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Abstract. Ophiopogonin D' (OPD') is a natural compound 
extracted from Ophiopogon japonicus, which is a plant 
used in traditional Chinese medicine. Our previous study 
has indicated that OPD' exhibits antitumor activity against 
androgen-independent prostate cancer (PCa), but the effects 
and the underlying molecular mechanism of action of OPD' in 
androgen-dependent PCa were unclear. In the present study, 
OPD' induced significant necroptosis in androgen‑dependent 
LNCaP cancer cells by activating receptor-interacting 
serine/threonine-protein kinase 1 (RIPK1). Exposure to OPD' 
also increased Fas ligand (FasL)-dependent RIPK1 protein 
expression. The OPD'-induced necroptosis was inhibited by 
a RIPK1 inhibitor necrostatin-1, further supporting a role for 
RIPK1 in the effects of OPD .́ The antitumor effects of OPD' 
were also inhibited by a mixed lineage kinase domain-like 
protein (MLKL) inhibitor necrosulfonamide. Following 
treatment with inhibitors of RIPK1 and MLKL, the effects of 
OPD' on LNCaP cells were inhibited in an additive manner. 
In addition, co-immunoprecipitation assays demonstrated that 
OPD' induced RIPK3 upregulation, leading to the assembly of 
a RIPK3-MLKL complex, which was independent of RIPK1. 
Furthermore, OPD' increased the expression of Fas-associated 
death domain, which is required to induce necroptosis in 

LNCaP cells. OPD' also regulated the expression levels of 
FasL, androgen receptor and prostate-specific antigen in 
a RIPK1-dependent manner. These results suggested that 
OPD' may exhibit potential as an anti-PCa agent by inducing 
RIPK1- and MLKL-dependent necroptosis.

Introduction

Although China in part of the low prostate cancer 
(PCa) incidence area, the incidence of PCa increased by 
4.7% annually between 2005 and 2011, and the mortality 
increased by 5.5% annually between 2000 and 2011, making 
it a burden on the healthcare system (1). The early stages of 
PCa are typically androgen receptor (AR)-dependent, and 
the disease can be controlled by active monitoring, androgen 
deprivation/hormone therapy (ADT) and radical prostatectomy. 
However, ADT causes weight gain, lean muscle loss, diabetes 
and osteopenia (2,3). ADT has also been demonstrated to 
induce apoptosis resistance and may lead to the development of 
AR-independent PCa (4). Non-hormonal, non-toxic treatments 
that inhibit AR-dependent PCa are highly desirable.

Previous studies have reported that certain natural prod-
ucts, including lycopene, soy isoflavones, resveratrol and 
green tea extract can inhibit the expression of the AR and 
prostate‑specific antigen (PSA) in androgen‑dependent PCa 
LNCaP cells (5-7). These cells represent the most commonly 
used cellular model of AR-dependent PCa. The combination 
of ADR with a herbal supplement including cholecalciferol, 
α-tocopherol, L-selenomethionine and epigallocatechin was 
beneficial in a phase II clinical trial, leading to a decrease or 
stabilization of the level of PSA (6).

Ophiopogonin D' (OPD') and Ophiopogonin D (OPD) are 
two triterpene saponins derived from Ophiopogon japonicus, 
which is a plant used in traditional Chinese medicine. OPD and 
OPD´ have the same molecular weight (854.47 kDa), central 
structure (platycodigenin) and glycosylradical, but different 
glycosideradicals. Previous studies have demonstrated that 
OPD exhibits antitumor effects (8,9). However, little is known 
about the effects of OPD'. Our previous study revealed that 
OPD' induced apoptosis in androgen-independent PCa cells 
through a receptor-interacting serine/threonine-protein 
kinase 1 (RIPK1)-mediated mechanism (10).
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RIPK1 serves an important role in cell death and inflam-
mation. Activation of RIPK1 promotes cell death in radio 
resistant breast cancer and enhances the antitumor activity of 
docetaxel in patient-derived breast cancer xenografts (11,12). 
Abnormal expression of RIPK1 is associated with a range of 
human degenerative and inflammatory diseases, including 
central nervous system pathologies, amyotrophic lateral scle-
rosis, Alzheimer's disease, Parkinson's disease, traumatic brain 
injury, stroke and lysosomal storage diseases (13). In prostate 
cancer, RIPK1 interacts directly with the AR to suppress 
PCa cell proliferation in vitro and tumor growth in vivo (14). 
Inhibitor of apoptosis protein antagonists and sorafenib (a 
RIPK1 inhibitor) induce apoptosis or necroptosis in castra-
tion‑resistant (AR‑independent) or autophagy‑deficient PCa 
cells (15-17).

Necroptosis is different from apoptosis in terms of the 
underlying mechanisms and the characteristics of cell death 
and is important to eliminate apoptosis-resistant tumor 
cells (18). Apoptosis involves the formation of apoptotic 
bodies and requires the activation of endogenous and/or exog-
enous caspase-dependent apoptosis pathways (19). Necroptosis 
is characterized by increased membrane permeability, 
swelling organelles and cleavage of the cell nucleus (20). 
Necroptosis is regulated by multiple pathways, including 
the RIPK1/RIPK3/mixed lineage kinase domain-like 
protein (MLKL) pathway. Recent studies suggest that sple-
nomegaly is largely dependent on RIPK3-MLKL-mediated 
necroptosis, but is independent of RIPK1 kinase activity (21). 
By contrast, monocytosis is dependent on RIPK1 kinase 
activity, but not RIPK3-MLKL (21).

Our previous study demonstrated that OPD' inhibited 
the in vitro and in vivo growth of AR-independent PCa via 
RIPK1 with no significant effects on the body weight of nude 
mice (10). The aim of the present study was to explore the 
effects and mechanisms of action of OPD' in an AR-dependent 
PCa cell line LNCaP.

Materials and methods

Test compound, chemicals and reagents. The OPD and 
OPD' used in the present study (Fig. 1A) were obtained from 
Chengdu Must Bio-Technology and had a purity of >96%. 
The anti-human RIPK1 (1:1,000; cat. no. 3493), RIPK3 
(1:1,000; cat. no. 13526), caspase 8 (1:1,000; cat. no. 9746), 
Fas-associated death domain (FADD; 1:500; cat. no. 2782) 
and mouse anti‑rabbit IgG (light‑chain specific; 1:1,000; cat. 
no. 45262) antibodies were obtained from Cell Signaling 
Technology, Inc. The RIPK3 (1:50; cat. no. ab56164), 
anti-MLKL (1:1,000; cat. no. ab184718) and anti-p-MLKL 
antibodies (1:1,000; cat. no. ab187091) were purchased 
from Abcam. The anti‑β‑actin (1:1,000; cat. no. TA‑09), 
horseradish peroxidase-conjugated anti-rabbit IgG (1:2,000, 
cat. no. ZB-2306) and horseradish peroxidase-conjugated 
anti-mouse IgG (1:2,000; cat. no. ZB-2305) antibodies were 
obtained from OriGene Technologies, Inc. Sorafenib (posi-
tive control), Necrostatin-1 (Nec-1, a RIPK1 inhibitor) and 
Z-VAD-FMK (a caspase inhibitor) were purchased from 
Selleck Chemicals. Necrosulfonamide (NSA) was purchased 
from Santa Cruz. N‑acetylcysteine (NAC) was purchased from 
Beyotime Institute of Biotechnology.

Cell lines and cell culture. The LNCaP, PC3 and DU145 
cell lines were purchased from the American Type Culture 
Collection. Cells were incubated in a stable, humidified 
environment at 37˚C with 5% CO2 and were passaged every 
2‑3 days when they became confluent. The three cell lines 
were cultured in their own special medium supplemented with 
10% FBS as previously described (22).

Cell survival assay. The Cell Counting Kit-8 (CCK-8; Beyotime 
Institute of Biotechnology) assay was used to examine the effects 
of OPD' on the survival of human LNCaP cells. LNCaP cells 
(8,000 cells/well) were treated with 0-25 µM OPD' or sorafenib 
(used as a positive control) for 24 h, and 10 µl CCK8 was added 
in per well for 3 h at 37˚C. The absorbance of the sample at 
450 nm was measured using a Tecan Infinite M200 microplate 
reader (Tecan Group Ltd.). The proportion of viable cells was 
calculated based on the following formula: Viable cells = [OD 
(OPD')-OD(blank)] / [OD(DMSO)‑OD(blank)] x 100%. IC50 
was calculated by the LOGIT method (23).

Apoptosis assay. The effects of OPD' or sorafenib on 
the proportion of LNCaP cells undergoing apoptosis and 
necroptosis were examined using an Annexin V-FITC/prop-
idium iodide (PI) Apoptosis Detection kit (BestBio, Ltd.). 
LNCaP cells (2x105 cells/well) were treated with 2.5-10 µM 
OPD' or sorafenib for 18 h. The samples were collected for 
FITC/PI staining for 15 min according to the manufacturer's 
instructions and analyzed by a FACSCalibur flow cytometer 
(BD Biosciences) and FlowJo 7.6.1 software (BD Biosciences).

Ultrastructural study. LNCaP cells (1x106) were treated with 
5 µM OPD' for 24 h. The cultured cells were collected, fixed 
with 2% glutaraldehyde in 0.1 M PBS overnight, post‑fixed 
with 1% osmium tetroxide for 2 h at 4˚C and observed under a 
FEITecnai 10 electron microscope (Thermo Fisher Scientific, 
Inc.) at x12,000 magnification.

Co‑immunoprecipitation of RIPK3‑ and MLKL‑bound 
complexes. LNCaP cells were treated with OPD' for 6 h, and 
protein lysates were collected using ice-cold NP-40 cell lysis 
buffer (Beyotime Institute of Biotechnology) with 1 mM 
PMSF. A 50% protein A/G agarose mixture (cat. no. P2055; 
Beyotime Institute of Biotechnology) was added (100 µl per 
1 ml sample solution), and the sample was agitated on a hori-
zontal shaker for 60 min at 4˚C. The sample was centrifuged 
at 825 x g for 2 min at 4˚C, and the supernatant was divided 
into two parts. Subsequently, 10 µl anti‑RIPK3 antibody (cat. 
no. ab56164; Abcam) or rabbit-IgG (cat. no. A0716; Beyotime 
Institute of Biotechnology) was added to yield ~500 µl total 
volume, and the sample was incubated at 4˚C overnight to 
allow antibody binding. New 50% protein A/G agarose was 
added to the sample solution, which was incubated at 4˚C for 
1 h. The sample was washed with NETN lysis buffer (20 mM 
Tris, pH 8.0; 150 mM NaCl; 0.5% NP-40; 1 mM DTT; 
0.5 mM EDTA; protease inhibitor mixture) 5 times at 4˚C. 
The resulting complexes were collected and used for western 
blotting analysis.

Drug treatments. The cells were pre-treated with inhibitors 
(10 µM Nec‑1, 10 µM NSA, 20 µM Z‑VAD‑FMK or 5 mM 



INTERNATIONAL JOURNAL OF ONCOLOGY  56:  439-447,  2020 441

NAC) for 2 h and treated with OPD' for 24 or 18 h (total 
inhibitor treatment duration was 26 or 20 h). Cell survival rate 
and flow cytometry analyses were performed using CCK‑8 
and Annexin V-FITC/PI staining, respectively.

Small interfering (si)RNA transfection. siRNA sequences 
against FADD were purchased from Guangzhou RiboBio Co., 
Ltd. The siRNA sequences were as follows: siRNA-FADD#1, 
GACCGAGCTCAAGTTCCTA; and siRNA-FADD#2, 
CTGAGAATCTGGAAGAACA. A total of 2x105 LNCaP 
cells were transfected with 50 nM siRNA-FADD with 
Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scientific, 
Inc.) and Opti-MEM I reduced serum medium (Invitrogen; 
Thermo Fisher Scientific, Inc.) for 6 h at 37˚C. Subsequently, 
the cells were incubated in 5 µM OPD' for another 6 or 24 h. 
Western blotting and flow cytometry analyses were performed 
using anti-FADD antibodies and Annexin V-FITC/PI staining, 
respectively.

Western blotting assays. LNCaP, DU145 and PC3 cells were 
treated with OPD', and the total protein was extracted with 
a protein extraction kit including RIPA, protease inhibitor 
mixture and phosphorylase inhibitor mixture (BestBio, Ltd.). 
The samples were centrifuge at 13,200 x g for 15 min at 4˚C, 
and the supernatant was transferred to the new Eppendorf tube. 
Protein concentration was determined by the bicinchoninic 
assay method, and the samples were balanced with RIPA, 
protease inhibitor mixture, phosphorylase inhibitor mixture 
(250:1:1) and 5X sample loading buffer (cat. no. P0015; 
Beyotime Institute of Biotechnology) and denatured for 10 min 
at 100˚C. A total of 50 µg protein sample per lane was sepa-
rated by 8‑12% SDS‑PAGE at 80 V for 30 min and 120 V for 
60 min, transferred to a PVDF membrane at 200 mA and 4˚C 
for 150 min and blocked with 5% skimmed milk for 120 min 
at room temperature. The membrane was incubated with the 
primary antibodies overnight at 4˚C with gentle agitation and 
washed with TBS + 0.1% Tween‑20. The secondary antibodies 
were added and incubated for 2 h at room temperature. The 
membrane was visualized using a chemiluminescence kit 
(EMD Millipore), detected using a Fusion FX5 Spectra 
instrument (Vilber Lourmat Sté) and analyzed by Image Lab 
(Bio-Rad Laboratories, Inc.).

Statistical analysis. Continuous variables are presented as 
the means ± SEM. Statistical analysis was performed by 
one-way ANOVA and Tukey's test. All tests were performed 

using SPSS 13.0 (SPSS, Inc.) and were two‑sided. P<0.05 was 
considered to indicate a statistically significant difference.

Results

OPD' inhibits LNCaP cell proliferation. The inhibitory effects 
of OPD' on LNCaP cell survival were assessed using the CCK-8 
assay. Sorafenib has been recommended for the treatment of 
refractory PCa, and is also a RIPK1 inhibitor (16,20,24); thus, 
it was used as a positive control in the present study. OPD' 
exhibited stronger proliferation inhibitory effects compared 
with OPD and sorafenib in LNCaP cells at 24 h, with IC50 
values of 5.34 µM for OPD', 15.92 µM for sorafenib and 
>25 µM for OPD (Figs. 1B and S1).

OPD' induces necrosis in LNCaP cells. As indicated in 
Fig. 2A, 24-h treatment with OPD' led to an increase in the 
proportion of FITC-positive and FITC/PI dual-positive cells 
(0 vs. 5 µM OPD', 3.9±1.3 vs. 14.2±3.6 and 3.5±2.6 vs. 51.0±7.5, 
respectively). Sorafenib treatment (10 μM) resulted in a greater 
increase in the proportion of FITC-positive cells and increased 
the proportion of FITC/PI dual-positive cells, but this effect 
was less potent compared with that of OPD' (Fig. 2A). The 
proportion of FITC/PI dual-positive cells is considered to 
reflect late apoptosis or necrosis (25), and apoptosis is mainly 
mediated by caspase pathways (19); the effects of OPD' were 
not reversed following pre-treatment with 20 µM Z-VAD-FMK 
(a pan-caspase inhibitor) for 2 h (Fig. 2B), suggesting that these 
cells were not undergoing apoptosis.

MLKL is a marker of necrosis (26). The results of western 
blot analysis demonstrated that OPD' exposure increased the 
protein expression levels of MLKL (55 and 220 kDa) and 
p‑MLKL (220 kDa) (Figs. 2C and S2). Treatment of cells 
with OPD' and NSA, a MLKL inhibitor, reversed the impact 
of OPD' on the proportion of FITC-/PI- and FITC+/PI+ cells 
(5 µM OPD' vs. NSA + 5 µM OPD', 26.2±9.5 vs. 40.1±3.5 
and 50.1±7.8 vs. 16.6±10.5, respectively; Fig. 2D). In addi-
tion, transmission electron microscopy images demonstrated 
changes in the cell morphology following treatment with 5 µM 
OPD' for 24 h, with leakage of cell contents, increased perme-
ability of the cell membranes and cleavage of the cell nucleus, 
but no apoptotic bodies, which suggested that the cells were 
undergoing necrosis (Fig. 2E) (20).

OPD'‑induced necroptosis is dependent on RIPK1. RIPK1 
is involved in programmed cell death (27), and is cleaved 

Figure 1. The chemical structure and biological activity of OPD'. (A) The chemical structures of OPD' and OPD. (B) The viability of LNCaP cells was 
examined by Cell Counting Kit‑8 assay after treatment with OPD' or Sor (positive control) for 24 h. The concentrations that induced 50% growth inhibition 
(IC50) were calculated (n=3). *P<0.05 vs. Sor. OPD, Ophiopogonin D; Sor, sorafenib.



LU et al:  OPHIOPOGONIN D' INDUCES RIPK1‑DEPENDENT NECROPTOSIS IN LNCAP CELLS442

by cleaved-caspase 8 (C-caspase 8). Western blot analysis 
indicated that treatment with 5 µM OPD' for 6 h increased 
the protein expression levels of RIPK1 and caspase 8, 
without any effect on the levels of cleaved-RIPK1 (C-RIPK1) 
or C-caspase 8 in LNCaP cells (Fig. 3A). Treatment with 
2.5 and 5 µM OPD' increased RIPK1 without any effects on 
c-caspase 8 and possible slight increases in C-RIPK1 and 
caspase 8 at 2.5 µM (Fig. 3A). When the cells were co-treated 
with OPD' and Nec-1, the effects of OPD' on the propor-
tion of FITC+/PI+ cells(late apoptosis and necrosis) were 
reversed (Fig. 3B), suggesting that RIPK1 was necessary for 
OPD'-induced necrosis. Compared with cells treated with 
only OPD', the proportion of FITC+/PI- cells was increased 
following co-treatment with OPD' and Nec-1 (Fig. 3B). Thus, 
early apoptosis was still induced, but late apoptosis/necrosis 
was not induced when cells were treated with Nec-1.

OPD' induces necroptosis by multiple pathways involving 
RIPK1 and RIPK3/MLKL. The RIPK1/RIPK3/MLKL 
pathway is a classical necroptosis pathway (28). Therefore, 
the effects of OPD' on the expression levels of these three 
proteins were examined. OPD' exposure increased the protein 
expression level of RIPK3 (Fig. 4A). Co-immunoprecipitation 
analysis results revealed that RIPK3, but not RIPK1, interacted 
with MLKL. This indicated that RIPK3 interacted with RIPK1 
and MLKL, but RIPK3 did not require RIPK1 for binding 
MLKL (Fig. 4B).

Based on the above results, cells treated with only OPD', 
OPD' plus Nec‑1, OPD' plus NSA or OPD' plus Nec‑1 and 
NSA were compared; the results demonstrated that the effects 
of OPD' on cell viability were decreased by co-treatment 
with Nec‑1 or Nec‑1 and NSA (Fig. 4C). The effect was 
not reversed by co‑treatment with NSA (P=0.109; Fig. 4C). 

Figure 2. OPD' induces necrosis in LNCaP cells. (A) Following LNCaP cell treatment with 2.5 or 5 µM OPD' for 24 h, the apoptotic rates were assessed by 
Annexin V-FITC/PI assay (n=3). *P<0.05 vs. vehicle. (B) The Cell Counting Kit‑8 assay was used to analyze the effects of OPD' on cell survival following 
pre-treatment of LNCaP cells with Z-VAD-FMK (n=3). (C) Western blotting was used to examine the protein expression of MLKL and p-MLKL following 
6‑h treatment with OPD'. (D) Annexin V‑FITC/PI staining was used to analyze the apoptotic rates of LNCaP cells following treatment with OPD' and NSA. 
(E) Treatment with 5 µM OPD' induced changes in cell morphology, as indicated by transmission electron microscopy. Arrows indicate leaked contents of the 
cell and cleavage of the cell nucleus. *P<0.05. OPD', Ophiopogonin D'; Sor, sorafenib; PI, propidium iodide; MLKL, mixed lineage kinase domain‑like protein; 
NSA, necrosulfonamide; p, phosphorylated.

Figure 3. OPD' induces necroptosis in a RIPK1-dependentmanner. (A) Western blotting was used to examine the protein expression of RIPK1, cleaved-RIPK1, 
caspase 8 and cleaved-caspase 8 following treatment with OPD' for 6 h. (B) Annexin V-FITC/PI staining was used to analyze the LNCaP cell status after 
treatment with OPD' and/or Nec-1 (n=3). *P<0.05. OPD', Ophiopogonin D'; Nec‑1, necrostatin‑1; RIPK1, receptor‑interacting serine/threonine‑protein kinase 1; 
PI, propidium iodide; C, cleaved.
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However, the combination of Nec‑1 and NSA was significantly 
more effective compared with the Nec-1 alone at inhibiting 
the effects of OPD' (Fig. 4C). The FICT/PI double staining 
analysis results demonstrated that the co-treatment of cells 
with OPD', Nec‑1 and NSA inhibited the effects of OPD' 
on the proportions of FITC-/PI- and FITC+/PI+ cells (5 µM 
OPD' vs. Nec‑1+NSA + 5 µM OPD', 23.3±7.1 vs. 49.8±3.4 
and 54.3±7.0 vs. 14.6±2.7, respectively; Fig. 4D), resulting 
in an increase in the proportion of FITC+/PI- cells (12.1±3.9 
vs. 24.4±6.1; Fig. 4D). Thus, Nec‑1 and NSA attenuated the 
effects of OPD' on LNCaP cells.

OPD' regulates Fas ligand (FasL), AR and PSA through 
RIPK1. In addition to the RIPK1/RIPK3/MLKL pathway, 
RIPK1 also activates mitogen-activated protein kinases, such 
as JNK (29), which upregulate the expression of Fas, FasL and 
Bim (30) and interact with the AR to inhibit the development 
of PCa (14). As presented in Fig. 5A, exposure of LNCaP cells 
to 5 µM OPD' for 6 h increased the protein expression levels of 
FasL (40 kDa) and soluble FasL (26 kDa), whereas the protein 
expression levels of Fas and Bim were decreased. In addition, 
the effects of OPD' on soluble FasL were reversed by pre-treat-
ment with Nec-1 for 2 h prior to OPD' treatment (Fig. 5B). 
Following treatment with OPD', the protein expression levels 
of the AR and PSA were decreased (Fig. 5C). This effect was 

reversed by pre-treatment with Nec-1 for 2 h (Fig. 5D). These 
results suggested that OPD' may affect FasL via RIPK1, thus 
inhibiting the AR and inhibiting PCa cell proliferation, while 
also inducing necroptosis.

OPD' determines the pattern of cell death through FADD. The 
type II tumor necrosis factor receptor 1-interacting protein 
complex (comprising RIPK1, caspase 8, FADD and tumor 
necrosis factor receptor type 1-associated death domain protein) 
requires FADD to induce apoptosis or necroptosis (31,32). As 
presented in Fig. 6A, the baseline FADD protein expression 
level in LNCaP cells was higher compared with that in PC3 
and DU145 cell lines. Although OPD' treatment increased the 
protein expression of FADD in LNCaP cells(Fig. 6B), only a 
slight increase was observed in the protein expression level of 
FADD following exposure of DU145 cells to 1 µM and 2.5 µM 
OPD' for 6 h. Of note, the FADD protein level exhibited a 
decrease in PC3 cells (Fig. 6B). The effects of OPD' on the 
proportion of FITC-/PI- and FITC+/PI+ cells were reversed in 
LNCaP cells by pre-treatment with siRNA-FADD (5 µM OPD' 
vs. siRNA‑F1 + 5 µM OPD' and siRNA‑F2 + 5 µM OPD', 
42.6±6.7 vs. 58.6±7.6 and 59.8±8.6, and 30.9±9.8 vs. 18.5±3.2 
and 19.3±4.0, respectively; Fig. 6C). 

RIPK1 induces apoptosis by generating reactive oxygen 
species (ROS) in the absence of FADD (33). The effects of 

Figure 4. OPD' induces necroptosis by multiple pathways involving RIPK1 and RIPK3/MLKL. (A) Western blotting was used to examine the protein expres-
sion of RIPK3 following treatment with OPD' for 6 h. (B) LNCaP cells were exposed to 5 µM OPD' for 6 h, then the protein lysates were immunoprecipitated 
using anti-RIPK3 antibodies. The target proteins RIPK1, MLKL and RIPK3 were examined by western blotting. (C) The Cell Counting Kit-8 assay was used 
to analyze the survival of LNCaP cells in response to OPD' following pre‑treatment with Nec‑1 and/or NSA (n=3). (D) Annexin V‑FITC/PI staining was 
used to analyze the apoptotic rates of LNCaP cells exposed to OPD' for 24 h following combined pre‑treatment with Nec‑1 and NSA for 2 h. *P<0.05. OPD', 
Ophiopogonin D'; Nec‑1, necrostatin‑1; NSA, necrosulfonamide; RIPK, receptor‑interacting serine/threonine‑protein kinase; MLKL, mixed lineage kinase 
domain-like protein; PI, propidium iodide.
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OPD' were reversed by pretreatment of PC3 cells with an 
antioxidant NAC, but this was not observed in LNCaP cells 
(Fig. 6D). These results suggested that OPD' induced necrop-
tosis through multiple pathways, and that FADD served a key 
role in determining the form of cell death (Fig. 7).

Discussion

A previous study has suggested that promoting apoptosis 
may cure PCa (34). Apoptosis resistance frequently develops 
after ADT, leading to treatment-resistant PCa (4). The occur-

Figure 5. OPD' regulates FasL, androgen receptor and prostate‑specific antigen through RIPK1. (A) Western blotting was used to detect the effects of OPD' 
on target proteins FasL, Fas and Bim in LNCaP cells. (B) Western blotting was used to detect the effects of OPD' on the protein expression of FasL following 
treatment with Nec‑1 and/or OPD'. (C) Western blotting was used to detect the effects of OPD' on target proteins AR and PSA in LNCaP cells. (D) Western 
blotting was used to detect the effects of OPD' on the protein expression of AR and PSA following treatment with Nec‑1 and/or OPD'. OPD', Ophiopogonin D'; 
FasL, Fas ligand; Nec‑1, necrostatin‑1; Bim, Bcl‑2‑like protein 11; AR, androgen receptor; PSA, prostate‑specific antigen.

Figure 6. OPD' determines the pattern of cell death mediated by FADD. (A) The baseline FADD protein expression in LNCaP, PC3 and DU145 cells was 
examined by western blotting. (B) LNCaP, PC3 and DU145 cells were treated with OPD' for 6 h, and FADD protein expression was examined by western 
blotting. (C) Annexin V-FITC/PI staining was used to analyze the apoptotic rates of LNCaP cells following treatment with OPD' and siRNA-FADD (n=3). 
(D) The Cell Counting Kit-8 assay was used to analyze the viability of LNCaP and PC3 cells following treatment with OPD' and NAC (n=3). *P<0.05. 
OPD', Ophiopogonin D'; FADD, Fas-associated death domain; siRNA, small interfering RNA; C, siRNA-control; siRNA-F1, siRNA-FADD#1; siRNA-F2, 
siRNA-FADD#2; PI, propidium iodide; NAC, N-acetylcysteine.
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rence of apoptosis resistance is associated with the induction 
of autophagy by androgen deprivation, which reduces the 
efficacy of ADT (35,36). More specifically, upregulation 
of autophagy-associated proteins has been demonstrated 
to promote resistance to ADT (35,37,38). Another study 
has indicated that the transformation of cell death patterns 
between apoptosis and necroptosis is controlled by autophagy 
machinery (39). In prostate cells defective in autophagy, toxic 
agents induced necroptosis rather than apoptosis (16). Inhibition 
of autophagy has also been demonstrated to improve the effi-
cacy of abiraterone (40). Thus, suppressing autophagy and/or 
inducing necroptosis may make ADT more effective (34). The 
results of the present study suggested that OPD' induced necrop-
tosis in LNCaP cells.

RIPK1 is a crucial regulator of necroptosis (41). The results 
of the present study suggested that OPD' induced necroptosis 
via several RIPK1-dependent mechanisms. RIPK3 is known 
to interact with RIPK1 to induce necroptosis (19). The present 
study demonstrated that OPD' activated MLKL through RIPK3 
to induce necroptosis. Of note, when MLKL was inhibited by 
NSA, the OPD'‑induced necroptosis and apoptosis was increased. 
The results of the present study also revealed that RIPK1 did not 
directly interact with RIPK3, but was able to induce necroptosis 
in a RIPK3/MLKL-independent manner. Thus, although MLKL 
and RIPK3 maybe involved in the necroptotic effects of OPD', 
other regulators appear to be involved. RIPK3 may induce apop-
tosis by disrupting FUN14 domain-containing 1 activation (42) 
when MLKL is inhibited by NSA. RIPK1 also regulates FasL, 
which is required for the execution of necroptosis in red blood 
cells (43), as well as mitogen-activated protein kinases such as 
JNK (29), which promotes the protein expression of Fas, FasL 
and Bim (30). In the present study, OPD' treatment increased 
the protein expression levels of FasL (but not Bim or Fas) in 
LNCaP cells in a RIPK1-dependent manner, which supported 
the involvement of FasL.

The AR is a transcription factor that activates genes that 
promote PCa cell proliferation and survival (44). AR antagonists 
or surgery are typically used to treat patients with early-stage 

PCa. The results of the present study demonstrated that OPD' 
inhibited the AR protein expression via RIPK1. PSA is an 
important index used for the diagnosis and evaluation of PCa 
progression and is related to the expression of the AR (45,46). 
In the present study, OPD' decreased the protein expression 
of PSA via a mechanism dependent on RIPK1. Other saponin 
products, such asginsenosides, have also been demonstrated to 
inhibit the AR protein expression during testosterone stimula-
tion (47). In addition to saponins, an ethanol extract of Algerian 
propolis was demonstrated to decrease androgen receptor 
transcriptional activity and the secretion of PSA (48). Thus, a 
body of evidence supports the use of plant-derived compounds 
to reduce the AR expression and activity.

Tumors are composed of genetically heterogeneous cellular 
clones, which undergo further genetic changes during disease 
progression and in response to clinical treatment (49). Prostate 
tumors contain functionally and phenotypically distinct 
cells (50). The androgen receptor status of prostate tumor cells 
is one of the major indicators used for the staging of PCa (51). 
Our previous study demonstrated that OPD' exhibited activity 
against androgen-independent PC3 and DU145 prostate cancer 
cells, which was mediated through RIPK1 (10). Although 
OPD' increased RIPK1 protein expression in these cells and 
androgen-dependent LNCaP cells, the treatment resulted 
in different effects. Interestingly, OPD' induced apoptosis in 
PC3 and DU145 cells, which are more sensitive compared with 
PC3 cells (10), but led to necroptosis in LNCaP cells. This 
may be due to the different baseline expression and activity of 
FADD in the different cell lines.

FADD is not only a crucial adaptor protein in death 
receptor-mediated apoptosis, but is also important for necrop-
tosis (52). FADD, caspase 8 and RIPK1 form a death-inducing 
signaling complex that has the potential to initiate either 
apoptosis or necroptosis depending on the conditions and cell 
type (53). In the absence of FADD, RIPK1 induces apoptosis 
by generating ROS (33). The results of the present study 
demonstrated that OPD' increased the protein expression of 
FADD and induced necroptosis in LNCaP cells, whereas in 
our previous study, it reduced the protein expression of FADD 
and induced apoptosis in PC3 cells (10). Further experiments 
in the present study revealed that the effects of OPD' were 
reversed by pre-treatment of PC3 cells with NAC, which was 
not observed in LNCaP cells. The level of OPD'-induced 
apoptosis did not change following pre-treatment of cells with 
siRNA-FADD. This may be attributed to PC3 cells having 
a high mitochondrial oxygen concentration and generating 
more O2- compared with LNCaP cells (54). Although normal 
ROS levels maintain cell proliferation, excessive ROS induces 
cell death, and PC3 cells were already being exposed to high 
levels of ROS (55). FADD induces apoptosis in the absence 
of RIPK1 (56), and when RIPK1 was inhibited by Nec-1, the 
level of OPD'-induced apoptosis in LNCaP cells increased.

In summary, the results of the present study demonstrated 
that OPD' inhibited the proliferation of LNCaP cells, and that 
these effects were at least partially RIPK1-dependent. OPD' 
also affected the expression levels of FasL, AR and PSA in a 
RIPK1-dependent manner. OPD' may inhibit the viability of 
diverse types of prostate cancer cell and exert its effects via 
multiple mechanisms. Further studies are needed to replicate 
these results and mechanisms in vivo. However, the current 

Figure 7. A schematic representation of the anti-cancer effects of OPD' in 
LNCaP and PC3 cells. RIPK, receptor-interacting serine/threonine-protein 
kinase; MLKL, mixed lineage kinase domain-like protein; FADD, 
Fas‑associated death domain; FASL, Fas ligand; p, phosphorylated; siRNA, 
small interfering RNA.
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results are novel, suggesting that OPD' may have potential as 
an anti-tumor agent in the treatment of PCa.
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