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 Background: Helenalin is a pseudoguaianolide natural product with anti-cancer activities. This study investigated the un-
derlying mechanism of the anti-prostate cancer effects of helenalin in vitro.

 Material/Methods: CCK-8 assay was performed to detect the optimal concentrations of helenalin in DU145 and PC-3 cells. After 
exposure to helenalin and/or reactive oxygen species (ROS) inhibitor, ROS production was assessed by DCFH-
DA staining. Thioredoxin reductase-1 (TrxR1) expression was detected by RT-qPCR and western blot. Moreover, 
apoptosis and cell cycle were evaluated by flow cytometry. Following TrxR1 knockdown or overexpression, TrxR1 
expression, ROS generation, apoptosis, cell cycle, migration, and invasion were examined in cells co-treated 
with helenalin.

 Results: Helenalin distinctly repressed the viability of prostate cancer cells in a concentration-dependent manner. We 
chose 8 μM and 4 μM as the optimal concentrations of helenalin for DU145 and PC-3 cells, respectively. Helenalin 
treatment markedly triggered ROS production and lowered TrxR1 expression, which was ameliorated by ROS 
inhibitor. Exposure to helenalin facilitated apoptosis as well as G0/G1 cell cycle arrest, which was reversed by 
ROS inhibitor. Helenalin relieved the inhibitory effect of TrxR1 on ROS production. Furthermore, helenalin ame-
liorated the decrease in apoptosis rate and the shortening of G0/G1 phase as well as the increase in migration 
and invasion induced by TrxR1 overexpression.

 Conclusions: Our findings revealed that helenalin accelerated ROS-mediated apoptosis and cell cycle arrest via targeting 
TrxR1 in human prostate cancer cells.
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 Abbreviations: ROS – reactive oxygen species; TrxR1 – thioredoxin reductase-1; Trx – thioredoxin; CCK-8 – Cell 
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Background

Prostate cancer is one of the leading malignancies among men 
globally, with considerably high morbidity and mortality [1]. 
Its progression is associated with apoptosis, proliferation, and 
metastasis [2]. Androgen deprivation is the standard therapeu-
tic strategy [3]. Nevertheless, prostate cancer cells become in-
sensitive to anti-androgen treatment, which limits treatment 
options [4]. Therefore, there is an urgent need to develop or 
identify novel drugs for treating this deadly disease.

Oxidative stress is involved in regulation of malignant biologi-
cal behavior of tumor cells [5]. Although a certain level of ROS 
is needed for maintenance of cell function in terms of normal 
physiology, excessive ROS can disrupt the pro-oxidant and an-
tioxidant balance, thereby inducing cell damage or death [6]. 
It has been established that there is more oxidative stress in 
cancer cells than in normal cells [7]. Increase in the level of 
oxidative stress could become a promising treatment strate-
gy to eliminate tumor cells [8]. For prostate carcinoma cells, 
there is a gain in ROS generation as well as oxidative stress [9]. 
Hence, inducing the production of ROS can kill prostate cancer 
cells [10]. The thioredoxin (Trx) system can mediate the redox 
balance in various cells, containing TrxR, Trx, and NADPH [11]. 
Trx, as an intermediate, can sense the cellular redox state and 
transmit information to signaling molecules. It has been re-
ported that Trx1 regulates apoptosis of prostate cancer cells 
induced by bioactive compounds [12]. Furthermore, Trx1 pro-
tects against androgen receptor-mediated redox vulnerability 
in castration-resistant prostate cancer [13]. Thus, Trx1 may act 
as a subcellular marker of redox imbalance in prostate cancer 
development [14]. TrxR can degrade Trx; therefore, suppres-
sion of its activity destroys the redox balance of cells, thereby 
leading to an increase in ROS levels [15]. TrxR has been found 
to be overexpressed in prostate cancer and is correlated with 
drug resistance [16]. These studies highlight the key roles of 
the Trx system in the progression of prostate cancer.

Helenalin is a pseudoguaianolide natural product with numer-
ous pharmacological activities against inflammation [17], oxi-
dative stress [18], and cancers [19]. A series of cellular exper-
iments have shown that helenalin is toxic to tumor cells, but 
not to normal cells, indicating that helenalin may be effective 
as a low-level toxicant for prostate cancer [20]. Although the 
anti-cancer activity of helenalin has been reported in various 
cancers [1721,22], whether helenalin can limit prostate cancer 
progression remains unclear, and the underlying mechanisms 
behind these effects have not been completely clarified. Here, 
we investigated the promotion effects of helenalin on ROS-
dependent apoptosis as well as cell cycle arrest via TrxR1 in 2 
prostate carcinoma cell lines. Our study results offer theoret-
ical and experimental evidence for developing candidate nov-
el drugs for prostate cancer.

Material and Methods

Cell Culture

Normal prostate RWPE1 cells, human prostate cancer DU145 
and PC-3 cells, and human neuroendocrine prostate cancer 
NCI-H660 cells were purchased from the American Type Culture 
Collection (ATCC; USA). RWPE1 cells were cultured in K-SFM 
basal medium containing keratinocyte-SFM growth supple-
ment (10744-019; Gibco, Grand Island, New York, USA) and 
BPE. DU145 and NCI-H660 cells were cultured in RPMI-1640 
medium (PM150410; Procell, Wuhan, China) plus 10% fetal 
bovine serum (FBS; SH30084.03; Hyclone, Logan City, Utah, 
USA), while PC-3 cells were grown in F-12K (21127-022; Gibco) 
medium+10% FBS (C10010500BT; Life, USA). The culture me-
dium contained 100 U/mL penicillin and 100 U/mL strepto-
mycin. These cells were grown at 37°C and 5% CO2 with sat-
urated humidity. Cells in logarithmic growth phase were used 
for further experiments.

Cell Counting Kit-8 (CCK-8)

CCK-8 assay was performed to determine the cell viability via 
a CCK-8 detection kit (CK04; Dojindo, Shanghai, China). After 
washing with PBS (C10010500BT; Life Carlsbad, California, 
USA), RWPE1, DU145, PC-3, and NCI-H660 cells were trypsin-
ized for 2 min, and then pipetted into single cells. We add-
ed 20 μl cell suspension to 20 μl trypan blue for cell count-
ing. The remaining cell suspension was centrifuged at 1000 
rpm for 5 min. After resuspension in the corresponding me-
dium, cells were plated into 96-well plates (8000 cells/well). 
After being cultured to adhere to the wall, the cells were add-
ed with different concentrations of helenalin (0, 0.5, 1, 2, 4, 
8, 12, 16, 20 μM) and cultured for 48 h. Then, cells were incu-
bated with CCK-8 solution for 3 h. After adding the stop solu-
tion, the optical density values (OD) were determined at 490 
nm utilizing a fully functional microporous plate detector (en-
vision; PerkinElmer, Shanghai).

Transfection

To silence TrxR1 expression, DU145 and PC-3 cells were inocu-
lated onto a 6-well plate (1×104 cells/well). After culture for 24 
h, 50 pmol/mL siRNAs targeting TrxR1 (GenePharma, Shanghai, 
China) or controls were transfected into cells by lipofectamine 
2000 reagent (Invitrogen, USA). The sequences of siRNAs were 
as follows: si-TrxR1#1: GGGTAAGACCCTGGTTGTT; Si-TrxR1#2: 
CCACTGTATTTACTCCTTT; si-TrxR1#3: GCAGCTGGACAGCACAATT. 
To overexpress TrxR1, the recombinant plasmid vector coding 
TrxR1 protein (GenePharma) was transfected into DU145 and 
PC-3 cells via lipofectamine 2000 (Invitrogen). After 24 h, the 
transfection effects were assessed by real-time quantitative 
PCR (RT-qPCR) and western blot.
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Immunofluorescence

A reactive oxygen detection kit (CA1410; Solarbio, Beijing, 
China) was utilized to detect ROS in DU145 or PC-3 cells. Cover 
slips were placed in a 24-well plate (1 piece/well). Cells were 
inoculated into each well (1×104 cells/well). After the cells ad-
hered, they were pre-treated with N-acetyl cysteine (NAC), an 
ROS inhibitor, for 1 h, followed by treatment with helenalin. 
After 48 h, 2’,7’-dichlorofluorescin diacetate (DCFH-DA) was 
diluted to 1: 1000 by serum-free medium to make the final 
concentration 10 μmol/L. The cells were incubated with 300 μl 
DCFH-DA at 37°C for 30 min. After PBS immersion, 4% parafor-
maldehyde (E672002; Sangon Biotech, Shanghai, China) was 
used to fix the climbing sections (801007; NEST, Wuxi, China) 
for 15 min. Then, the slides were permeated by 0.5% Triton 
X-100 (T8787; Sigma, USA) for 20 min at room temperature. 
After immersion, normal goat serum (C0265; Beyotime, Beijing, 
China) was added dropwise to the sections and blocked at room 
temperature for 30 min. DAPI (D9542; Sigma) was dropped on 
the sections and incubated in the dark for 5 min. The slides 
were mounted with mounting solution containing anti-fluo-
rescence quencher. The images were observed under a fluo-
rescence microscope (BX53; Olympus, Japan).

RT-qPCR

RNA was extracted from DU145 or PC-3 cells using the MiniBEST 
Universal RNA Extraction Kit (9767; TaKaRa, Beijing, China). 
The OD260/OD280 value was measured with an ultraviolet 
spectrophotometer to evaluate the purity and concentration 
of RNA. Total RNA was reverse-transcribed into cDNA accord-
ing to the following procedures: 25°C for 5 min; 42°C for 30 
min, and 85°C for 5 min. RT-qPCR was utilized to examine tar-
get gene expression on the ABI 12K fluorescence RT-qPCR in-
strument (ABI, USA). GAPDH served as an internal reference.
Homo TrxR1: 5’-CCCTGGTTGTTGGAGCAT-3’ (forward),
5’-TCTGAGTCGGCCTGGTGT-3’ (reverse);
Homo GAPDH: 5’-TCAAGAAGGTGGTGAAGCAGG-3’ (forward),
5’-TCAAAGGTGGAGGAGTGGGT-3’ (reverse).
The relative expression level was determined with the 2–DDCT 
method.

Western Blot

After being lysed by RIPA lysis buffer (P0013B; Beyotime) on 
ice for 30 min, cells were centrifugated at 12 000 rpm for 10 
min. The supernatant was harvested to another EP tube. The 
protein concentrations were assessed using a BCA kit (P0009; 
Beyotime). We added 5×SDS loading buffer according to the 
volume of the lysate, and samples were boiled at 100°C for 5 
min. Specimens were separated via SDS-PAGE and transferred 
onto PVDF membranes. The PVDF membranes were washed 
with TBST and sealed with 5% milk/TBST at room temperature 

for 1 h. After rinsing using TBST, primary antibodies against 
TrxR1 (1: 6000; 11117-1-AP; Proteintech, Chicago, USA), TXNIP 
(1: 1000; 18243-1-AP; Proteintech), p-ERK (1: 1000; #9101; CST, 
USA), p-AKT (1: 2000; #4060; CST), Bcl-2 (1: 1000; 12789-1-
AP; Proteintech), Bax (1: 1000; WL01637; Wanleibio, Shenyang, 
China) and GAPDH (1: 5000; ATPA00013Rb, Atagenix, Wuhan) 
were diluted with 1% BSA/PBST as recommended, which were 
utilized for incubation of the membrane overnight at 4°C. Then, 
the PVDF membranes were incubated with horseradish per-
oxidase-labeled goat anti-rabbit (1: 5000; SA00001-2; Wuhan, 
Sanying, Wuhan, China) or anti-mouse secondary antibodies 
(1: 5000; SA00001-1; Sanying) diluted by 5% milk/PBST at 
room temperature for 1 h. After washing, the equal amounts 
of enhanced luminol reagent and oxidizing reagent were di-
luted by ddH2O, and then added dropwise to the sealing film. 
The front side of the PVDF film was exposed to the lumines-
cent reagent for 2 min. After the PVDF was turned over, the 
results were observed using the gel imaging system.

Apoptosis Assay

Apoptotic levels were assessed utilizing apoptosis detection 
kits (A211-02; Vazyme Biotech Co., Ltd, Nanjing, China). Cells 
were cultured in 6-well plates (6×105 cells). After the cells ad-
hered to the wall, the corresponding drugs were added. After 
48 h, the cells were centrifuged at 1000 rpm for 5 min. After 
removing the supernatant, 100 μl Annexin-V binding buffer 
was added to resuspend the cells. Then, samples were protect-
ed from light using 5 μl Annexin-V FITC and 5 μl PI for 15 min 
at room temperature. After adding 150 μl Annexin-V binding 
buffer, cell apoptosis was detected using a CytoFLEX S flow 
cytometer (Beckman, USA).

Cell cycle assay

Cells were seeded in 6-well plates (6×105 cells). Under treat-
ment with different drugs for 48 h, 1 mL DNA staining so-
lution was prepared, containing 20 μL PI solution (421301; 
Biolegend, California, USA), 1 μL Triton X-100 (T9284; sigma, 
USA), 0.2 μL Rnase A solution (B500474; Sangon Biotech), 
and PBS (C10010500BT; Life). After the cells were centrifuged 
at 1000 rpm for 5 min, the cells were resuspended in 100 μl 
PBS. The cells were fixed with 1 mL 70% ethanol at 4°C over-
night. After centrifugation, cells were incubated with 300 μl 
DNA staining solution at room temperature away from light for 
15 min. Cell cycle proportions were detected using CytoFLEX 
S flow cytometry (Beckman, USA).

Wound healing assay

A marker pen was used to draw a horizontal line on the back 
of the 6-well plate before inoculating cells on the culture plate. 
Using a 10-μL pipette tip, cell scratches perpendicular to the 
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well plate were made. The cell culture fluid was aspirated and 
the well plate was washed with PBS 3 times to wash away the 
cell debris generated by the scratch. Then, the serum-free me-
dium was added. The culture plate was put into the incuba-
tor. After 0 h, 24 h, and 48 h, wound distance was assessed.

Transwell Assay

Matrigel was diluted 5 times with serum-free medium. We 
added 50 μL of Matrigel (356234; BD Biocoat, USA) to each 
transwell chamber and placed them in a 37°C incubator for 30 
min. We ADDED 200 µvl cell suspension (1.5×105/ml) to the 
transwell chamber, AND 600 µl medium containing 10% FBS 

was added to the lower chamber. After culturing at 37°C for 
48 h, the culture solution in the well was discarded, and cells 
were washed twice with PBS. Then, cells were fixed with 4% 
PFA (P0099; Beyotime) for 10 min and stained with crystal vi-
olet (C0121; Beyotime) for 10 min. The upper chamber cells 
were wiped with a cotton swab. The migrated cells were in-
vestigated under a microscope.

Statistical Analysis

Data are presented as mean±standard deviation. The statis-
tical analyses were presented via GraphPad Prism 7 software 
(GraphPad Prism, USA). Comparisons with multiple groups 
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Figure 1.  Helenalin represses the viability of human prostate cancer cells in a concentration-dependent manner. (A) Chemical structure 
of helenalin. (B-E) The effect of different doses of helenalin on the cellular viability for (B) human prostate RWPE1 cells, 
human AR-negative prostate cancer, (C) DU145, and (D) PC-3 cells, and (E) human neuroendocrine prostate cancer NCI-H660 
cells. Ns – no statistical significance; ** P<0.01; **** P<0.0001.
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were performed via one-way analyses of variance, followed by 
Tukey’s multiple comparisons tests. Differences with P<0.05 
were statistically significant.

Results

Helenalin represses the viability of human prostate cancer 
cells in a concentration-dependent manner

We first observed that helenalin (Figure 1A) at different concen-
trations did not affect the viability of human prostate RWPE1 
cells (Figure 1B). Two kinds of AR-negative prostate cancer 
cells (DU145 and PC-3) were treated with different concentra-
tions of helenalin. As shown in Figure 1C, as the concentration 
of helenalin increased, the survival rate of DU145 cells grad-
ually and distinctly decreased; 8 μM was selected as the opti-
mal concentration of helenalin for DU145 cells. Similarly, hel-
enalin significantly suppressed the viability of PC-3 cells in a 
dose-dependent manner (Figure 1D); 4 μM was chosen as the 
final concentration of helenalin for PC-3 cells in further exper-
iments. Also, we found that the viability of human neuroen-
docrine prostate cancer NCI-H660 cells was distinctly inhibit-
ed by helenalin (Figure 1E). Collectively, our data suggested 
that helenalin treatment inhibits prostate cancer cell viability 
in a concentration-dependent manner.

Helenalin induces ROS generation and suppresses TrxR1 
expression by ROS in prostate cancer cells

We further analyzed whether helenalin could increase the lev-
el of ROS in prostate cancer cells, thereby inducing cell death 
of cancer cells. DCFH-DA staining was performed to detect the 
generation of ROS in the 2 kinds of cells. Our results showed 
that exposure to helenalin increased ROS levels in DU145 
(Figure 2A) and PC-3 cells (Figure 2B) under a fluorescence 

microscope. However, pre-treatment with ROS inhibitor NAC 
for 1 h distinctly ameliorated the increase in ROS levels in-
duced by helenalin. Furthermore, our data suggested that 
TrxR1 mRNA expression was distinctly decreased in DU145 
(Figure 2C) and PC-3 cells (Figure 2D) after exposure to hele-
nalin. Nevertheless, ROS inhibitor pre-treatment reversed this 
inhibitory effect on TrxR1 expression induced by helenalin. The 
similar results were found at the protein level. As shown in 
Figure 2E-2G, TrxR1 protein expression was significantly sup-
pressed after treatment with helenalin in prostate cancer cells, 
which was ameliorated after pre-treatment with ROS inhibitor. 
We further investigated the functional changes in downstream 
effects by detecting changes of TXNIP and ERK expressions and 
AKT activity. The results showed that helenalin treatment dis-
tinctly lowered the expression of TXNIP (Figure 2H, 2I), p-ERK 
(Figure 2J, 2K), and p-AKT (Figure 2L, 2M) in DU145 and PC-3 
cells (Figure 2N). The inhibitory effects of helenalin on TXNIP, 
p-ERK, and p-AKT expressions were ameliorated by ROS inhibi-
tor pre-treatment. Thus, helenalin induced ROS generation and 
suppressed TrxR1 expression by ROS in prostate cancer cells.

Helenalin Induces ROS-mediated Apoptosis And Cell Cycle 
Arrest in Prostate Cancer Cells

It has been reported that ROS is involved in regulating apoptosis 
and cell cycle in prostate cancer cells [23]. Thus, our study fur-
ther investigated whether helenalin could affect ROS-mediated 
apoptosis and cell cycle arrest in 2 prostate cancer cell lines via 
flow cytometry. First, our data suggested that helenalin expo-
sure markedly promoted apoptosis of DU145 and PC-3 cells 
(Figure 3A-3D). However, under pre-treatment with ROS inhib-
itor, the pro-apoptotic effect of helenalin was distinctly weak-
ened in the 2 cell lines (Figure 3A-3D). We also assessed the cell 
cycle. The results showed that treatment with helenalin promi-
nently prolonged the G0/G1 phase but shortened the S phase in 
DU145 and PC-3 cells (Figure 3E-3H). Nevertheless, pre-treatment 
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Figure 2.  Helenalin induces reactive oxygen species and suppresses TrxR1 expression in prostate carcinoma cells. (A, B) The ROS levels 
were examined for 2 prostate carcinoma cell lines exposed to helenalin and/or ROS inhibitor by DCFH-DA staining. Bar=50 
μM. (C, D) RT-qPCR was carried out to examine the mRNA expression of TrxR1 in DU145 or PC-3 cells exposed to helenalin 
and/or ROS inhibitor. (E-G) Western blot analysis was performed to determine the expression of TrxR1 protein in the 2 cells 
after treatment with helenalin and/or ROS inhibitor. (H-N) Western blot was utilized for detection of the expression of TXNIP, 
p-ERK, and p-AKT in the 2 cell lines following treatment with helenalin and/or ROS inhibitor. * P<0.05; ** P<0.01; *** P<0.001; 
**** P<0.0001.
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Figure 3.  Helenalin induces ROS-mediated apoptosis as well as cell cycle arrest in prostate cancer cells. (A-D) Apoptotic levels were 
determined in DU145 and PC-3 cells treated with helenalin and/or ROS inhibitor. **** P<0.0001. (E-H) Cell cycle was assessed 
in DU145 and PC-3 cells following treatment with helenalin and/or ROS inhibitor. (I-M) Western blot was carried out for 
examination of Bcl-2 and Bax expressions in DU145 and PC-3 cells following treatment with helenalin and/or ROS inhibitor. 
Compared to controls, *P<0.05; *** P<0.001, and **** P<0.0001. Compared to helenalin group, ns: not significant; ### P<0.001; 
#### P<0.0001.

with ROS inhibitor markedly reversed the effect of helenalin-in-
duced cell cycle arrest (Figure 3E-3H). We also detected apopto-
sis markers Bcl-2 and Bax by western blot (Figure 3I), showing 
that helenalin treatment reduced Bcl-2 expression (Figure 3J, 3K) 
and elevated Bax expression (Figure 3L, 3M) in the 2 cell lines, 
which were ameliorated by ROS inhibitor pre-treatment. Taken 
together, our data demonstrated that helenalin induces ROS-
mediated apoptosis and cell cycle arrest in prostate cancer cells.

Helenalin Significantly Suppresses TrxR1 Expression in 
Prostate Cancer Cells

We further assessed whether helenalin effectively inhibits the 
expression of TrxR1 in prostate cancer cells. To silence TrxR1 
expression, 3 siRNAs against TrxR1 were transfected into 
DU145 and PC-3 cells. RT-qPCR results confirmed that TrxR1 
expression was effectively silenced by the 3 siRNAs in the 2 
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Figure 4.  Helenalin treatment significantly suppresses TrxR1 expression in prostate carcinoma cells. (A, B) RT-qPCR was utilized to 
validate the knockdown effects of siRNAs against TrxR1 in 2 prostate carcinoma cell lines. (C, D) The overexpression effects 
of TrxR1 plasmid were verified in 2 prostate carcinoma cell lines by RT-qPCR. (E, F) RT-qPCR was performed to determine 
the mRNA expression of TrxR1 in 2 prostate carcinoma cells exposed to si-TrxR1, TrxR1 plasmid, and/or helenalin. (G-I) 
The protein expression of TrxR1 was assessed in the 2 cell lines treated with si-TrxR1, TrxR1 plasmid, and/or helenalin via 
western blot. ns: not significant; * P<0.05; ** P<0.01, and **** P<0.0001.

cell lines (Figure 4A, 4B). Among them, si-TrxR1#1 exhibited 
the best knockout effect, which was used for further exper-
iments. Furthermore, TrxR1 was distinctly overexpressed by 
transfection with TrxR1 plasmid in DU145 (Figure 4C) and PC-3 
cells (Figure 4D), which was confirmed by our RT-qPCR. The in-
hibitory effect of helenalin on TrxR1 was further analyzed. As 
shown in Figure 4E and 4F, helenalin significantly exacerbated 
the decrease in TrxR1 mRNA expression induced by si-TrxR1. 
Moreover, the increase in TrxR1 mRNA expression induced by 
TrxR1 plasmid was ameliorated after co-treatment with hel-
enalin (Figure 4E, 4F). Western blot results also showed that 

helenalin exposure aggravated the reduction of TrxR1 protein 
expression for DU145 and PC-3 cells transfected with si-TrxR1 
(Figure 4G-4I). Additionally, compared to transfection with TrxR1 
plasmid, TrxR1 protein expression was distinctly decreased fol-
lowing co-treatment with helenalin (Figure 4G-4I). Collectively, 
our results show that helenalin treatment markedly lowered 
TrxR1 expression in prostate cancer cells.
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Figure 5.  Helenalin exposure promotes ROS generation by suppression of TrxR1 in prostate carcinoma cells. (A, B) The ROS levels 
were examined for 2 prostate carcinoma cells exposed to si-TrxR1, TrxR1 plasmid, and/or helenalin by DCFH-DA staining. 
Bar=50 μM.

Helenalin Promotes ROS Generation by Suppression of 
TrxR1 in Prostate Cancer Cells

Whether helenalin can alter ROS production by targeting TrxR1 
was explored in more depth. By DCFH-DA staining, we detected 
the production of ROS in prostate carcinoma cells. Compared to 
si-NC, ROS production was markedly elevated in the 2 cell lines 
following transfection with si-TrxR1 (Figure 5A, 5B). After co-
treatment with helenalin and si-TrxR1, there were higher ROS 
levels in prostate carcinoma cells than in the si-TrxR1 group, 
suggesting that helenalin exposure could reinforce ROS produc-
tion induced by TrxR1 knockdown (Figure 5A, 5B). Compared 
to the empty vector group, ROS levels were distinctly lowered 

in the TrxR1 overexpression group. However, the increase in 
ROS levels was ameliorated after co-treatment with helen-
alin. Collectively, our findings revealed that helenalin treat-
ment could facilitate ROS production via suppression of TrxR1 
in prostate cancer cells.

Helenalin Treatment Induces Apoptosis and Cell Cycle 
Arrest via Targeting TrxR1 in Prostate Cancer Cells

Flow cytometry was performed to observe whether helenalin 
treatment could induce apoptotic levels and cell cycle arrest via 
inhibiting TrxR1 in 2 kinds of prostate cancer cells. As depicted 
in Figure 6A-6D, TrxR1 knockdown markedly elevated apoptotic 
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Figure 6.  Helenalin treatment induces apoptosis and cell cycle arrest through suppressing TrxR1 expression for prostate carcinoma 
cells. (A-D) Apoptotic levels were examined in 2 prostate carcinoma cells exposed to si-TrxR1, TrxR1 plasmid and/or helenalin 
by flow cytometry. **** P<0.0001. (E-H) Cell cycle was evaluated in the 2 prostate cancer cells following treatment with si-
TrxR1, TrxR1 plasmid, and/or helenalin by flow cytometry. Compared to si-NC, **** P<0.0001. Compared to si-TrxR1, # P<0.05 
and #### P<0.0001. Compared to empty vector, &&&& P<0.0001. Compared to TrxR1, @@@@ P<0.0001.
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Figure 7.  Helenalin suppresses migration and invasion by TrxR1 expression in prostate carcinoma cells. (A-D) Migration distance was 
detected in (A, B) DU145 and (C, D) PC-3 cells treated with TrxR1 plasmid and/or helenalin by wound healing assay. (E-G) The 
number of invasive DU145 and PC-3 cells was assessed following treatment with TrxR1 plasmid and/or helenalin by transwell 
assay. * P<0.05; ** P<0.01, *** P<0.001; **** P<0.0001.
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levels, which was strengthened after co-treatment with helenalin 
in prostate carcinoma cells. The inhibitory effects of TrxR1 over-
expression on apoptosis were investigated, showing amelioration 
by helenalin co-treatment. Furthermore, silencing TrxR1 markedly 
prolonged the G0/G1 phase, which was aggravated by co-treat-
ment with helenalin (Figure 6E-6H). On the contrary, TrxR1 over-
expression significantly shortened the G0/G1 phase. Nevertheless, 
the effect of shortening the G0/G1 phase was significantly im-
proved by helenalin exposure (Figure 6E-6H). To sum up, our re-
sults demonstrated that helenalin induces apoptosis and cell cycle 
arrest via suppressing TrxR1 expression in prostate cancer cells.

Helenalin Treatment Restrains Migration and Invasion 
Through TrxR1 in Prostate Cancer Cells

The effects of helenalin on the migration and invasion of pros-
tate cancer cells were further observed. Our results showed 
that the migrated ability of DU145 (Figure 7A, 7B) and PC-3 
cells (Figure 7C, 7D) was distinctly suppressed after helenalin 
treatment. In contrast, TrxR1 overexpression significantly en-
hanced the migration ability of DU145 and PC-3 cells, which 
was ameliorated after helenalin co-treatment. Furthermore, 

we found that helenalin treatment significantly reduced the 
number of invasive DU145 and PC-3 cells and the opposite re-
sults were achieved by TrxR1 overexpression (Figure 7E-7G). 
The stimulative effects of TrxR1 overexpression on invasion 
were weakened by helenalin co-treatment. Collectively, our 
results show that helenalin treatment can restrain migration 
and invasion through targeting TrxR1 in prostate cancer cells.

Discussion

There is an urgent need to find new candidate drugs for treat-
ing prostate cancer. Helenalin, a pseudoguaianolide natural 
product, exhibits effective anti-cancer effects in various hu-
man cancer cells [17,21,22]. However, it has not been com-
pletely determined whether helenalin can effectively promote 
the apoptosis of prostate cancer cells and its potential targets. 
In this study, we investigated the anti-cancer effects of hele-
nalin in 2 prostate cancer cell lines. Helenalin treatment can 
promote ROS-mediated apoptosis and G0/G1 cell cycle arrest 
via targeting TrxR1 prostate cancer cells, indicating that hele-
nalin could be a promising drug for prostate cancer.
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Promotion of dysregulation of cell cycle progression and in-
hibition of cell proliferation have been considered as an ef-
fective strategy to limit the progression of cancers [24]. Our 
results showed that helenalin has a powerful pro-apoptosis 
effect on 2 types of prostate cancer cells by promoting cell cy-
cle arrest in the G0/G1 phase. Intriguingly, we found that ex-
posure to helenalin could induce ROS production in prostate 
cancer cells. As previous research showed, helenalin could al-
leviate the production of ROS in acute liver injury mice [18]. 
ROS is a mediator of cell death induced by helenin in solid tu-
mor cells [25]. However, after pre-treatment with ROS inhibi-
tor, the inhibitory effects of helenalin were alleviated in pros-
tate cancer cells. Hence, one underlying mechanism to clarify 
the pro-apoptosis activity of helenalin could be through the 
ROS-dependent apoptosis and cell cycle arrest [26-28]. It has 
been reported that MHY440 could promote cell cycle arrest 
and apoptotic levels by ROS-dependent DNA injury in gastric 
carcinoma [29]. Brosimone I can induce G1 cell cycle arrest and 
elevate apoptotic levels in a ROS-mediated endoplasmic retic-
ulum (ER) stress in colorectal carcinoma [30].

TrxR is a critical target molecule for developing anti-cancer 
agents [31]. TrxR1 has been determined to be involved in the 
pathogenesis of prostate cancer. Its upregulation is greater in 
PC-3 cells than in normal cells [32]. Targeting TrxR1 can delay 
castration recurrence in androgen-independent prostate can-
cer [33]. Our data showed that helenalin lowered the expres-
sion of TrxR1 in DU145 and PC-3 cells. After transfection with 
TrxR1 plasmid, helenalin reversed the overexpression of TrxR1 
in prostate cancer cells. Thus, TrxR1 could be an underlying 
target of helenalin. Previously, suppressing TrxR1 was shown 
to induce the accumulation of ROS in gastric cancer cells [34], 

and similar results were found in prostate carcinoma cells af-
ter knockdown of TrxR1. Also, overexpression of TrxR1 lowered 
the production of ROS. Silencing TrxR1 markedly accelerated 
apoptosis and G0/G1 cell cycle arrest of prostate cancer cells. 
The opposite results were detected when overexpressing TrxR1. 
It has been reported that suppression of TrxR1 could motivate 
ER stress-dependent apoptosis in breast cancer [35] and he-
patocellular carcinoma [36] cell lines. Exposure to helenalin 
could reverse the inhibitory effects of TrxR1 overexpression 
on apoptosis as well as cell cycle arrest in DU145 and PC-3 
cells, suggesting that helenalin could elevate apoptotic levels 
and induce G0/G1 cell cycle arrest through lowering TrxR1 ex-
pression in prostate cancer cells.

Taken together, our study shows a mechanism by which hel-
enalin induces the anti-prostate cancer effect by targeting 
TrxR1, which was attributed to ROS-mediated cell apoptosis 
and cell cycle arrest in G1/G0 phase. Animal experiments are 
needed to determine whether helenalin could become a can-
didate drug for prostate cancer therapy.

Conclusions

Collectively, this study demonstrated that helenalin exerts an 
an-prostate cancer effect by activation of ROS-mediated apop-
tosis and cell cycle arrest through inhibition of TrxR1. Hence, 
helenalin could be a promising anti-prostate cancer drug.
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