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Diosgenin-induced autophagy and apoptosis
in a human prostate cancer cell line
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Abstract. Diosgenin, a plant steroid compound from
Dioscorea nipponica, is an anti-inflammatory, antidiabetic,
antitumor, vasodilatory compound, which also reduces blood
lipid content and protects against ischemia-induced neuronal
damage. However, a limited number of studies have been
performed on the antitumor effect of diosgenin on prostate
cancer, the underlying mechanism of which remains to be
fully elucidated. In the present study, the effect and under-
lying mechanism of diosgenin on DU145 human prostate
cancer cells was investigated. DU145 cells were cultured
in vitro with diosgenin, following which cell proliferation
was detected by a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphen-
yltetrazolium bromide assay and apoptosis was detected by
flow cytometry. In addition, DU145 cells were observed under
a transmission electron microscope to confirm autophagy.
monodansylcadaverine staining and western blotting indi-
cated the levels of autophagy in DU145 cells. To determine
the mechanism underlying the effect of diosgenin on DU145
cells, western blotting was performed to evaluate the involve-
ment of the phosphatidylinositol 3 kinase (PI3K)/protein
kinase B (Akt)/mammalian target of rapamycin (mTOR)
signaling pathway. To investigate the association between
apoptosis and autophagy, DU145 cells were cultured with
diosgenin and 3-methyladenine. Hoechst 33342/propidium
iodide double staining was performed to detect apoptosis,
and reverse transcription-quantitative polymerase chain reac-
tion was used to analyze mRNA expression levels of Beclin 1
and B-cell lymphoma 2. Diosgenin inhibits the proliferation
of DUI145 cells by activating apoptosis and autophagy, and
the mechanism underlying this activation may be associ-
ated with the inhibition of the PI3K/Akt/mTOR signaling
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pathway. In addition, the inhibition of autophagy mediated
by diosgenin increases apoptosis and, thus, increases the
therapeutic effect. The combination of diosgenin with an
autophagy inhibitor may be an effective strategy to increase
the antitumor effect of diosgenin.

Introduction

Prostate cancer primarily occurs in older males over 75 years
of age (1). The American Cancer Society predicted that
238,590 people would be diagnosed with prostate cancer in
2013, and that 29,720 patients would succumb to the disease.
An aging population and the effects of the environment, stress
and diet have resulted in substantial year-on-year increases
in the number of prostate cancer patients. Prostate cancer
is now the second most common cause of cancer-associated
mortality in males in the USA (2) and severely affects quality
of life and life expectancy (3). Therefore, the identification
of novel strategies to diagnose and treat prostate cancer
is crucial. Currently, prostate cancer therapies primarily
involve surgical resection, radiotherapy, chemotherapy and
endocrine therapy. However, the application of these thera-
pies is limited by the relatively high age of onset meaning
patients may be frail, the local metastasis of the disease
and the tendency for postoperative relapse (4-10). Previous
studies have reported that traditional Chinese medicine
possesses antitumor (11-13) and anti-inflammatory (14-16)
effects, increases immunity (17), restores the normal func-
tions of the bone marrow, blood and gastrointestinal tract,
and improves quality of life (18,19). Therefore, traditional
Chinese medicine may potentially be useful for the treatment
of cancer.

Diosgenin is a plant steroid compound that is isolated
from the root of Dioscorea nipponica of the Dioscoreaceae
family and is an active ingredient in a variety of traditional
and patented Chinese medicines. In addition, diosgenin
(molecular formula, C,,H,,05; molecular weight, 414.61 Da)
is an important raw material in the synthesis of steroid agents.
Previous studies have demonstrated that diosgenin possesses
antitumor (20,21) and antidiabetic (22,23) activities, reduces
blood lipid content (24), acts as an anti-inflammatory (25)
and vasodilator (26), and protects the myocardium (27). With
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regards to the antitumor effects of diosgenin, it has been
demonstrated to inhibit the growth of multiple tumor types,
including breast, esophageal, liver and gastric cancers (28-31),
however, few studies have investigated its effects on prostate
cancer. Furthermore, the mechanism underlying the antitumor
effect of diosgenin remains to be elucidated. It is widely
accepted that apoptosis is an important cell death pathway. In
addition, autophagy has been demonstrated to be involved in
tumorigenesis. Therefore, the present study used the DU145
human prostate cancer cell line to investigate the effect of
diosgenin on the proliferation, apoptosis and autophagy of
prostate cancer cells. In addition, the mechanism underlying
the action of diosgenin was examined, to provide experimental
evidence supporting the use of diosgenin as a potential treat-
ment for prostate cancer.

Materials and methods

Chemicals and reagents. Diosgenin was purchased from
Nanjing Zelang Medical Technology Co., Ltd. (Nanjing,
China), with a purity of >98% as determined by high-perfor-
mance liquid chromatography. Minimum essential medium
(MEM), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) Cell Proliferation and Cytotoxicity assay
kit, 3-methyladenine (3-MA), monodansylcadaverine (MDC)
Autophagy Detection kit, and annexin V-allophycocyanin
(APC)/7-aminoactinomycin D (7-AAD) Apoptosis Detection
kit were purchased from Sigma-Aldrich (Merck Millipore,
Darmstadt, Germany). Fetal bovine serum (FBS), Hoechst
33,342/propidium iodide (PI) Double Staining kit, TRIzol®
reagent, First-Strand cDNA Synthesis kit and Taqg DNA
Polymerase were purchased from Thermo Fisher Scientific,
Inc. (Waltham, MA, USA). Bradford Protein Content assay
kit (cat. no. KGA801), SDS-PAGE Gel Preparation kit (cat.
no. KGP113), Coomassie Blue Staining kit (cat. no. KGP1001),
Ponceau S staining solution (cat. no. KGP105) and glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) were obtained
from Nanjing KeyGen Biotech Co., Ltd. (Nanjing, China).

Cell culture. The DU145 human prostate cancer cell line was
obtained from Nanjing KeyGen Biotech Co., Ltd. The cells
were cultured in MEM containing 10% FBS at 37°C in a 5%
CO, incubator. Cells in the logarithmic growth phase were
used for subsequent experiments.

MTT assay of cell proliferation (ICs,). A cell suspension of
5x10* cells/ml was prepared, and 100 pl of this was added to
each well of a 96-well culture plate, which was incubated at
37°C in a 5% CO, incubator for 24 h. Complete medium was
used to dilute diosgenin to the desired concentrations (100, 50,
25, 12.5, 6.25, 3.125, 1.5625, 0.78125 and 0.1953125 pg/ml),
and 100 pl of the corresponding diosgenin-containing medium
was added per well. 3-MA was added to cells at a final
concentration of 5 nM. Untreated cells were the negative
control group, while cells treated with 10 zg/ml paclitaxel
were the positive control group. The 96-well plate was
incubated at 37°C in a 5% CO, incubator for 48 h. The plate
was then subjected to MTT staining, according to the proce-
dures described previously (32), and the optical density of
the samples was measured at a wavelength of 490 nm. The
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inhibition rate and ICs, value of each group were calculated
using the following formula: Inhibition rate (%) = [(Negative
control group - Experimental group) / Negative control
group] x 100.

Annexin-V APC/7-AAD double staining to detect apoptosis.
Cells growing in the logarithmic phase were trypsinized
and seeded at a density of 5x10* cells/well in a 6-well plate.
The following day, once cells had adhered to the plate, the
corresponding diosgenin-containing medium was added
(0.6, 3 or 15 ug/ml). A negative control group, consisting
of untreated cells was included. Following incubation for
48 h at 37°C and 5% CO,, 0.25% trypsin [without ethylene-
diaminetetraacetic acid (EDTA)] was used to remove the
cells. The cells were washed twice with phosphate-buffered
saline (PBS) and centrifuged at 447.2 x g for 5 min at 20°C.
A total of 5x10° cells were resuspended in 500 pl binding
buffer, following which 5 ul of annexin V-APC was added
and mixed well, and 5 ul 7-AAD was added and mixed
well. The reaction was performed at room temperature for
5-15 min in the dark, and a flow cytometer (FACSCalibur;
BD Biosciences, Franklin Lakes, NJ, USA), together with the
BD CellQuest software (BD Biosciences) was used to detect
apoptosis.

Transmission electron microscopy. DUI145 cells
(1x10° cells/ml) in the logarithmic growth phase were incubated
in diosgenin-containing medium (15, 3 or 0.6 ug/ml). A nega-
tive control group consisting of untreated cells was included.
Cells were harvested 24 h later, using trypsin (0.25%) to
remove the cells from the plate. Cells were then centrifuged at
111.8 x g for 10 min at 20°C. The supernatants were discarded,
cells were washed twice with PBS and 2.5% glutaric acid
was added. The cells were fixed for 90 min at 4°C and then
embedded, sectioned and stained with uranyl acetate and lead
citrate. Autophagosomes were observed under a transmission
electronic microscope (JEM-1011; JEOL, Ltd., Tokyo, Japan).

MDC staining to detect autophagy. Cells in the logarithmic
growth phase were trypsinized and seeded into a 6-well plate
at a density of 5x10° cell/ml/well. The following day, once
cells had adhered, diosgenin-containing medium was added
(15, 3 or 0.6 ug/ml). A negative control group consisting of
untreated cells was included. Cells were harvested using 0.25%
trypsin (without EDTA) following a 48-h incubation. Wash
buffer (1X; 300 ul) was used to wash the cells once, and cells
were then resuspended in 1X wash buffer at 1x10° cells/ml.
A total of 90 ul of cell suspension was transferred to a new
microfuge tube, and 10 1 of MDC staining solution was added
and gently mixed. Following staining at room temperature for
15-45 min in the dark, cells were collected by centrifugation
at 800 x g for 5 min. The cells were washed three times with
wash buffer and resuspended in 100 ul of collection buffer.
The cell suspension was dropped onto a slide and covered
with a coverslip. Cells were observed under a fluorescence
microscope (IX51; Olympus Corporation, Tokyo, Japan).

Western blotting to determine protein expression levels.
Cells in the logarithmic growth phase were trypsinized and
seeded onto a 6-well plate at a density of 5x10° cell/ml/well.
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The following day, once cells had adhered to the plate, dios-
genin-containing medium was added (15, 3 or 0.6 ug/ml).
A negative control group consisting of untreated cells was
included. Pre-chilled lysis buffer (200 ul), consisting of 20 nM
Tris (pH 7.5), 150 mM NaCl, Triton-X-100 (cat. no. KGP701;
KayGen Biotech, Co., Ltd), was added to each group and
incubated on ice for 30 min. Following vortexing, the
lysate was centrifuged at 13,000 x g for 10 min at 4°C. The
supernatant was retained, and the Bradford Protein Content
assay kit was used to measure the protein concentration
of the samples. Proteins (30 pg) were resolved on a 10%
SDS-PAGE gel and transferred to a polyvinylidene difluoride
membrane. Following blocking overnight with 5% non-fat
milk, the membranes were incubated overnight at 4°C in a
sealed bag with the following primary antibodies: Mouse
anti-human light chain 3 (LC3)-I (cat. no. KGATGO007; dilu-
tion, 1:500); mouse anti-human LC3-II (cat. no. KGATGO007;
dilution, 1:500); rabbit anti-human phosphatidylinositol 3
kinase (PI3K; cat. no. KG22639; dilution, 1:500); rabbit
anti-human phosphorylated (p)-PI3K (cat. no. KG22638-2;
dilution, 1:500); rabbit anti-human protein kinase B (Akt;
cat. no. KG21502; dilution, 1:200); rabbit anti-human p-Akt
(cat. no. KG11054-2; dilution, 1:200); rabbit anti-human
mammalian target of rapamycin (mTOR; Ser 2448; cat.
no. KGYT2914-7; dilution, 1:200); rabbit anti-human
p-mTOR (cat. no. KGYPO0176-6; dilution, 1:200); and
anti-GAPDH (cat. no. KGAA002-2; dilution, 1:200). All
primary antibodies were obtained from KayGen Biotech Co.,
Ltd. Tris-buffered saline and Tween 20 was used to wash the
membrane three times for 10 min before it was incubated with
horseradish peroxidase-conjugated goat anti-mouse IgG (cat.
no. KGAA37; dilution, 1:4,000) or goat anti-rabbit IgG (cat.
no. KGA A35; dilution, 1:4,000; both from KayGen Biotech,
Co., Ltd.) secondary antibodies for 1 h at 37°C. Finally, the
membrane was visualized using an enhanced chemilumines-
cence method (cat. no. KGP1201; KayGen Biotech Co., Ltd.)
and exposed to film. Protein band densities were quantified
using Quantity One analysis software (version, V4.4.0.36;
Bio-Rad, Inc., Hercules, CA, USA).

Hoechst 33,342/PI double staining to detect apoptosis. Cells in
the logarithmic growth phase were trypsinized and seeded into
a 6-well plate at a density of 1x10° cell/ml/well. The following
day, once cells had adhered, diosgenin-containing medium
was added. A negative control group consisting of untreated
cells was included. Cells were harvested with 0.25% trypsin
(without EDTA) following incubation for 48 h. Cells (10-109)
were resuspended in 1 ml of medium and 10 1 Hoechst 33,342
staining solution was added to the cells and incubated at 37°C
for 5-15 min. The cells were centrifuged at 111.8 x g for 5 min
at 4°C, and the supernatant was discarded. Buffer A (1 ml) was
used to resuspend the cells, and 5 ul PI staining solution was
added and incubated at room temperature for 5-15 min in the
dark. The suspension was mixed well and observed under a
fluorescence microscope. The number of apoptotic cells was
determined by counting the number of PI-positive cells in
3 random fields of view for each sample.

Reverse transcription-quantitative polymerase chain reaction
(RT-qPCR) to detect gene expression. Pre-cooled TRIzol
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(1 ml) was added to DU145 cells (1x10°) growing in loga-
rithmic phase, and the solution was repeatedly retro-pipetted
until it was transparent. The solution was then transferred to
a 1.5 ml centrifuge tube, and incubated at room temperature
for 5 min. Chloroform (0.2 ml) was subsequently added and
the cover was fastened. The tube was shaken for 15s until the
solution was white in color, before it was incubated at room
temperature for 3 min. The solution was then centrifuged at
16099.2 x g for 15 min at 4°C, before 0.6 ml of the super-
natant was transferred to a fresh centrifuge tube. Ispropyl
alcohol (0.6 ml) was subsequently added and, after gentle
vortexing, the sample was incubated at room temperature for
10 min and centrifuged at 16099.2 x g for 10 min at 4°C. The
supernatant was removed and 1 ml 70% ethanol was added
along the tube wall, before it was vortexed gently and centri-
fuged at 16099.2 x g for 10 min at 4°C. The supernatant was
removed, air-dried and precipitated at room temperature for
approximately 5 min, before 30-50 xl RNase-free water was
added to dissolve the RNA precipitate. Following complete
dissolution, the solution was preserved at -70°C until required.
The RNA was reverse transcribed into cDNA using the First
Strand cDNA Synthesis kit (Thermo Fisher Scientific, Inc.),
and RT-qPCR was performed using SYBR Green Realtime
PCR Master Mix (cat. no. QPK-201; Toyobo, Co., Ltd., Osaka,
Japan) and the StepOnePlus software program (version 2.0;
Applied Biosystems; Thermo Fisher Scientific, Inc.). The
primers were synthesized by Gen Script (Nanjing) Co., Ltd.
(Nanjing, China) and had the following sequences: Sense,
5'-ACAACTTTGGTATCGTGGAAGG-3' and antisense,
5'-GCCATCACGCCACAGTTTC-3' for GAPDH (101 bp);
sense, S'-ATGTCCACAGAAAGTGCCAA-3' and antisense,
5'-GGGTGATCCACATCTGTCTG-3' for Beclin 1 (140 bp);
and sense, 5'-AAATCCGACCACTAATTGCC-3' and
antisense, 5S"TGCTCTTCAGATGGTGATCC-3' for B-cell
lymphoma 2 (Bcl2; 114 bp). The amplification conditions were
95°C pre-denaturation for 5 min followed by 40 cycles of 95°C
denaturation for 15 sec, 60°C annealing for 20 sec, and 72°C
extension for 40 sec. The specificity of the amplified products
was monitored by melting curves. ABI StepOne software
(version, 2.3; Applied Biosystems; Thermo Fisher Scientific,
Inc.) was used to calculate the relative expression (using 2-44¢4)
of the target genes in each group, and GAPDH served as an
internal reference to assess the expression of target genes (33).

Statistical analysis. All data are presented as the mean =+ stan-
dard deviation. Statistical analyses were performed in SPSS
software version 16.0 (SPSS, Inc., Chicago, IL, USA).
Analysis of variance was used to compare differences
between groups. P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

Inhibitory effect of diosgenin on the proliferation of DUI45
cells. DU145 cells were treated with diosgenin (100, 50, 25,
12.5,6.25,3.125, 1.5625,0.78125 or 0.1953125 pg/ml) for 48 h.
Diosgenin inhibited DU145 cell proliferation in a dose-depen-
dent manner (Fig. 1). At 48 h, the IC5, was 6.757 pug/ml,
therefore 0.6, 3 and 15 pg/ml diosgenin concentrations were
used for subsequent experiments.
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Effect of diosgenin on the apoptosis of DUI45 cells. To
assess whether the inhibition of proliferation by diosgenin
was associated with apoptosis, DU145 cells were treated with
diosgenin for 48 h, and the percentage of apoptotic cells was
analyzed by flow cytometry. Diosgenin induced apoptosis in
DU145 cells in a dose-dependent manner (P<0.01 for 0.6, 3
and 15 pg/ml diosgenin; Fig. 2).

Effect of diosgenin on the microstructural morphology of
DUI45 cells. To verify whether the cytoplasmic vacuoles
observed by inverted microscopy were associated with
autophagy, transmission electron microscopy was used to
observe autophagosomes in DU145 cells treated with dios-
genin. As presented in Fig. 3, untreated cells contained normal
nuclei, cytoplasm, and organelles, whereas diosgenin-treated
cells exhibited a large number of autophagosomes of various
sizes. In addition, autophagosomes containing mitochondria
were observed. This suggests that autophagy occurred in the
cells following diosgenin treatment.

MDC staining of autophagosomes. MDC-labeled autophagic
vacuoles were observed under an inverted fluorescence
microscope and exhibited clear vesicles in the cytoplasm and
perinuclear region, and the changes of the particles inside
the cell were used to determine the level of autophagy.
As presented in Fig. 4, diosgenin-treated cells exhibited
increased fluorescence intensity and numbers of autophagic
vacuoles compared with the control group. The number and
staining intensity of the vacuoles increased in a dose-depen-
dent manner. This suggests that diosgenin induces autophagy.

Diosgenin induces microtubule-associated protein
1A/IB-LC3 and caspase 9 protein expression in DUI45 cells.
Western blotting was used to detect changes in the protein
expression levels of LC3 and caspase 9 following treatment
of DUI145 cells with diosgenin. On SDS-PAGE gels, LC3-I1
ran faster than LC3-I, producing two bands by western blot.
Fig. 5A indicates that untreated cells exhibited only a faint
LC3-I band, whereas LC3-II was not detected. By contrast,
following treatment with diosgenin, the protein expression
levels of LC3-II increased significantly in a dose-dependent
manner (0.6 ug, P=0.006; 3 pg, P<0.001; 15 g, P<0.001;
Fig. 5A). In addition, diosgenin treatment significantly
increased the protein expression levels of caspase 9
compared with the control group, in a dose-dependent
manner (0.6 ug/ml, P<0.001; 3 yg/ml, P=0.002; 15 pug/ml,
P<0.001; Fig. 5B).

Effect of diosgenin on the PI3K/Akt/mTOR signaling
pathway. The PI3K/Akt/mTOR signaling pathway is the
canonical pathway that negatively regulates the initiation
of autophagy. It has been reported that inhibition of this
signaling pathway induces cell autophagy. As presented in
Fig. 6, western blotting demonstrated that diosgenin inhib-
ited the phosphorylation of PI3K, Akt, and mTOR in the
PI3K/Akt/mTOR signaling pathway.

Inhibition of autophagy increases the cytotoxicity of dios-
genin. Preliminary experiments determined that diosgenin
treatment induced autophagy and apoptosis in DU145 cells
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Figure 1. Concentration curve of the inhibition of DU145 cell proliferation
by diosgenin. DU145 cells were treated with a range of concentrations of
diosgenin for 48 h. A dose-dependent inhibition of cell proliferation was
observed. Data are expressed as the mean + standard deviation (n=6). 'P<0.05
and “P<0.01 vs. control. PTX, paclitaxel.

and that the inhibition of DU145 proliferation by diosgenin
occurred in a dose-dependent manner. To determine whether
the cytotoxicity exhibited by diosgenin was mediated by
autophagy, the autophagy inhibitor 3-MA was used,and MTT
assays were performed to assess cytotoxicity. Compared with
cells treated with diosgenin alone, the addition of 3-MA
increased the percentage of non-viable DU145 cells (P<0.01;
Fig. 7).

Hoechst 33342 and PI double fluorescence staining of live
cells. Hoechst 33342 and PI double staining distinguish live
and dead cells. The nuclei of cells in the late apoptotic or
early necrotic stages stain red, whereas the nuclei of live cells
stain blue. No significant differences in the percentages of
apoptotic cells were observed between control cells (Fig. 8A)
and cells treated with 3-MA alone (Fig. 8B). However, cells
treated with diosgenin (Fig. 8C) for 48 h exhibited nuclei with
a bead-like shape, forming apoptotic bodies. Diosgenin treat-
ment increased the percentage of apoptotic cells compared
with control cells. Cells treated with diosgenin and 3-MA
(Fig. 8D) exhibited an increased percentage of apoptotic cells
compared with cells treated with diosgenin alone. These
results demonstrated that apoptosis increased significantly
following the inhibition of diosgenin-induced autophagy.

Effect of diosgenin on apoptosis following the inhibition
of autophagy. As cytotoxicity of diosgenin was increased
following the inhibition of autophagy, it was investigated
whether autophagy inhibited the effect of diosgenin on apop-
tosis. RT-qPCR was performed to analyze mRNA expression
levels in DU145 cells treated with diosgenin. Using Beclin 1
and Bcl2 as markers, the effect of diosgenin on autophagy
and apoptosis was examined following the inhibition of
autophagy. As presented in Fig. 9, following treatment with
5 mM 3-MA alone, the mRNA expression levels of Beclin
1 decreased compared with the control cells. Following
treatment with 6.8 pug/ml diosgenin, the mRNA expression
levels of Beclinl increased significantly compared with
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Figure 2. Concentration curve of the apoptosis of DU145 cells by diosgenin. (A) Compared with the control group, (A) the percentage of apoptotic cells in the
diosgenin group increased significantly and in a dose-dependent manner. The data are expressed as the mean + standard deviation (n=3). “P<0.01 vs. control
group. Fluorescence-activated cell sorting plots showing the number of apoptotic cells in UR and LR quadrants following treatment with (B) 0, (C) 0.6,

(D) 3 and (E) 15 ug/ml diosgenin. UR, late apoptosis; LR, early apoptosis.

control cells (P<0.01). However, when diosgenin was added
following simultaneous treatment with 3-MA, Beclin 1
mRNA expression levels significantly decreased compared
with cells treated with diosgenin alone (P<0.01). Following
treatment with diosgenin alone, Bcl2 mRNA expression
levels decreased significantly compared with control cells
(P<0.01). Simultaneous treatment with 3-MA significantly
decreased Bcl2 mRNA expression levels compared with cells
treated with diosgenin alone (P<0.01). These results suggest
that when autophagy was inhibited, the apoptotic effect of
diosgenin was increased.

Discussion

The results of the MTT assay indicated that diosgenin
significantly inhibits the proliferation of DUI145 cells in a
dose-dependent manner, suggesting that diosgenin induces
DU145 cell death.

Apoptosis is an important pathway of cell death. Therefore,
flow cytometry was performed in the present study to detect the
effect of diosgenin on apoptosis. The results demonstrated that
the percentage of apoptotic diosgenin-treated cells increased
significantly in a dose-dependent manner, suggesting that
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Figure 3. Observation of the microstructure of DU145 cells treated with diosgenin. (A) Untreated DU145 cells had a normal nucleus, cytoplasm, and organelle
morphology. Cells treated with (B) 0.6, (C) 3 and (D) 15 ug/ml diosgenin exhibited a large number of autophagic vacuoles of various sizes, and certain
autophagosomes contained mitochondria and cytoplasm. Magnification, x20,000). Arrows indicate autophagic vacuoles and autophagosomes.

A-
C-

Figure 4. Autophagic vacuoles in DU145 cells labeled with MDC. Compared with (A) the control group cells treated with (B) 0.6, (C) 3 and (D) 15 ug/ml dios-
genin exhibited increased number and fluorescence intensity of autophagic vacuoles labeled with MDC. Magnification, x100. MDC, monodansylcadaverine.

B-
D-

diosgenin inhibits proliferation by promoting apoptosis in  Caspase 9 is a cysteine protease that uses aspartic acid as a
tumor cells. substrate and is a core component of the apoptotic pathway (34).

Apoptosis is a complex physiological process that involves ~ Caspase 9 is the most important initiator of the endogenous
numerous genes, in which the caspase family is important.  apoptotic pathway and is an upstream initiating caspase that
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Figure 6. Effect of diosgenin on the PI3K/Akt/mTOR signaling pathway. Following diosgenin treatment, no differences were observed in the protein expres-
sion levels of PI3K, Akt and mTOR; however, the phosphorylation of PI3K, Akt and mTOR decreased significantly, in a dose-dependent manner. “P<0.05 and
“P<0.01 vs. controls. PI3K, phosphatidylinositol 3 kinase; Akt, protein kinase B; mTOR, mammalian target of rapamycin; p, phosphorylated.

activates downstream factors of apoptosis, initiates cascade
activation reactions, and inactivates proteins that regulate cell
structure, cell cycle and DNA repair, resulting in the initiation
of apoptosis (35-37). The present study determined the protein
expression levels of caspase 9 in DUI145 cells by western
blotting. The results indicated that the expression of caspase
9 significantly increased in cells treated with diosgenin, which
further supports the induction of apoptosis by diosgenin.
Autophagy is a cell death process that is distinct from
apoptosis. As a mechanism underlying cell defense and
stress regulation, autophagy has been extensively investi-
gated in cancer research. Autophagy refers to the process in
eukaryotic cells in which a double membrane wraps around

a portion of cytoplasm and the intracellular organelles and
proteins to be degraded form an autophagosome. This fuses
with endosomes to form an amphisome, which eventually
fuses with lysosomes to form an autophagolysosome that
degrades the packaged contents (38-41). Under physiological
conditions, autophagy occurs at low levels. When cells are
under various stress conditions, including insufficient nutri-
tion, a lack of growth factors and hypoxia, cells initiate
autophagy (42,43), which is crucial for the maintenance of
the stability of the intracellular environment and the normal
physiological functions of the cell. Previous studies have
demonstrated that autophagy is closely involved in the patho-
genesis and progression of tumors. Autophagy inhibits tumor
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growth, particularly during the early stages of tumor forma-
tion; however, autophagy may lead to tumor cell adaptation
to adverse metabolic stress and, thus, allow survival of tumor
cells (44-46). In addition, numerous antitumor therapeutic
agents induce autophagy; however, whether this results the
death of tumor cells or instead promotes tumor cell survival
remains controversial (47). Therefore, the present study
performed transmission electronic microscopy to observe
DU145 cells and determined that the cytoplasm of cells treated
with diosgenin contained numerous autophagic vacuoles of
various sizes. In addition, the formation of autophagosomes
was observed, confirming that diosgenin induced autophagy.
To verify this finding, MDC was used to stain for autophagic
vacuoles. MDC is a fluorescent dye that is absorbed by cells
and stains autophagic vacuoles. Fluorescence microscopy
of MDC-labeled autophagic vacuoles identified vesicles
in the cytoplasm and perinuclear region. The change in
intracellular particles was used to determine the autophagy
level. Compared with control cells, diosgenin-treated cells
exhibited a greater fluorescence intensity and an increased
number of MDC-labeled autophagic particles, suggesting
that diosgenin induces autophagy.

LC3 is the homolog of the yeast protein Atg8 and serves
as a marker of autophagy in mammalian cells (48). In
tumor cells, LC3 may be processed to generate cytoplasmic
LC3-I, which undergoes a ubiquitination-like modifica-
tion of a covalent linkage to phosphatidylethanolamine on
autophagosome membranes to form LC3-II (49,50). Based
on the observation that the level of LC3-II corresponds to
the level of autophagy (51), the initiation of autophagy may
be determined by the measurement of LC3-II protein expres-
sion levels. The present study performed western blotting to
determine the protein expression levels of LC3-II, and the
results revealed that the ratio of LC3-II/LC3-I in DU145 cells
treated with diosgenin increased, further confirming that
diosgenin induces autophagy in tumor cells.

The PI3K/Akt/mTOR signaling pathway is widely recog-
nized to regulate cell proliferation, autophagy, apoptosis and
motility, and is critical for the pathogenesis, progression and
prognosis of cancer (52-54). Following PI3K activation, the
second messengers phosphatidylinositol (3,4,5)-biphosphate
and phosphatidylinositol (3,4,5)-triphosphate are generated
at the cell membrane and in turn activate the downstream
kinase Akt. Activated Akt is anti-apoptotic, promotes cell
survival and performs other biological functions via the
activation of downstream substrates (55). The downstream
protein mTOR activates protein translation and promotes cell
growth (56) and is a critical inhibitory factor of autophagy.
Under normal growth conditions, mTOR is in an active state,
and intracellular autophagy is inhibited. Under stress condi-
tions, including insufficient nutrition, the activity of mTOR is
inhibited to promote autophagy (57,58). In addition, caspase
9 is a downstream target of the PI3K/Akt/mTOR signaling
pathway. Akt reduces caspase 9 activity by phosphorylating
S196 on the caspase 9 precursor protein, thus inhibiting
apoptosis and promoting tumorigenesis (59). To further inves-
tigate the mechanism underlying diosgenin activity, western
blotting was performed to determine the protein expression
levels of members of the PI3K/Akt/mTOR signaling pathway.
The results indicated that diosgenin significantly inhibited
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Figure 7. Effect of the inhibition of autophagy on diosgenin cytotoxicity.
DU145 cells were pretreated with 5 mM 3-MA for 48 h, and subsequently
treated with 6.8 pg/ml diosgenin for 48 h. MTT assays were performed to
detect proliferation. The inhibition of cell proliferation by diosgenin fol-
lowing the addition of 3-MA was significantly increased compared with cells
treated with diosgenin alone. Data are expressed as the mean + standard devi-
ation (n=6). “P<0.01 vs. controls or diosgenin-treated cells (as indicated).
3-MA, 3-methyladenine; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide.

the phosphorylation of PI3K, Akt, and mTOR, suggesting that
diosgenin activates tumor cell autophagy and apoptosis poten-
tially by inhibiting the PI3K/Akt/mTOR signaling pathway.

These results demonstrated that diosgenin inhibits the
proliferation of DU145 cells and activates autophagy and
apoptosis. Inhibition of the phosphorylation of members of
the PI3K/Akt/mTOR signaling pathway is an underlying
antitumor mechanisms of diosgenin.

To further verify the effect of autophagy on the induction
of apoptosis by diosgenin, the autophagy inhibitor 3-MA was
used in combination with diosgenin to treat DU145 cells. The
results of the MTT assays demonstrated that the percentage
of dead cells increased significantly following combined
treatment. Hoechst 33342/PI live-cell staining demonstrated
a significant increase in apoptosis of cells administered
the combined treatment, suggesting that the inhibition of
diosgenin-activated autophagy increases apoptosis to achieve
increased antitumor effects.

RT-qPCR was performed to determine Beclin 1 and
Bcl2 mRNA expression levels. Beclin 1 is the mammalian
homolog of the yeast ATG6-Vps30 protein, which has a
key regulatory role in tumorigenesis and autophagosome
formation (60,61). Bcl2 inhibits apoptosis (62) and interacts
with Beclin 1. Beclin 1 is considered to induce autophagy,
whereas Bcl2 inhibits Beclin 1-dependent autophagy (63,64).
Therefore, Bcl2/Beclin 1 signaling is an important regulator
of autophagy. The results of the present study demonstrated
that the mRNA expression levels of Bcl2 in cells treated
with diosgenin decreased significantly, whereas the Beclin 1
mRNA expression levels increased significantly, confirming
that diosgenin induces apoptosis and autophagy. Following
the inhibition of autophagy, apoptosis increased significantly,
consistent with the Hoechst 33342/PI staining result.

In conclusion, the results of the present study demonstrate
that diosgenin has marked antitumor activity in the DU145
prostate cancer cell line. Diosgenin inhibits the proliferation
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Figure 8. Hoechst and PI double fluorescence staining of DU145 cells. Representative fluorescence images of (A) untreated control DU145 cells and those
treated with (B) 3MA, (C) diosgenin and (D) 3MA plus diosgenin. Following treatment with diosgenin for 48 h, the nuclei of DU145 cells exhibited a bead-like
shape, forming apoptotic bodies. The number of apoptotic cells increased following treatment with 3MA plus diosgenin, compared with diosgenin alone. PI,
propidium iodide; 3-MA, 3-methyladenine.
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Figure 9. Effect of diosgenin on autophagy and apoptosis, following inhibition of autophagy. (A) Following treatment with 5 mM 3-MA alone, the mRNA
expression levels of Beclin 1 was decreased compared with control cells. Following treatment with 6.8 yg/ml diosgenin, the mRNA expression levels of Beclin
1 increased significantly compared with control cells. However, when diosgenin was added following simultaneous treatment with 3-MA, Beclin 1 mRNA
expression levels were significantly reduced compared with cells treated with diosgenin alone. (B) Following treatment with diosgenin, the mRNA expression
levels of Bcl2 decreased significantly compared with control cells, whereas addition of 3-MA significantly decreased Bcl2 mRNA expression levels compared
with cells treated with diosgenin alone. Data are expressed as the mean =+ standard deviation (n=3). “P<0.01 vs. control; #*P<0.01 vs. diosgenin alone. 3-MA,
3-methyladenine; Bcl2, B-cell lymphoma 2.

of DUI145 cells by activating apoptosis and autophagy, and by diosgenin increases apoptosis and, thus, increases the
the mechanism underlying this activation may be associ- therapeutic effect. The combination of diosgenin with an
ated with the inhibition of the PI3K/Akt/mTOR signaling  autophagy inhibitor may potentially be an effective strategy
pathway. In addition, the inhibition of autophagy mediated to further increase the antitumor effect of diosgenin.
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