis in PCa cells and affecting 
lipid metabolism (26). DU145 cells may have differences in 
the regulation of the Nrf2/HO‑1 signaling pathway compared 
with other PCa cells such as RWPE‑2, PC‑3 and VCAP. The 
Nrf2/HO‑1 pathway is an important cellular response mecha‑
nism to oxidative stress and its overactivation can lead to 
increased antioxidant and cell protective abilities (40). Nrf2 
is a transcription factor that regulates the antioxidant stress 
pathway in cells (41). HO‑1 is a target gene downstream of 
the Nrf2 pathway and has antioxidant and anti‑inflammatory 
effects (42). Nrf2/HO‑1 signaling pathway serves an important 
role in development and progression of PCa (1). PCa cell lines 
with high expression of Nrf2/HO‑1 may have lower sensitivity 
to chemotherapy drugs. This is because the high expression 
of Nrf2/HO‑1 can enhance the antioxidant stress capacity of 
cells and promote cell survival and drug resistance (43). On 
the other hand, some studies have found that inhibiting the 
Nrf2/HO‑1 pathway may increase the sensitivity of PCa cells 
to chemotherapy drugs (44,45). In the present study, the data 
results showed that icariin combined with curcumol effectively 
inhibited the proliferation of prostate cancer cells, particularly 

DU145, which was the most sensitive. Nrf2 and HO‑1 were 
expressed more highly in DU145 cells, compared with other 
prostate cancer cell lines. Icariin combined with curcumol 
effectively suppressed the expression of Nrf2 and HO‑1, 
thereby affecting the process of ferroptosis in DU145 cells.

Ferroptosis, a type of programmed cell death that depends on 
iron, is closely associated with the emergence and advancement 
of tumors (46). In particular, the mRNA molecule SLC7A11 is 
linked to ferroptosis (47). Researchers have demonstrated that 
regulating the SLC7A11/GSH/GPX4 axis induces ferroptosis in 
vascular smooth muscle cells (48). Lethal depletion of GSH and 
GPX4 caused by iron‑dependent ROS accumulation constitutes 
a crucial step in the initiation of ferroptosis within cancerous 
cells (49). The present study found, consistent with these find‑
ings, that icariin‑curcumol reduced the SLC7A11 and GPX4 
levels and GSH content. As intracellular iron and ROS accu‑
mulate (12), ferroptosis is triggered, playing a pivotal role in the 
development and progression of cancer (50). Cancer cells evade 
cell death by overexpressing SLC7A11. The specific process was 
as follows: SLC7A11 facilitates GSH production and decreases 
ROS‑mediated cellular stress by exchanging cysteine for intracel‑
lular glutamate (51). The present study also recorded a reduction 
in ROS‑mediated cellular stress as a result of icariin‑curcumol. 
These results indicated that icariin‑curcumol‑activated ingredi‑
ents regulated ferroptosis to inhibit PCa.

Targeting the Nrf2/HO‑1 axis has been introduced as a revo‑
lutionary cancer therapy (52). Nrf2 is a fundamental transcription 
factor that governs endogenous antioxidants, including HO‑1 (53). 
The HO‑1 gene is accountable for the balance maintenance 
within cells and assumes a critical part in controlling oxidative 
stress and the advancement and progression of PCa (54). The 
Keap1/Nrf2/ARE axis has been found to enhance the proliferation 
and inhibit apoptosis and invasion of PCa cells (55). Prior expo‑
sure to puerarin resulted in reduced protein expression levels of 
both Nrf2 and HO‑1 in DU145 and PC3 cells (56). As the present 
study demonstrated, Nrf2 and HO‑1 showed a gradual decrease 
with an increase in icariin‑curcumol concentration. The tumor 
suppressor protein p53 serves various roles while responding to 
different stress signals (57). Furthermore, it was found that the p53 
level, Fe2+ content and MDA level were increased proportionally 
with an increase in icariin‑curcumol concentration. The focus of 
the present study was on exploring the influence of the Nrf2/HO‑1 
signaling pathway on ferroptosis in PCa cells. It made a notable 
discovery that the inhibition of Nrf2 expression resulted in a signif‑
icant reduction in ferroptosis‑related protein levels. In conditions 
of stress, p53 exerts stringent control over cellular proliferation by 
facilitating apoptosis (58). The tumor‑inhibitory action of p53 has 
been traditionally linked to its capacity to elicit cell cycle arrest, 
senescence and apoptosis in cells (59). Upon comparing with the 
si‑NC group, inhibiting Nrf2 expression demonstrated a marked 
decrease of cancer cell replication capability and a significant 
increase in the p53 level. The results indicated that inhibiting 
the activation of the Nrf2/HO‑1 pathway instead activated the 
P53‑dependent ferroptosis pathway, leading to the accumulation of 
iron and ultimately leading to ferroptosis. It could be hypothesized 
that the Nrf2/HO‑1 signaling pathway regulated ferroptosis in 
PCa cells. However, whether the Nrf2/HO‑1 pathway regulates the 
ferroptosis mechanism in prostate cancer at the clinical level was 
not investigated and therefore future studies will collect clinical 
samples for more in‑depth studies.
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The present study unveiled a fresh potential mechanism 
through which icariin‑curcumol may induce ferroptosis in 
PCa cells, most likely by operating through the Nrf2/HO‑1 
signaling axis. Notably, ferroptosis can be stimulated in cancer 
cells by Tagitinin C, a sesquiterpene lactone obtained from 
Tithonia diversifolia, resulting in increased levels of ROS 
and MDA, paired with reduced GSH levels (60). The present 
study observed that icariin‑curcumol also led to ferroptosis 
in conjunction with depleted GSH levels, elevated oxidative 
stress and MDA expression. Moreover, this phenomenon was 
accompanied by a substantial reduction in the levels of Nrf2, 
HO‑1, SLC7A11 and GPX4 in addition to reducing cell prolif‑
eration ability and causing a marked increase in p53 level 
and Fe2+ content. Finally, overexpressing Nrf2 reversed the 
regulatory effects of icariin‑curcumol on the aforementioned 
factors.

To sum up, the present study demonstrated that icar‑
iin‑curcumol enhanced ferroptosis in PCa cells through 
modulation of the Nrf2/HO‑1 signaling pathway. Its findings 
offered potential targets for PCa therapy and novel treatment 
strategies for drug development.
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