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tosis, autophagy and epithelial mesenchymal transi-
tion. Glutathione-S-transferase π is an enzyme that 
plays an important role in drug resistance. DHA in-
hibited GSTπ protein expression and induced cyto-
protective autophagy by regulating the PI3K/AKT 
signalling pathway in PC3R cells. DHA combined 
with PI3K inhibitor (LY294002) enhanced apoptosis 
by alleviating the expression of LC3B, (pro-) cas-
pase-3 and (uncleaved) PARP. DHA induced ferrop-
tosis by attenuating the expression of glutathione 
peroxidase 4 (GPX4) and nuclear erythroid 2-related 
factor 2 (Nrf2). DHA-treated PC3R cells produced 
ROS. The ROS and cytotoxicity were reversed by 
treatment with ferrostatin-1. DHA combined with 
docetaxel inhibited EMT by regulating the expres-
sion of E-cadhein and N-cadherin. In summary, 
DHA reversed drug resistance and induced cytopro-
tective autophagy and ferroptosis by regulating the 
PI3K/AKT/Nrf2/GPX4 signalling pathway in PC3R 
cells. We propose that DHA could be developed as a 
chemosensitizer and that the PI3K/AKT /Nrf2/GPX4 
signalling pathway might be a promising therapeutic 
target for overcoming cancer drug resistance.

Introduction
The low intake of ω-3 and high intake of ω-6 essential 

fatty acids increase the incidence of cancer (Simopoulos, 
2002). Eicosapentaenoic acid (EPA) and docosahexae-
noic acid (DHA) are ω-3 polyunsaturated fatty acids 
(PUFA). EPA and DHA are found and rich in fish oil. 
The chemical structure of DHA is 22 carbons and six 
double bonds. Previous studies have shown that intake 
of supplementary ω-3 fatty acids can reduce risk of can-
cer and prevent chronic diseases such as cardiovascular 
disease (Jain et al., 2015; Shahidi and Ambigaipalan, 
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2018). DHA has anticancer effects in cancer cells with 
many pharmacological activities (Jing et al., 2013). In in 
vitro studies, DHA caused cancer cell death by inducing 
reactive oxygen species (ROS) production, inhibiting 
cyclooxygenase 2 (COX-2) expression and inflamma-
tion (Poorani et al., 2016; Du et al., 2019). Studies have 
also shown that DHA enhances activity of chemothera-
peutic agents (Shekari et al., 2020). A clinical study has 
demonstrated that DHA (1.8 g/day) combined with an-
thracycline-based chemotherapy improves the survival 
rate (Bougnoux et al., 2009). DHA has benefits and po-
tential as a chemosensitizer with low side effects.

Prostate cancer is a common solid malignancy in 
western countries (Wang et al., 2018a). Hormone depri-
vation therapy is effective in the treatment of prostate 
cancer; however, many patients progress to a castration-
resistant prostate cancer (CRPC) status (Mansinho et 
al., 2018). Docetaxel is a semi-synthetic taxane drug 
that specifically acts on the cell cycle and is used as the 
standard agent for CRPC treatment. It stabilizes micro-
tubules and results in apoptosis and cell cycle arrest in 
prostate cancer cells (Nehme et al., 2001). Nonetheless, 
docetaxel also causes serious side effects during the 
treatment. Moreover, hormone deprivation therapy of-
ten results in multidrug resistance in prostate cancer pa-
tients due to an increased cellular metabolism of the 
drugs that is often associated with over-expression of 
P-glycoprotein (P-gp) or glutathione-S-transferase, lead-
ing to prostate cancer cells’ resistance to apoptosis and 
autophagy (van Brussel et al., 1999; Curtin and Cotter, 
2004; Kranzbuhler et al., 2019).

Epithelial-mesenchymal transition (EMT) is a cel-
lular programme that plays an important role in in-
flammation, tissue remodelling and tumour metastasis 
(Dongre and Weinberg, 2019). EMT is a biological 
process causing that the phenotype of epithelial cell is 
transformed to mesenchymal cell. Transcription fac-
tors including Snail, Twist and Slug can increase the 
mesenchymal cell markers (N-cadherin and vimentin) 
but decrease the epithelial cell markers (E-cadherin) in 
drug-resistant cancer cells (Dongre and Weinberg, 2019). 
Recently, studies have also demonstrated that EMT is 
also involved in chemoresistance in multiple cancer 
cells by regulating the PI3K/AKT signalling pathway 
(Deng et al., 2019; Liu et al., 2019; Park et al., 2019; 
Vijay et al., 2019).

Autophagy is an intracellular process of degradation 
of damaged components in a lysosome-dependent path-
way. At present, autophagy is a new target for chemore-
sistant cancer therapy (Smith and Macleod, 2019). 
Autophagy and apoptosis are involved in cell death. 
Ferroptosis is also a form of cell death, but the mecha-
nism of action is different from apoptosis and autopha-
gic cell death. Ferroptosis involves intracellular iron ac-
cumulation and lipid peroxidation. ROS overproduction 
is related to apoptosis, ferroptosis and autophagy, play-
ing a role in activating or inhibiting signal transduction 
(Gao et al., 2020; Li et al., 2020). Inhibition of glutathi-
one peroxidase 4 (GPX4) results in ROS production and 

ferroptosis. Studies have shown that ferroptosis agonists 
can induce cancer cell death. Inhibition of nuclear ery-
throid 2-related factor 2 (Nrf2) and GPX4 can overcome 
the resistance in head and neck cancer (Shin et al., 
2018). Cancer stem cells (CSC) play an important role 
in chemotherapy resistance. Recently, it was shown that 
ferroptosis inducers could target CSC and overcome the 
drug resistance (Elgendy et al., 2020). Therefore, fer-
roptosis may be considered as a new strategy for over-
coming drug resistance.

Docetaxel-resistant cells showed multidrug resis-
tance, which involves several mechanisms including 
anti-apoptosis, decreased drug uptake, activation of de-
toxifying systems, and decreased ROS production. The 
strategy of overcoming the multidrug resistance lies in 
interfering in these mechanisms. Our previous study has 
shown that DHA can inhibit lipopolysaccharide-induced 
metastatic activities in prostate cancer by suppressing 
IL-6, IL-8, p-AKT, and COX-2 expression (Wu et al., 
2019). In the current study, the results confirmed that 
DHA had docetaxel resistance reversal effects, and reg-
ulated autophagy and ferroptosis in androgen receptor-
negative and drug refractory prostate cancer cells. Based 
on our current research, DHA may be used as an adju-
vant agent to enhance chemosensitivity and overcome 
the drug resistance in prostate cancer cells.

Material and Methods

Cell lines and reagents

DHA was purchased from Sigma-Aldrich (St. Louis, 
MO), docetaxel, LY294002, MK2203 from Beyotime 
Institute of Bio technology (Haimen, China), ferrostatin-1 
from Aladdin Company (Shanghai, China), and the hu-
man prostate cancer line (PC3) from Shanghai Fuheng 
Biotechnology Co., Ltd. (Shanghai, China). The cells 
were cultured in DMEM/Ham’s F12K medium with 
10 % foetal bovine serum (FBS) and 100 U/ml penicil-
lin + 100 µg/ml streptomycin and maintained at 37 °C in 
a humidified atmosphere with 5 % CO2. FBS and the 
medium were obtained from LONSERA, ShangHai 
ShuangRu Biotech Co., Ltd (Shanghai, China). 

Drug resistance prostate cell line
The drug-resistant prostate cancer cell line, PC3R, 

was established using a stepwise increase in the concen-
tration of docetaxel from 0.1 nM to 5 nM during PC3 
cells’ treatment. When the cells adapted to a concentra-
tion, the concentration was increased. The cells were 
maintained in 5 nM docetaxel to maintain the pheno-
type.

Cell viability assay
Cells were grown in 96-well plates (1000 cells/well) 

with 100 μl medium and 10 % FBS. When the cells be-
came 80% confluent, they were incubated with media 
containing various concentrations of DHA (1–150 μM), 
docetaxel (0.1–4 μM), LY294002 (10 μM), MK2206 
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(0.1 μM), and ferrostatin-1 (5 μM). The cells were co-
treated with DHA (150 μM) in the presence of LY294002 
(10 μM), MK2206 (0.1 μM), or ferrostatin-1 (5 μM). 
After 24 h or 48 h treatment, the cell viability was deter-
mined using the 3-[4,5-dimethylthiazol-2-yl]-2,5 diphe-
nyl tetrazolium bromide (MTT) assay (Beyotime Insti-
tute of Biotechnology). The absorbance was measured 
using a microplate reader (iMark™ Microplate Absor-
bance Reader). Three independent experiments were 
performed in triplicate.

Colony formation assay
The total number of 5 × 102 PC3R cells were seeded 

in 6-well plates for 4 h and then treated with different 
concentrations of DHA (25, 50 μM), docetaxel (0.1 μM), 
or combination of treatments. After incubation for seven 
days without changing the medium, colonies were 
formed. The colony is defined as a group > 50 cells. The 
cells were counted manually by an inverted microscope. 
Three independent experiments were performed.

Western blotting
An amount of 20 μg of total protein, which was ob-

tained using M-PER® (Thermo Fisher Scientific, 
Waltham, MA), was boiled with sample buffer (100 mM 
Tris, pH 6.8, 20 % glycerol, 4 % SDS, and 0.2 % bromo-
phenol blue). The proteins were separated by SDS-
PAGE and transferred onto a PVDF membrane. The 
membrane was blocked with Tris-buffered saline (pH 
7.6) containing 0.1 % Tween 20 (TTBS) and 5 % non-
fat milk at room temperature for 1 h, washed with TTBS, 
and then incubated at 4 °C with the following primary 
antibodies overnight: LC3B (Abways Technology, 
China), GST-π (1 : 1000; Abways Technology), β-actin 
(1 : 8000; Sigma-Aldrich, Burlington, MA), GPX4 
(1 : 1000; Abways Technology), Nrf2 (1 : 1000; Abcam, 
Shanghai, China), E-cadherin (1 : 1000; Cell Signaling 
Technology. Beverly, MA), N-cadherin (1 : 1000; Cell 
Signaling Technology), caspase-3 (1 : 1000; Cell Sig-
naling Technology), PARP (1 : 1000; Cell Signaling 
Technology). The membranes were washed in TTBS 
before being incubated with horseradish peroxidase 
(HRP)-linked antibody. The secondary antibody incuba-
tions were performed using anti-rabbit IgG HRP-linked 
antibody (1 : 1000; Cell Signaling Technology), and 
anti-mouse IgG HRP-linked antibody (1 : 1000; Cell 
Signaling Technology) at room temperature for 1 h. The 
blotted membrane was exposed to an enhanced chemi-
luminescent kit to reveal the protein expression pattern 
(Epizyme Biotech, China). The bands were detected by 
ChemiScope 3300 Mini (Clinx Science Instruments, 
Shanghai, China). The densitometry quantification of 
the blots was determined by ImageJ software. Three in-
dependent experiments were performed.

Intracellular ROS determination
The total number of 1 × 105 PC3R cells were treated 

with different concentrations of DHA or combination 
treatment of DHA with ferrostatin-1. After treatment for 

24 h, the cells were detached and treated with 2’,7’-di-
chlorodihydrofluorescein diacetate (H2DCFDA) in PBS 
for 30 minutes. After washing, cells were resuspended 
in PBS for ROS detection by flow cytometry (NovoCyte 
Flow Cytometer). Data were analysed by the Novo-
Express software. Three independent experiments were 
performed in duplicate.

The concentration of cellular GSH
The intracellular GSH contents of PC3R cells were 

determined by using a Glutathione Assay kit (Nanjing 
Jiancheng Bioengineering Institute, China). PC3R cells 
were seeded in 24-well plates with DMEM/Ham’s F12K 
medium and incubated overnight at 37 °C. After the 
treatment, the cells were collected and the concentration 
of cellular GSH was determined following the manufac-
turer’s protocol. Three independent experiments were 
performed in triplicate.

Migration assay
The cell migration was measured by the wound heal-

ing assay. PC3R and PC3 cells were seeded in 6-well 
plates. When the cells reached 90% confluence, they 
were scratched by a 200 μl pipette tip. The cell debris 
was washed by PBS. The PC3R cells were treated with 
0.1 % FBS containing 0.1 μM docetaxel, 25 μM DHA or 
0.1 μM docetaxel + 25 μM DHA for 24 h and 48 h. 
Images were captured with a phase-contrast microscope. 
Migration was assessed by measuring the surface area 
that the cells occupied and the gap area. The area was 
calculated by the ImageJ software. Three independent 
experiments were performed in duplicate.

Statistical analysis
The data normality test was conducted with Shapiro-

Wilk test. When the data normality test assumptions 
were fulfilled, the test could be continued with one-way 
analysis of variance (ANOVA) or t-test. 

A two-tailed Student t-test was employed to analyse 
the differences between two groups, and Pearson’s cor-
relation analysis was used to analyse the correlation. 
One-way analysis of variance (ANOVA) was used for 
comparing the control group with more than one treat-
ment group, and the Tukey’s post hoc test was then per-
formed. All data are presented as mean ± standard error 
of mean (SEM). A P-value of < 0.05 was regarded as 
statistically significant. Microsoft Excel 2016 MSO 
(16.0.4266.1001) software was used to carry out the sta-
tistical analysis.

Results

Development of the docetaxel-resistant PC3 cell 
line

We established a docetaxel-resistant cell line, PC3R, 
from the parental PC3 cell line using a stepwise expo-
sure to increasing concentrations of docetaxel (from 
0.1 nM up to 4 nM). PC3R has a higher IC50 compared 
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with parental PC3 cells (15.4 μM versus 0.245 μM, re-
spectively) at 48 h. The IC50 values were calculated by 
the CompuSyn software. The cytotoxicity of docetaxel 
in PC3 and PC3R cells is shown in Fig. 1A. The resis-
tance index (RI) was 62.85, and the results indicated 
that PC3R was resistant to docetaxel. 

Docetaxel-resistance reversal effect of DHA on 
proliferation and colony formation

We examined the anticancer activities of DHA in PC3 
and PC3R cell lines using different treatment concentra-
tions of DHA (25–150 μM) for 24 h and 48 h. The cell 
survival rates of PC3 and PC3R following 48 h treat-
ment with a concentration of 150 μM of DHA were 36 
± 11.89 % and 31 ± 7.129 % (% of control), respective-
ly. High concentrations of DHA (100–150 μM) had cy-
totoxic effects on both cell lines (Fig. 1B). DHA groups 
(25 and 50 μM) showed 16 % and 31 % reduction in cell 

survival rate at 48 h in PC3R cells. Docetaxel at the con-
centration of 0.1 μM had little cytotoxicity in PC3R 
cells. The combination groups (25 or 50 μM DHA + 
0.1 μM docetaxel) displayed more cytotoxicity in PC3R 
cells than that of the docetaxel group (Fig. 2A). Further, 
we determined the values of combination index (CI) by 
the CompuSyn software. The value of CI below 1 means 
that the combination drugs have synergistic effects. The 
values of CI of 25 μM DHA combined with 0.1 μM 
docetaxel were 0.42 and 0.44 at 24 h and 48 h, respec-
tively, in PC3R cells. The values of CI of 50 μM DHA 
combined with 0.1 μM docetaxel were 0.63 and 0.55 at 
24 h and 48 h, respectively, in PC3R cells. These results 
showed that DHA could enhance the sensitivity to 
docetaxel in PC3R cells. Moreover, the colony number 
in combination treatment was much lower than that in 
the docetaxel or DHA treatment alone group (Fig. 2B). 
Taken these results together, DHA had a reversal effect 
on docetaxel resistance of prostate cancer cells. 

Fig. 1. Cytotoxicity of docetaxel (0.1–4 μM) and DHA (25–150 μM) in PC3 and PC3R cell lines for 24 h and 48 h (A, B). 
Cell viability was determined by the MTT assay. Data are represented as mean ± SEM in three separate experiments. 
P* < 0.05 compared with control. # indicates P < 0.05.

Z. C. Shao et al.
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Ferroptosis and autophagy inhibition mediate 
cell death

Activation of the PI3K/AKT signalling pathway is as-
sociated with cell survival and drug resistance. To deter-
mine the DHA-induced cell death via the PI3K/AKT 
signalling pathway and ferroptosis, we used a PI3K in-
hibitor (LY294002, 10 μM), AKT inhibitor (MK2206, 
0.1 μM) and ferroptosis inhibitor (ferrostatin-1, 5 μM) 
in this study. LY294002 is not only a PI3K inhibitor, but 
also an autophagy inhibitor that inhibits the early stage 
of autophagy (Ryabaya et al., 2017). The MTT assay 
indicated that inactivation of the PI3K/AKT signalling 
pathway increased the cytotoxicity of DHA in PC3R 
cells. Moreover, the DHA-induced cell death was blocked 
by ferrostatin-1. These results have shown that the 
DHA-induced cell death by ferroptosis and the cytotox-
icity was slightly enhanced when the PI3K/AKT signal-
ling pathway was blocked (Fig. 2C).

DHA decreased GSTπ expression, and triggered 
autophagy and apoptosis through the PI3K/AKT 
pathway in PC3R cells

Up-regulation of GSTπ expression is associated with 
drug resistance in cancer cells. We further examined 
GSTπ protein expression after treatment of PC3R cells 
with DHA. The results indicated that treatments with 
different concentrations of DHA (1–100 μM) inhibit 
GSTπ expression in a dose-dependent manner (Fig. 
3A). To assess whether DHA induces autophagy in 
PC3R cells, we examined the protein expression level of 
autophagic marker LC3B protein. The results indicated 
that DHA (100 μM) markedly increased the expression 
level of the LCB3‐II/LC3B‐I ratio 24 h following treat-
ment of PC3R cells (Fig. 3A). The PI3K/AKT signal-
ling pathway is involved in many cellular processes, 
including proliferation, migration, and multidrug resis-
tance. To determine whether the PI3K/AKT signalling 

Fig. 2. Cytotoxicity and mechanism of action of DHA on colony formation and proliferation. (A) Cytotoxicity of DHA 
(25–50 μM), docetaxel (0.1 μM) and combination treatments in PC3R cells. (B) The indicated treatments were examined 
with respect to their effects on the colony formation. (C) Cytotoxicity of DHA (100 μM) in the presence or absence of 
LY294002 (10 μM, LY), MK2206 (0.1 μM, MK) and ferrostatin-1 (5 μM, Fer-1) for 24 h in PC3R cells. Cell viability was 
determined by the MTT assay. Data are represented as mean ± SEM in three separate experiments. P* < 0.05 compared 
with control. Pa < 0.05 compared with docetaxel (0.1 μM). Pb < 0.05 compared with DHA (25 μM). Pc < 0.05 compared 
with DHA (50 μM). # indicates P < 0.05.

Docosahexaenoic Acid Reverses Epithelial-Mesenchymal Transition
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pathway reverses drug resistance, we used a PI3K in-
hibitor (LY294002, 10 μM) or AKT inhibitor (MK2206, 
0.1 μM). The results demonstrated that PI3K or AKT 
inhibitors decrease GSTπ and LC3B expression (Fig. 
3B). We further found that the combination of DHA 
(100 μM) and LY294002 (10 μM) affected the GSTπ 
protein expression. Therefore, inactivation of the PI3K/
AKT signalling pathway can overcome the drug resis-
tance in prostate cancer.

Inhibition of autophagy induced apoptosis 
by DHA

PARP and caspase-3 regulate apoptosis. The protein 
expression of (pro-) caspase-3 and (uncleaved) PARP 
was higher in PC3R than that in PC3 cells (Fig. 4A). 
Further, we examined the relationship between apopto-
sis and autophagy by DHA treatment. The apoptotic ef-
fects of DHA in PC3R cells increased significantly 

when combined with autophagy inhibitor LY294002. As 
shown in Fig. 4B, the (uncleaved) PARP was reduced 
after co-treatment with DHA and LY294002. These re-
sults demonstrated that DHA induced protective autoph-
agy in PC3R cells.

Ferroptosis of PC3R cells after DHA treatment
The protein expression levels of GPX4 and Nrf2 in 

PC3 and PC3R cells were investigated following treat-
ment with DHA (1–100 μM). The GPX4 expression 
level was significantly up-regulated in PC3R cells com-
pared with PC3 cells (Fig. 5A). However, the Nrf2 ex-
pression level was slightly increased in PC3R cells (Fig. 
5A). The degree of ferroptosis in PC3R cells following 
24 h treatment with DHA was evaluated by determining 
the protein expression levels of GPX4 and Nrf2. We ob-
served that the expression levels of GPX4 and Nrf2 
were decreased, while their expression levels increased 
after co-treatment with DHA and ferroptosis inhibitor, 

Fig. 3. Autophagic effects and GSTπ inhibition were detected after DHA, PI3K inhibitor (LY294002, LY), or AKT in-
hibitor (MK2206, MK) treatment in PC3R cells. Protein expression of GSTπ, LC3B-Ⅰ and LC3B-Ⅱ was detected by 
Western blot. (A) PC3R cells were treated with DHA (1–100 μM) for 24 h. (B) PC3R cells were treated with DHA 
(100 μM) in the presence or absence of LY294002 (10 μM) and MK2206 (0.1 μM) for 24 h. Data are represented as mean 
± SEM in three separate experiments. P* < 0.05 compared with control. # indicates P < 0.05.

Z. C. Shao et al.
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ferrostatin-1 (5 μM) (Fig. 5B). Ferroptosis is associated 
with accumulation of lipid peroxidation products, ROS 
production and depletion of cellular GSH. GSH and 
ROS levels were determined. We found that ROS pro-
duction was increased under DHA (100, 150 μM) treat-
ment. The ROS production was reduced by a combina-
tion of ferrostatin-1 (5 μM) with DHA treatment (150 μM) 
(Fig. 6A, 6B). Moreover, GHS was reduced after DHA 
(1–150 μM) treatments at 24 h. The GSH level of PC3R 
following 4 h treatment with a concentration of 150 μM 
was 60.37 ± 9.67 % (% of control) (Fig. 6C). 

Docetaxel-resistant reversal effect of DHA 
on EMT

To evaluate the migration capacity, the wounding as-
say was performed. The results showed that DHA (50 μM), 
docetaxel (0.1 μM), and combination treatment had an 
anti-migration effect on PC3R cells for 48 h (Fig. 7A). 
EMT also plays an important role in multidrug resis-
tance and tumour metastasis. The results have shown 
that the protein expression of E-cadherin was signifi-
cantly down-regulated, but N-cadherin was up-regulat-
ed in PC3R cells (Fig. 7B). The combination treatment 

of DHA and docetaxel reversed the E-cadherin and 
N-cadherin protein expression (Fig. 7C). These results 
indicated that DHA possesses anti-metastatic activity.

Discussion
The anti-cancer effects of ω-3 PUFA have been ob-

served in prostate cancer. DHA inhibits cancer cell 
growth by inducing apoptosis and autophagy through 
inhibition of the PI3K/AKT pathway (Song and Kim, 
2016; Tsai et al., 2017; El-Ashmawy et al., 2020). 
Docetaxel is a chemotherapeutic agent that belongs to 
the taxane family, which functions as an inhibitor of 
beta-tubulin binding and as a promoter of cell cycle ar-
rest at G2/M phase. Docetaxel is used for the treatment 
of hormone-refractory prostate cancer (HRPC) or an-
drogen-independent prostate cancer (AIPC). However, 
docetaxel treatment may cause drug resistance in pros-
tate cancer cells. Several studies have demonstrated that 
the treatment combination of DHA and docetaxel results 
in synergistic effects on several cancer cells, including 
gastric, prostate, and breast cancers (Shaikh et al., 2008; 
Newell et al., 2019; Shekari et al., 2020). In the present 
study, we reported an inhibitory effect of DHA on cancer 

Fig. 4. Protein expression of caspase-3 and PARP in PC3 and PC3R cells (A). Protein expression of caspase-3 and PARP 
in PC3R cells after DHA (100 μM) with or without LY294002 treatments for 24 h. Data are represented as mean ± SEM 
in three separate experiments. P* < 0.05 compared with control. # indicates P < 0.05.

Docosahexaenoic Acid Reverses Epithelial-Mesenchymal Transition
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cell growth in PC3 and docetaxel-resistant PC3R cells. 
The combination therapy is often applied in cancer 
treatment to achieve greater cytotoxicity, a decrease in 
drug resistance and low side effects. 

Chemoresistance is a serious problem in cancer ther-
apy, which is associated with several genes or proteins 
whose functions are involved in multidrug resistance, 
such as multidrug resistance associated protein 1 (MRP1) 
and GSTπ. GSTπ is a phase II detoxification enzyme in 
the liver metabolism, and a high level of GSTπ expres-
sion is associated with drug resistance. PC3 and DU145 
(castration-resistant) prostate cancer cell lines have 
been shown to have higher GSTπ expression compared 
with the LNCaP prostate cancer cell line (Hokaiwado et 
al., 2008). In our previous study, docetaxel-resistant 
PC3 cells had higher GSTπ expression compared with 
parental PC3 cells (Liu et al., 2017). It is believed that 
down-regulation of GSTπ expression can overcome 
drug resistance. In the current study, we show that DHA 
inhibits GSTπ expression in PC3R cells, and we suggest 
that DHA may possess the ability to overcome the drug 

resistance. The PI3K/AKT signalling pathway is associ-
ated with cell proliferation and survival. The activation 
of this pathway contributes to drug resistance in prostate 
cancer cells (Kosaka et al., 2011). A study indicated that 
the PI3K/AKT pathway is up-regulated in TLR4-me-
diated docetaxel resistance. DHA can induce autophagy 
and apoptosis by inactivating the PI3K/AKT pathway in 
non-small cell lung cancer cells (Zhang et al., 2012; 
Kim et al., 2015). Moreover, our previous study report-
ed that DHA inhibits p-AKT expression in LPS-treated 
PC3 cells (Wu et al., 2019). In this study, we determined 
whether the inactivation of PI3K/AKT expression in-
hibits GSTπ expression in PC3R cells and used a PI3K 
(LY294002) inhibitor and AKT (MK2206) inhibitor to 
examine their involvement in this resistance. We ob-
served that DHA, LY294002, or combination treatment 
groups inhibited GSTπ expression by inactivating the 
PI3K/AKT signalling pathway in docetaxel-resistant 
prostate cancer cells. 

Autophagy plays an important role in inducing cancer 
cell death or in maintaining cell survival. Studies report-

Fig. 5. Protein expression of Nrf2 and GPX4 in PC3 and PC3R cells. (A). The protein expression of Nrf2 and GPX4 was 
detected in PC3R cells after DHA treatment (1–100 μM) in the presence or absence of 5 μM of ferrostatin-1 (Fer-1) for 24 h 
(B). Data are represented as mean ± SEM in three separate experiments. P* < 0.05 compared with control. P# < 0.05 com-
pared with DHA (100 μM). P& < 0.05 compared with PC3.
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ed that the inhibition of autophagy overcomes drug re-
sistance and enhances cell death in response to chemo-
therapy and radiotherapy (Xu et al., 2012; Wright et al., 
2013; Rosenfeld et al., 2014). DU145 and PC3 are cas-
tration-resistant prostate cancer cells. We established 
docetaxel-resistant PC3 cells for the study because au-
tophagy is impaired in DU145 cells due to the loss of 
ATG5 protein expression (Ouyang et al., 2013). 
Therefore, DU145 cells are not suitable for examining 
the relationship between autophagy and apoptosis. 
Several studies have reported that autophagy is a self-
protective mechanism resisting apoptosis (Esteve and 
Knecht, 2011; Kim et al., 2017). DHA induces autopha-
gy by increasing the expression of LC3B-Ⅱ. Autophagy 
inhibition and PI3K inhibition by LY294002 increased 
DHA-induced apoptosis in PC3R cells. The cell growth 
inhibition was observed in the co-treatment of DHA 
with LY294002 (PI3K inhibitor and autophagy inhibi-
tor). Based on these results, the inhibition of autophagy 
causes cell death by DHA and is associated with inhibi-
tion of the PI3K/AKT signalling pathway. In the current 
study, DHA-induced autophagy played a protective role 
against apoptosis. Our work demonstrated that by inhib-
iting autophagy via adding LY294002 to the DHA treat-

ment, GSTπ, LC3B-Ⅱ, and (uncleaved) PARP were de-
creased, but the anti-tumour effect was increased. These 
results supported our assumption that inactivation of the 
PI3K/AKT signalling pathway and autophagy inhibition 
can overcome drug resistance in cancer cells.

EMT is a process in which cells lose the epithelial 
character and transit to invasive mesenchymal cells. 
EMT can be controlled by several transcription factors 
including Snail and Twist. Proinflammatory cytokines 
can promote tumour progression and metastasis in local 
tumour tissue. When EMT occurs in tumour cells, the 
expression level of E-cadherin is decreased, but the ex-
pression level of N-cadherin is increased. Recently, a 
link between EMT and drug resistance was reported (Du 
and Shim, 2016). EMT was observed in docetaxel-resis-
tant cancer cells (Ashrafizadeh et al., 2021; Chen et al., 
2021). EMT was also observed in the current study. 
DHA treatment up-regulated the expression of E-cad-
herin, but down-regulated the expression of N-cadherin. 
DHA reversed docetaxel resistance by regulating EMT. 
Based on these results, DHA might have anti-metastatic 
activity. 

The mechanism of inducing cell death is very com-
plex, and it is not controlled by one signalling pathway 

Fig. 6. ROS patterns and the concentration of GSH in DHA-treated PC3R cells for 24 h. Results are representative of three 
experiments. Data are represented as mean ± SEM in three separate experiments. P* < 0.05 compared with control. # in-
dicates P < 0.05.
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only. A high level of ROS causes DNA damage and oxi-
dative stress in cancer cells. DHA treatment of Paca-44 
pancreatic cancer cells resulted in oxidative stress that 
originated from depletion of intracellular glutathione 
(GSH) (Merendino et al., 2003). In the prostate cancer 
cell lines PC3 and DU145, oxidative stress and apopto-
sis were observed following DHA treatment (Shin et al., 
2013). The DHA-induced apoptosis and cytotoxicity 
were blocked by the treatment with an antioxidant. 
These findings indicated that DHA causes oxidative 
stress and induces cancer cell death. Ferroptosis is con-
sidered as an autophagic cell death process, and gluta-
thione peroxidases (GPXs) use GSH to reduce perox-
ides. Ferroptosis is triggered by blocking GSH synthesis 
or via inhibiting GPX4 activity. The Nrf2/ARE (antioxi-
dant responsive element) signal transduction plays an 
important role in anti-oxidation as ARE regulates the 
expression of NQO1, GSTπ, and MRP1. Nrf2 regulates 
several anti-oxidation enzymes, and GPX4 is also regu-
lated by Nrf2. A study has reported that drug resistance 
is associated with ferroptosis inhibition in cancer cells 

(Yamaguchi et al., 2013). The inhibition of Nrf2 and 
GPX4 can reverse resistance to ferroptosis in head and 
neck cancer (Shin et al., 2018). A study indicated that 
wogonoside reverses cisplatin resistance in human gas-
tric cancer cells through the PI3K/Akt/Nrf2/ARE sig-
nalling pathway (Wang et al., 2018b). In this study, we 
demonstrated that DHA induces ferroptosis and over-
comes drug resistance through down-regulating Nrf2/
GPX4 signalling in prostate cancer cells. Moreover, the 
cell death was reduced in co-culture of DHA and ferro-
statin-1. These data support the idea that DHA caused 
docetaxel-resistant prostate cancer cell death by induc-
ing ferroptosis. 

In conclusion, DHA can reverse drug resistance by 
down-regulating GSTπ expression and inducing cyto-
protective autophagy through the PI3K/AKT/Nrf2/GPX4 
signalling pathway in docetaxel-resistant PC3 cancer 
cells (Fig. 8). Above all, the chronic use of docetaxel 
can cause drug resistance by inhibiting ferroptosis. The 
PI3K/AKT/Nrf2/GPX4 signalling pathway plays an im-
portant role in drug resistance, and therefore, could be 

Fig. 7. Docetaxel resistance reversal effect of DHA on migration and EMT (A) DHA, docetaxel or combination treat-
ments displayed anti-migration activity. (B) Protein expression of E-cadherin and N-cadherin in PC3 and PC3R cells. (C) 
E-cadherin and N-cadherin were examined in PC3R cells after DHA treatment with or without docetaxel treatment for 24 h 
by Western blot. Data are represented as mean ± SEM in three separate experiments. P* < 0.05 compared with control. 
# indicates P < 0.05.
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considered a therapeutic target in overcoming prostate 
cancer drug resistance. This study also provides a mo-
lecular mechanism and a therapeutic target for DHA in 
inducing ferroptosis and apoptosis in drug-resistant 
prostate cancer cells.
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