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BACKGROUND AND PURPOSE
The aim of the present study was to investigate the effects and possible underlying mechanisms of dioscin against pancreatic
cancer in vitro and in vivo.

EXPERIMENTAL APPROACH
In vitro actions of dioscin on viability of ASPC-1 and PANC-1 cells, and in vivo effects to suppress the tumour growth of cell
xenografts in nudemice were assessed. In addition, microRNAmicroarray analysis determined which microRNAs were affected by
dioscin. The mechanisms underlying the actions of dioscin against pancreatic cancer were elucidated in terms of Akt1 and other
proteins related to aopoptosis.

KEY RESULTS
Dioscin markedly induced apoptosis and significantly suppressed the tumour growth of ASPC-1 and PANC-1 cell xenografts, in
nude mice. Total of 107 microRNAs with differential changes were found, in which miR-149-3P targeted with Akt1 was markedly
up-regulated by dioscin. Further studies showed that dioscin significantly down-regulated Akt1 levels, and thus induced cell
apoptosis by increasing the levels of Bax, Apaf-1, cleaved caspase-3/9, cleaved PARP, suppressing Bcl-2 levels, and causing
cytochrome c release. The effects of an inhibitor of miR-149-3P and of siRNA of testicular Akt1 suggested that dioscin showed
excellent activity against pancreatic cancer via miR- 149-3P-mediated inhibition of Akt1 signalling pathway.

CONCLUSIONS AND IMPLICATIONS
Collectively, these findings confirmed the potent effects of dioscin against pancreatic cancer and also provided novel insights into
the mechanisms of the compound as a potential candidate for the treatment of pancreatic cancer.

Abbreviations
AKT1, protein kinase B; AO, acridine orange; Apaf-1, apoptotic protease activating facter-1; Bax, Bcl-2-associated X protein;
Bcl-2, B-cell leukemia 2 protein; Caspase-3, cysteinyl aspartate spcific proteinase-3; Caspase-9, cysteinyl aspartate spcific
proteinase-9; DAPI, 4’,6’-Diamidino-2-phenylindole; Dio, dioscin; EB, ethidium bromide; GCB, gemcitabine; H&E, hema-
toxylin-eosin; miRNAs, microRNAs; MTT, 3-(4,5- dimethylthiazol-2-yl)-2,5-diphenyltetrazolinum bromide; mut, mutant;
PARP, poly (ADP-ribose) polymerase; PI, Propidium Iodide; siRNA, small interfering RNA; TUNEL, in situ terminal
deoxynucleotidyl transferase dUTP nick-end labeling; Wt, wild-type
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Introduction
Pancreatic cancer, one of the most lethal solid malignancies,
is a frequent cancer-related cause of death in the Western
world (Werner et al., 2013). Although considerable progresses
have been made in improving cancer survival rates over the
past few decades, the 5 year survival rate remains at only 5%
(Siegel et al., 2013). The American Cancer Society estimates
that 45 220 Americans were diagnosed with pancreatic cancer
in 2013, and 38 460 people died from the disease (Wolfgang
et al., 2013). In China, the incidence of pancreatic cancer is
7.28/100 000, ranking the seventh among all cancers accord-
ing to the reports of the National Central Cancer Registry of
China. Only in 2011, the estimated number of newly
diagnosed pancreatic cancer cases and deaths were 80 344
and 72 723 respectively (He et al., 2015). Current chemother-
apy protocols can produce modest survival benefits to treat
pancreatic cancer (Morran et al., 2014). Treatment with
gemcitabine has modest clinical benefits and yields a
marginal survival advantage for patients. However, the
median survival of patients with metastatic pancreatic cancer
remains less than 6 months (Burris et al., 1997). Thus, devel-
opment of effective therapeutic methods to treat pancreatic
cancer is important.

The occurrence of pancreatic cancer is complex.
Mammalian cells express three evolutionarily conserved,
highly homologous serine/threonine kinases Akt isoforms
(Akt1–3). Akt is hyperactivated in the majority of human
cancers, which is related to apoptosis resistance and in-
creased cell proliferation, growth and energy metabolism
(Hay, 2005). Akt isoforms are frequently activated in pancre-
atic cancer, and the hyperactivation of Akt1 has been impli-
cated in pancreatic cancer formation (Albury et al., 2015),
suggesting that there may be a therapeutic opportunity to
treat pancreatic cancer through inhibiting AktT1. However,
the data available on the exact mechanisms of action of
these isoforms on pancreatic cancer are limited.

MicroRNAs (miRNAs) play important roles in regulating
the translation and degradation of mRNAs (Lau et al., 2001;
Lee and Ambros, 2001). miRNAs are involved inmany biolog-
ical processes including cell death, cell proliferation, stress
resistance and fat metabolism (Ambros, 2003). With the
emergence of miRNAs as the key players in the occurrence
of diseases, development of sensitive, rapid and quantitative
methods of detection of miRNA is of great interest. Chip-

based devices have been used to detect ultra-trace analytes
(Hou et al., 2014), and a nucleic acid-based microarray has
been widely used for high-throughput detecting and profil-
ing miRNA targets (Chen et al., 2010; Liu et al., 2012; Roy
et al., 2016).

Currently, some drugs including oxaliplatin, irinotecan,
leucovorin and 5- fluorouracil have achieved survival benefits
for pancreatic cancer patients compared with gemcitabine.
However, the increased toxicities limit their clinical applica-
tions (Neesse et al., 2014). Thus, exploration of novel drugs
with high efficacy and low toxicity for the treatment of
pancreatic cancer is urgent.

As the essence of Chinese traditional culture, traditional
Chinese medicines (TCMs) with low toxicity and high
efficiency have been widely used to protect health and
control diseases in China for thousands of years (Xu et al.,
2014). Some natural products including resveratrol,
curcumin and bufalin extracted from medicinal herbs have
active effects against pancreatic cancer (Liu et al., 2013;
Kanai, 2014; Li et al., 2014). Thus, exploration of effective
natural products from medicinal plants to treat pancreatic
cancer is reasonable.

Dioscin (Supporting Information Figure S1), a typical nat-
ural product, is an active ingredient in somemedicinal plants
(Lu et al., 2012). Pharmacological studies have shown that
dioscin can ameliorate cerebral ischaemia/reperfusion injury
(Tao et al., 2015), induce autophagy (Hsieh et al., 2013) and
regulate hyperlipidaemia (Li et al., 2010). It also has anti-
inflammatory (Wang et al., 2007), anti-fungal (Cho et al.,
2013), anti-virus (Aquino et al., 1991), anti-liver fibrosis
(Zhang et al., 2015; Gu et al., 2016), anti-obesity (Liu et al.,
2015) and hepatoprotective activities (Lu et al., 2012; Zhao
et al., 2012). In addition, dioscin shows active effects against
colon cancer, lung cancer, hepatocarcinoma, esophageal
cancer, laryngeal cancer and glioblastoma multiforme (Wang
et al., 2012a,b; Wei et al., 2013; Chen et al., 2014; Si et al.,
2016). Furthermore, dioscin can down-regulate the level of
peroxiredoxin 1 and induce ROS-mediated apoptosis in
MiaPaCa-2 cells (Zhao et al., 2014), suggesting that dioscin
might exert potent effects against pancreatic cancer.
However, earlier experiments have not examined the effects
of dioscin on the human pancreatic cancer cell lines ASPC-1
and PANC-1. Moreover, the in-depth mechanisms and
in vivo anti-pancreatic cancer activity of the compound have
not yet been studied.

Tables of Links

TARGETS

Other protein targetsa Caspase-3

Bcl-2 Caspase-9

Enzymesb PARP

Akt1

LIGANDS

Dioscin

Gemcitabine

These Tables list key protein targets and ligands in this article that are hyperlinked to corresponding entries in http://www.guidetopharmacology.org,
the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Southan et al., 2016), and are permanently archived in the Concise
Guide to PHARMACOLOGY 2015/16 (a,bAlexander et al., 2015a,b).
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Therefore, the aim of the present study was to investigate
the effects and the possible mechanisms of dioscin against
pancreatic cancer in vitro and in vitro. The findings could pro-
vide novel insights or lead to the development of a potent
candidate for preventing and treating pancreatic cancer.

Methods

Cell culture
The human HPDE6-C7 cell line was purchased from Saiqi
Biological Engineering Co., Ltd. (Shanghai, China). The
human ASPC-1 and PANC-1 cell lines were purchased from
Shanghai Institutes for Biological Sciences (Shanghai,
China). These three cell lines were cultured in high-glucose
DMEM supplemented with 10% FBS, 100 units mL�1 penicil-
lin and 100 μg·mL�1 streptomycin. Cultures were maintained
at 37°C in a humidified incubator containing 5% CO2 for
experiments.

MTTassay and morphological changes
The cells were seeded at a density of 5 × 104 cells mL�1 in
96-well plates in growth medium supplemented with 10%
serum at 37°C with 5% CO2 overnight and incubated. Next,
100 μL of medium was removed, and 100 μL of sample solu-
tion with various concentrations of dioscin (1.4, 2.9 and
5.8 μM) was added. Then, the cells were incubated for 6, 12
or 24 h. Subsequently, 15 μL ofMTT stock solution was added,
and the plates were incubated for another 4 h. Following this
4 h incubation at 37°C, 100 μL of DMSO was added to dis-
solve the formazan crystals. The absorbance was measured
at 490 nm with a microplate reader (Thermo, USA), and the
data were normalized to control unwanted sources of varia-
tion. In addition, cell morphology was imaged using a phase
contrast microscope (Nikon, Japan).

Staining wth fluorescent dyes
The ASPC-1 and PANC-1 cells were cultured in 6-well plates
for 24 h and then treated with different concentrations of
dioscin (1.4, 2.9 and 5.8 μM) for 24 h. After incubation,
the cells were washed twice with PBS. Then, 1 mL of a
solution containing the same volume of acridine orange
(AO; 1.0 μg·mL�1) and ethidium bromide (EB; 1.0 μg·mL�1)
was added to the cells according to Leite et al., (1999). The
stained cells were observed under a fluorescence microscope
(OLYMPUS, Japan). DAPI staining was performed after
dioscin treatment as described above. The cells were washed
twice with PBS, fixed with 10% formaldehyde for 10 min at
room temperature, and washed again in PBS for three times.
The cells were then stained with DAPI (1.0 μg·mL�1) solution
for 20 min at 37°C. Finally, the images were obtained using a
fluorescence microscope (OLYMPUS, Japan).

Apoptosis assay
After treatment with different concentrations of dioscin (1.4,
2.9 and 5.8 μM) for 24 h, the cells and supernatant were
collected. The collected cells were washed twice with ice-cold
PBS, and stained with Annexin V-FITC and propidium iodide
(PI) in binding buffer at room temperature for 30 min in the
dark according to the manufacturer’s instructions. The

samples were analysed using flow cytometry
(Becton-Dickinson, USA).

Caspase inhibitor experiments
The ASPC-1 and PANC-1 cells were randomly divided into
control groups, control inhibitor groups and dioscin groups
(here the cells were treated with 5.8 μM of dioscin for 24 h).
The caspase inhibitor group (cells treated with 50 μM of
Z-VAD-FMK for 30 min), and the caspase inhibitor plus
dioscin group (cells treated with 50 μM of Z-VAD-FMK for
30 min and then incubated with 5.8 μM of dioscin for 24 h).
The cell viability was determined according to the MTT
method described above, and the data were normalized to
control unwanted sources of variation.

Transfection of ASPC- and PANC-1 cells
The luciferase genes were transduced into ASPC-1 and

PANC-1 cells using the pLEX system with lentiviral vectors
containing a puromycin resistance gene (Genechem Co.,
Ltd., China). The cells were seeded in 6-well plates, cultured
with DMEM with 10% FBS for 24 h, and transduced with
50 μg/mL of lentivirus in each well for 12 h. The stably
transduced ASPC-1 or PANC-1 cells were obtained by puro-
mycin selection in the presence of 2 μg·mL�1 of puromycin
for 2 weeks. The surviving colonies were cultured indepen-
dently. The ASPC-1-luc and PANC-1-luc cells were harvested,
and then the transduced cells were screened through biolu-
minescence. The ASPC-1-luc and PANC-1-luc cells with the
highest luciferase activities were used for the in vivo study.

Animal models and experimental protocols
All animal care and experimental procedures were approved
by the Animal Care and Use Committee of Dalian Medical
University and performed in strict accordance with the
People’s Republic of China Legislation Regarding the Use
and Care of Laboratory Animals. Animal studies are reported
in compliance with the ARRIVE guidelines (Kilkenny et al.,
2010; McGrath & Lilley, 2015).

The BALB/c nude mice (15–20 g;4–6 weeks old) were
obtained from the Experimental Animal Center at Dalian
Medical University (Dalian, China) (SCXK: 2013–0003). All
animals were housed in a controlled environment at
23 ± 2°C under a 12 h dark/light cycle with free access to food
and water. Optimized ASPC-1-luc and PANC-1-luc cells
(5 × 105) were suspended in 0.2 mL of PBS, which were
injected subcutaneously into the underarm regions of
the mice.

We began the treatment on day 5 post-inoculation when
the tumorigenic rate in each group was 100%. The models
of BALB/c nude mice injected with ASPC-1-luc and PANC-1-
luc cells did not vary with individual differences. Therefore,
we adopted the randomized method instead of blinding,
which has been usually applied in highly subjective clinical
trials. In this paper, themice were randomly divided into con-
trol, gemcitabine -treated, low-dose (40 mg·kg�1) of dioscin-
treated and high-dose (80 mg·kg�1) of dioscin-treated groups
(n = 5). In the animal experiments, the concentrations of
dioscin were prepared as solutions of 4.0 and 8.0 mg·mL�1,
and gemcitabine was prepared as a solution of 5.0 mg·mL�1

The animals in control and gemcitabine-treated groups were
treated with 0.5% CMC-Na and 50 mg·kg�1 of gemcitabine
(10 mL·kg�1), and the mice in dioscin-treated groups were
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treated with 40 or 80 mg·kg�1 of dioscin (10 mL·kg�1). The
drug was administered by gavage once daily for 26 days. As
reported by Workman et al., (2010), the tumour burden did
not exceed the recommended maximum diameter (1.5 cm
in therapeutic studies). The tumour volume was
measured every 3 days and calculated using the following for-
mula: V = A × B2/2, where A and B represent the maximum
and minimum diameters. The tumour inhibition (%) was
calculated based on the formula (tumour volume of the con-
trol group-tumour volume of the treatment group)/tumour
volume of the control group ×100. At the end of the test, bio-
luminescent images of the mice were obtained using an IVIS
200 Imaging System (IVIS 200, Xenogen Corp., Alameda,
USA) through the signals emitted from the transfected cells.
Then, the animals were killed, and the tumours were
photographed and weighed.

Histopathological and immunofluorescence
assays
Formalin-fixed tumour tissues were embedded in paraffin and
cut into 5 μm sections. The sections were stained with
haematoxylin–eosin (H&E). Images of the stained sections
were obtained using a light microscope (Nikon Eclipse
TE2000-U, Japan) with 200× magnification. Immunofluores-
cence staining for Akt1 in tissue sections or cells was per-
formed using anti-Akt1 antibody in a humidified box at 4°C
overnight, and followed by incubation with an Alexa
fluorescein-labelled secondary antibody for 1 h at 37°C. The
cell nuclei were stained with DAPI (5.0 μg·mL�1). Immuno-
stained samples were imaged by fluorescence microscopy
(Olympus, Japan) at 200× magnification.

miRNA microarray assay
RNA extraction. The ASPC-1 cells were treated with dioscin
(5.8 μM) for 24 h. The total RNA samples from dioscin-
treated and untreated cells were isolated with TRIzol reagent
(Invitrogen, USA) and purified using RNeasy mini kit
(QIAGEN) according to the manufacturer’s instructions.
RNA quality and quantity were measured using a Nanodrop
spectrophotometer (ND-1000, Nanodrop Technologies,
Rockland, DE, USA), and RNA integrity was assessed by gel
electrophoresis.

miRNA labelling and array hybridization. RNA labelling and
array hybridization were carried out according to Exiqon’s
manual. After quality control, the miRCURY™ Hy3™/Hy5™

Power labelling kit (Exiqon, Vedbaek, Denmark) was used
for miRNA labelling as follows. (i) Approximately 1.0 μL of
RNA in 2.0 μL of water was combined with 1.0 μL of CIP
and CIP buffer (Exiqon, Vedbaek, Denmark), and the
mixture was incubated at 37°C for 30 min. (b) The reaction
was terminated by incubation at 95°C for 5 min. Then,
3.0 μL of labelling buffer, 2.0 μL of DMSO, 2.0 μL of
labelling enzyme, and 1.5 μL of fluorescent label (Hy3™)
were added to the mixture. The labelling reaction was
incubated at 16°C for 1 h. (iii) The reaction was terminated
by incubation at 65°C for 15 min. After stopping the
labelling procedure, the Hy3™-labelled samples were
hybridized using the miRCURYTM LNA Array (v.18.0)
(Exiqon, Vedbaek, Denmark) according to the array manual

as follows. (i) A total of 25.0 μL of the mixture consisting of
the Hy3™-labelled samples with 25.0 μL hybridization
buffer was first denatured at 95°C for 2 min and
incubated on ice for 2 min. (ii) Then, the samples were
hybridized to the microarray for 16–20 h at 56°C in a 12-Bay
Hybridization System (Hybridization System-Nimblegen
Systems, Inc., Madison, WI, USA). (iii) Following
hybridization, the slides were obtained and washed several
times using a Wash buffer kit (Exiqon, Vedbaek,
Denmark). Finally, the slides were scanned using an Axon
GenePix 4000B microarray scanner (Axon Instruments,
Foster City, CA).

Analysis of array data. The scanned images were then
imported into GenePix Pro 6.0 software (Axon) for data
extraction and grid alignment. Replicated miRNAs were
averaged, and miRNAs with intensities ≥30 in all samples
were selected for calculation of the normalization factor.
The expressed data were normalized using the median
normalization. After normalization, significantly
differentially expressed miRNAs between two groups were
identified through P-values and fold changes. Finally,
hierarchical clustering was performed to produce the
distinguishable miRNA expression profiling of the samples.

Quantitative real-time PCR assay
The total miRNA samples were extracted from ASPC-1 cells,
PANC-1 cells and tumour tissues using SanPrep Column
microRNA Mini-Preps Kit (Sangon Biological Engineering
Technology & Services Co., Ltd., China) following the manu-
facturer’s protocol. The purity of the extractedmiRNAwas de-
termined, and the RT-PCR was carried out using a microRNA
First Strand cDNA Synthesis Kit following the manufacturer’s
instructions with a TC-512 PCR system (TECHNE, UK). Quan-
titative real-time PCR assay was performed with a MicroRNAs
Quantitation PCR Kit (Sangon Biological Engineering Tech-
nology & Services Co., Ltd., China) and ABI 7500 Real Time
PCR System (Applied Biosystems, USA). For the data of each
sample, the Ct value of the target gene was normalized to that
of U6 (Sangon Biological Engineering Technology & Services
Co., Ltd., China). The unknown template was calculated
using the standard curve for quantitative analysis. Eventually,
the expression level of each gene was performed and the data
were normalized to control unwanted sources of variation.

Dual luciferase reporter assay
The plasmids containing the wild-type miR-149-3P- Akt1
response element (wt- Luc-Akt1) and the corresponding
mutant (mut-Luc-Akt1) were purchased from GenePharma
Corp. (Shanghai, China). Plasmid DNA (wt-Luc-Akt1, mut-
Luc-Akt1or control vector) and miR-149-3P mimics or miR-
149-3P negative control were co- transfected into ASPC-1
and PANC-1 cells. ThemiR-149-3Pmimic sequences are listed
in Supporting Information Table S1. When appropriate, the
cells were incubated with dioscin (5.8 μM) or without dioscin
for 24 h after transfection. The luciferase activity was assessed
with a Double-Luciferase Reporter Assay Kit (TransGen
Biotec, China) using the Dual-Light Chemiluminescent
Reporter Gene Assay System (Berthold, Germany), which
was normalized to Renilla luciferase activity.
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Western blotting assay
The total, mitochondrial, and cytoplasmic proteins from
ASPC-1 cells, PANC-1 cells and tumour tissues were extracted
following standard protocols according to themanufacturer’s
protocol, and the protein concentration was determined
using a BCA protein assay kit. Proteins were loaded onto
SDS-PAGE (10–15%) gels, separated electrophoretically, and
transferred to PVDF membranes (Millipore, USA). After
blocking with 5% dried skim milk for 3 h at room tempera-
ture, the membranes were incubated overnight at 4°C with
primary antibodies (listed in Supporting Information Table
S2). After incubation with horseradish peroxidase-
conjugated antibodies for 2 h at room temperature, an
enhanced chemiluminescence method was used for detec-
tion, and images were acquired using a Bio-Spectrum Gel
Imaging System (UVP, USA). Bands were normalized with
GAPDH as an internal control.

TUNEL assay
The TUNEL assay was performed using the In Situ Cell Death
Detection Kit (TMR Red, Roche, NJ, USA) according to the
manufacturer’s instructions. Briefly, the ASPC-1 and PANC-1
cells were treated with or without dioscin after transfection
with miR-149-3P inhibitor or Akt1 siRNA. The fluorescein
(green)-labelled dUTP solution was then added. The cells
were incubated at 37°C for 2 h and washed in PBS. Finally,
the images were obtained using fluorescence microscopy
(Olympus BX63, Japan), and the apoptotic cells were evalu-
ated as the average number of positive cells (green spots) in
the fluorescent images.

Transfection with MiR-149-3P inhibitor or Akt1 siRNA
Transfection was performed to down-regulate the expres-

sion levels of miR-149-3P and Akt1. ThemiR-149-3P inhibitor
and Akt1 siRNA sequences are listed in Supporting Informa-
tion S3. Briefly, the miR-149-3P-targeted inhibitor and con-
trol inhibitor were separately dissolved in Opti-MEM. The
solutions were then equilibrated for 5 min at room tempera-
ture. Each solution was combined with Lipofectamine 2000
transfection reagent according to the manufacturer’s proto-
col. Then, the solution was mixed gently and allowed to form
inhibitor liposomes for 20 min. The ASPC-1 and PANC-1 cells
were transfected with the transfection mixture in antibiotic-
free cell medium. Cell viability, cell apoptosis, and the expres-
sion levels of Akt1, Bcl-2, Bax, cytochrome c, Apaf-1, cleaved
caspase-3/9 and cleaved PARP were detected after 24 h of
transfection in the absence or presence of dioscin (5.8 μM)
for an additional 24 h. In addition, the Akt1 siRNA transfec-
tion test was also carried out using the same procedure as
described above.

Data and statistical analysis
The data and statistical analysis in this study comply with the
recommendations on experimental design and analysis in
pharmacology (Curtis et al., 2015). The data are expressed as
the mean ± SD. Some data were normalized to control
unwanted sources of variation, according to the following
standard procedures. First, any outliers in different groups
were removed from the data. Then, the data was normalized
to bring all of the variation into proportion with one another.
Technically though, the coefficients associated with each

variable will scale appropriately to adjust for the disparity in
the variable sizes. Furthermore, statistical analysis was per-
formed with GraphPad Prism 5.0 software (San Diego, CA,
USA) and only when a minimum of n = 5 independent sam-
ples was acquired. It was performed with one-way ANOVA
followed by Tukey’s post hoc test when comparing multiple
groups; with unpaired t-test when comparing only two differ-
ent groups. Post hoc tests were performed when ANOVAs indi-
cated that a significant difference existed between groups.
Statistical significance was considered to be P < 0.05.

Materials
Dioscin was purchased from Shanghai Tauto Biochemical
Technology Co., Ltd. (Shanghai, China), and was dissolved
in 0.1% DMSO for in vitro experiments or in 0.5% carboxy-
methylcellulose sodium (CMC-Na) solution for in vivo exper-
iments. Tissue Protein Extraction Kit was obtained from
KEYGEN Biotech. Co., Ltd. (Nanjing, China). The
bicinchoninic acid (BCA) Protein Assay Kit, Apoptosis Analy-
sis Kits, Annexin V-FITC Apoptosis Detection Kit were all pur-
chased from Beyotime Institute of Biotechnology (Jiangsu,
China). 3-(4,5-dimethylthiazol-2-yl)- 2,5-diphenyltetra-
zolinum bromide (MTT) was obtained from Roche Diagnos-
tics (Basel, Switzerland). The caspase inhibitor (Z-VAD-FMK)
was obtained from Selleck Chemicals (Houston, TX, USA).
Acridine orange (AO) and ethidium bromide (EB) fluorescent
dyes, DAPI, Tris, SDS, CMC-Na were purchased from Sigma
(St. Louis, MO, USA). MiR-149-3P inhibitor, miR-149-3P
mimics, Akt1 siRNA, SanPrep Column MicroRNA Mini-Preps
Kit, MicroRNA First Strand cDNA Synthesis Kit and
MicroRNAs Quantitation PCR Kit were purchased from
Sangon Biological Engineering Technology & Services Co.,
Ltd. (Shanghai, China). Gemcitabine purchased from the
National Institute for the Control of Pharmaceutical and
Biological Products (Beijing, China) was used as the positive
control in vivo experiments.

Results

Effects of dioscin on the viability and
morphology of cancer cells
The human HPDE6-C7, ASPC-1, and PANC-1 cells were
treated with different concentrations of dioscin for different
treatment times. The MTT results (Figure 1A) show the inhib-
itory effects of dioscin on ASPC-1 and PANC-1 cells in a dose-
and time-dependentmanner. Dioscin (5.8 μM for 24 h) signif-
icantly decreased cell viability of ASPC-1 and PANC-1 cells to
about 40%. However, in HPDE6-C7 cells, a normal human
pancreatic ductal epithelial cell line, the same conditions of
incubation with dioscin reduced cell viability to about 70%.
As shown in Figure 1B, the bright-field images show the visi-
ble signs of cell death caused by dioscin. With AO/EB stain-
ing, the viable cells were bright green, while the apoptotic
cells show orange fluorescence, which increased with the
increased concentrations of dioscin (Figure 1C). DAPI stain-
ing showed that the chromatin in cell nuclei was condensed,
and the nuclear apoptotic bodies were formed in dioscin-
treated groups (Figure 1D, as indicated by the arrow). The
damage of the cancer cells caused by dioscin was also visible,
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using electron microscopy (Supporting Information
Figure S2). The bright-field images, AO/EB and DAPI staining
of human HPDE6-C7 cells treated by dioscin (1.4, 2.9 and
5.8 μM) are shown in Supporting Information Figure S3.

Dioscin induces apoptosis of cancer cells
As shown in Figure 2A,B, dioscin induced apoptosis in
human ASPC-1 and PANC-1 cells, compared with the control
groups. This increased apoptosis after 24h incubation with
dioscin was clearly concentration-dependent. In addition,
compared with the control groups, dioscin markedly
decreased the viabilities of ASPC-1 and PANC-1 cells
(P < 0.05; Figure 2C). However, the cell viabilities in Z-VAD-
FMK and dioscin plus Z-VAD-FMK groups were not decreased
(P > 0.05).

Dioscin inhibits tumour growth of cell
xenografts in nude mice
As shown in Figure 3A,B and Supporting Information Figures
S4 and S7, significant differences in tumour volume were
found based on bioluminescence imaging and the tumour

images after 26 days of treatment. Themean tumour volumes
(Figure 3C), after treatment with dioscin (40 and 80 mg·kg�1)
or gemcitabine, were decreased in nude mice transplanted
with ASPC-1 cells and in those transplanted with PANC-1
cells. The tumour weights were also significantly decreased
after treatment (Figure 3D). Moreover, the numbers of
tumour cells, based on H&E staining, were lower in dioscin-
treated groups, compared with the large number of tumour
cells were observed in the control groups, (Figure 3E). Overall,
these results suggested that dioscin inhibited tumour growth
in vivo.

Differentially expressed miRNAs caused by
dioscin
A total of 107 differentially expressed miRNAs with at least
twofold changes and P< 0.05, compared with the control
group were identified in the dioscin- treated group using
microRNA microarray analysis (the scan chips are shown in
Supporting Information Figures S8 and S9, and the differen-
tially expressed miRNAs are listed in Supporting Information
Table S4). Of these, 48 miRNAs were down-regulated and 59

Figure 1
Effects of dioscin on ASPC-1, PANC-1 and HPDE6-C7 cells. (A) Effects of dioscin on viability of ASPC-1, PANC-1 and HPDE6-C7 cells, measured by
the MTT assay. (B) Effects of dioscin (1.4, 2.9 and 5.8 μM) for 24 h on ASPC-1 and PANC-1 cell morphology and structures (bright-field image,
100× magnification). (C) Fluorescence images of ASPC- 1 and PANC-1 cells stained by AO/EB (100× magnification). (D) Fluorescence images
of ASPC-1 and PANC-1 cells stained by DAPI (100× magnification). The data are presented as the mean ± SD (n = 5). *P < 0.05, significantly dif-
ferent from control groups.
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Figure 2
Effects of dioscin on apoptosis of ASPC-1 and PANC-1 cells. (A,B) Effects of dioscin on apoptosis of ASPC-1 and PANC-1 cells using flow cytometry
analysis. (C) Effects of dioscin on the viability of ASPC-1 and PANC-1 cells using MTT assay, with or without the caspase inhibitor, Z-VAD-FMK,
in vitro. The data are presented as the mean ± SD (n = 5). *P < 0.05, significantly different from control groups.
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miRNAs were up-regulated. The heat map (Figure 4A,B) indi-
cated the results of a two-way hierarchical clustering of the
samples and 107 differentially expressed miRNAs, which
displayed the relative expression levels of miRNAs identified
by microarray analyses. Specifically, six up-regulated and five
down-regulated miRNAs were further validated by real-time
PCR assay. As shown in Figure 5A, dioscin significantly
increased the levels of miR-4795-5p, miR-4255, miR-4299,
miR-4533, miR-149-3p, miR-638, and markedly decreased
the levels of miR-4638-5p, miR-4284, miR-668-3p,
miR-4288 and miR-191-5p in ASPC-1 and PANC-1 cells. In
particular, the levels of miR-149-3P were significantly up-

regulated by dioscin (5.8 μM) with 9.5- and 9.0-fold in
ASPC-1 and PANC-1 cells respectively. The interaction net-
works between the 11 differentially expressed miRNAs and
their target genes were predicted by TargetScan (http://www.
Targetscan.org/vert60/) and MiRanda (http://www.microrna.
org/microrna/home.do). Only those genes and miRNAs with
≥2 binding sites identified by the two algorithms were consid-
ered to be the predicted target genes of the differentially
expressed miRNAs. The results in Figure 5B revealed that
these miRNAs, modulated by dioscin, could regulate many
target genes. A target gene can also be regulated by several
miRNAs, suggesting that the effects of dioscin against

Figure 3
In vivo anti-cancer effects of dioscin in nude mice. (A) Bioluminescence imaging of the mice. The raw images are shown in Supporting Information
Figures S4 and S5. (B) Images of the tumours collected from themice. The raw images are shown in Supporting Information Figures S6 and S7. (C)
Effects of dioscin on tumour volume. The tumour volume was calculated using the formula: V = A × B2/2. (D) Effects of dioscin on tumour weight.
(E) Effects of dioscin on tumour histopathology based on H&E staining (200× magnification). The data are presented as the mean ± SD (n = 5).
*P < 0.05, significantly different from control groups.
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pancreatic cancer could occur through manipulating com-
plex miRNA-mediated pathways.

MiR-149-3P targets Akt1
MiR-149-3P, which plays an important role in the progres-
sion of several solid malignant tumours (Pan et al., 2012;
Lin et al., 2010), was selected for investigating the possible
mechanism of dioscin against pancreatic cancer. Based on
the interaction network shown in Figure 5B, we found that
Akt1 was the target gene of miR-149-3P. Dual luciferase
reporter assays were performed, and RNA sequence align-
ment showed that the 3″-UTR of Akt1 mRNA contained a
complementary site for the seed region of miR-149-3P. Akt1
mut, a mutant construct with substitutions in the comple-
mentary region, was used as a negative control (Figure 6A).
Luciferase activity was significantly repressed by miR-149-3P
overexpression compared with negative control group.
However, these effects were not observed with the mutated
Akt1-30-UTR (Figure 6B), suggesting that dioscin decreased
Akt1 expression at least partly in a miR-149-3P-dependent
manner.

Dioscin up-regulates the levels of miR-149-3P
in vitro and in vivo
As shown in Figure 7A, the quantitative real-time PCR assays
indicated that dioscin (1.4, 2.9 or 5.8 μM) significantly

up-regulated the expression levels of miR-149-3P in ASPC-1
cells and in PANC-1 cells, compared with control groups. In
addition, dioscin (40 and 80 mg·kg�1) also markedly in-
creased the levels of miR-149-3P in vivo in ASPC-1 tumour tis-
sue, and in PANC-1 tumour tissue.

Dioscin regulates the Akt1 signalling pathway
in vitro and in vivo
As shown in Figure 7B, dioscin clearly suppressed the ex-
pression levels of Akt1 based on immunofluorescence as-
says in vitro and in vivo. Then, the expression levels of
AKT1 and some downstream signalling molecules were
assessed by Western blots. As shown in Figure 7C, the
levels of Bax, Apaf-1, cleaved caspase-3/9 and cleaved PARP
were markedly increased, and the levels of Akt1 and Bcl-2
were significantly decreased by dioscin, compared with
the control groups. In addition, dioscin significantly
enhanced the release of cytochrome c (Supporting
Information Figure 10A–D).

An inhibitor of MiR-149-3P blocks the effect of
dioscin on cell viability
To investigate the mechanisms of dioscin against pancreatic
cancer, we hypothesized that the anti-cancer effect of
dioscin may primarily result from down- regulation of the
Akt1 signalling pathway, via up-regulation of miR-149-3P.

Figure 4
Hierarchical clustering of the differentially expressed miRNAs induced by dioscin in ASPC-1 cells. Each row represented an individual miRNA, and
each column represented a sample. The dendrogram at the top of the image displayed the similarity of expression between these samples at the
same stage. The red colour indicated high relative expression level, and green indicated low relative expression level. Fold changes >2.0 and P-
values <0.05 were considered significant (n = 5). The miRNA marked in red to the right of the hierarchical clustering was selected for verification.
(A) Up-regulated miRNAs in ASPC-1 cells identified by microarrays. (B) Down-regulated miRNAs in ASPC-1 cells identified by microarrays.
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To test this hypothesis, ASPC-1 and PANC-1 cells were
transfected with a miR-149-3P inhibitor. As shown in
Figure 8A, transfection with the miR-149-3P inhibitor alone
did not induce cell apoptosis, compared with dioscin-
treated (5.8 μM) groups (the bright-field images are
provided in Supporting Information Figure S1). Moreover,
no significant differences were found between miR-149-3P
inhibitor groups and dioscin-treated (5.8 μM) groups after

transfection (P > 0.05). In addition, the Akt1 levels in
ASPC-1 and PANC-1 cells were notably increased after
treating with the miR-149-3P inhibitor, compared with con-
trol groups, suggesting that miR-149-3P inhibited Akt1 ex-
pression. Furthermore, the levels of Bcl-2 and cytochrome
c (in mitochondria) were notably increased, and the levels
of Bax, Apaf-1, cleaved caspase-9/3, cleaved PARP and cyto-
chrome c (in cytosol) were markedly decreased after

Figure 5
Validation and interaction networks of the differentially expressed miRNAs. (A) Confirmation of miRNA expression levels by qRT-PCR. The data are
presented as the mean ± SD (n = 5). *P < 0.05, significantly different from control groups. (B) The interaction networks of the 11 differentially
expressed miRNAs and their target genes. The up-regulated miRNAs were marked in red, and the down-regulated miRNAs were marked in green.
Akt1 is marked in yellow in a red circle.
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transfection compared with control groups. There were no
significant differences between miR-149-3P inhibitor groups
and dioscin-treated groups after transfection (Figure 8B and
Supporting Information Figure S12). These results suggested
that miR-149-3P inhibitor transfection completely reversed
the inhibitory effects of dioscin on the Akt1 signalling
pathway.

The siRNA for Akt1 potentiates the inhibitory
effect of dioscin on cell viability
To explore whether Akt1 played a crucial role in the inhibi-
tory effect of dioscin, we used transfection with AKT1 siRNA.
As shown in Figure 8C, transfection with Akt1 siRNA mark-
edly induced cell apoptosis compared with control siRNA
group (bright-field images are provided in Supporting Infor-
mation Figure S3). Moreover, no significant differences be-
tween Akt1 siRNA groups and dioscin-treated (5.8 μM)
groups were found after transfection (P > 0.05). As shown by
the Western blots in Figure 8D, the levels of Akt1, Bcl-2 and
cytochrome c (in mitochondria) were notably decreased,
and the levels of Bax, Apaf-1, cleaved caspase-9/3, cleaved PARP
and cytochrome c (in cytosol) were markedly increased after
transfection compared with control groups. There were no sig-
nificant differences between Akt1 siRNA group and dioscin-
treated groups after transfection (Supplementary Figure S14).

Discussion
Pancreatic cancer is a highly lethal, solid malignancy with
few effective therapies (Biankin et al., 2012). Dioscin, a natu-
ral product, has beneficial effects on colon cancer, glioblas-
toma multiforme and lung cancer in our previous studies
(Wei et al., 2013; Chen et al., 2014). Therefore, we explored
whether dioscin could exert active effects against pancreatic
cancer. In this study, dioscin significantly inhibited cell

viability and induced cell apoptosis in two human pancreatic
cancer cell lines ASPC-1 and PANC-1 cells. In vivo, dioscin sig-
nificantly suppressed the tumour growth of ASPC-1 and
PANC-1 cell xenografts in nude mice. These results suggested
that dioscin has potent effects against pancreatic cancer
in vitro and in vivo.

The occurrence of pancreatic cancer is complex, and
many biological molecules and signalling pathways are
critically important in this disease. Accumulating evidence
shows that dysregulated miRNA expression is a common
feature of human tumours (Croce, 2009). MiRNAs can act
either as oncogenes or as tumour suppressors by suppress-
ing some key genes related to cancer development and pro-
gression (Xu et al., 2013). Thus, miR-196b and miR-196a
expression levels were markedly increased in pancreatic
ductal adenocarcinoma (PDAC) (Szafranska et al., 2007).
Schmittgen’s group found that miR-301 and miR-376a
levels were also up-regulated in PDAC (Lee et al., 2007).
In contrast, the levels of miR-142-P, miR-345 and miR-
139 were markedly down-regulated (Paranjape et al.,
2009). Currently, several techniques and methods have
been used to screen and detect differentially expressed
miRNAs caused by chemicals or drugs to investigate molec-
ular mechanisms. Microarray technology, a sensitive, rapid
and quantitative high-throughput method, has been
widely used for detecting and profiling miRNAs. In this
study, total of 107 miRNAs with differential changes in
ASPC-1 cells caused by dioscin were identified, in which
miR-149-3P was significantly up-regulated, with the
highest fold change, by dioscin. Recent studies have sug-
gested that miR-149 has an important role in various dis-
eases and functions as both a tumour suppressor (Lin
et al., 2010) and an oncogene (Jin et al., 2011) in the devel-
opment of several types of solid tumours. The data in the pres-
ent work suggested that the anti-pancreatic cancer effect of
dioscinmay be related to these differentially expressedmiRNAs.

Figure 6
Akt1 is a direct target of miR-149-3P in ASPC-1 and PANC-1 cells. (A) RNA sequence alignment showed that the 30-UTR of Akt1mRNA contained a
complementary site for the seed region of miR-149-3P. Akt1 mut was a mutant with substitutions in the complementary region used as a negative
control. (B) Luciferase reporter assays of Akt1 and miR-149-3P. The data are presented as the mean ± SD (n = 5). *P < 0.05, significantly different
from control groups.
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MiRNAs exert their biological activities by regulating their
downstream target genes. The interaction networks of the
identified miRNAs and their target genes in our work showed
that Akt1 could be a target gene of miR-149-3P, which was
consistent with the reports of Akt1 and miR-149 in glioma
and HeLa cancer cells (Lin et al., 2010; Pan et al., 2012). Also,
Akt1 can inhibit apoptosis and promote cell survival.

contributing to its oncogenic potential. through many sig-
nalling pathways including PI3K (Wang et al., 2016),
ERK1/2 (Li et al., 2016) and JNK (Qi et al., 2016). However,
the interaction between miR-149-3P and Akt1 had not been
confirmed in pancreatic cancer. Thus, we needed to show that
dioscin regulated the miR-149-3P/AKT1 pathway to inhibit
pancreatic cancer, and to provide evidence for the

Figure 7
Effects of dioscin onmiR-149-3P/ Akt1 signalling pathway. (A) Effects of dioscin on the expression levels of miR-149-3P in vitro and in vivo based on
quantitative real-time PCR assay. (B) Effects of dioscin on Akt1 levels based on immunofluorescence staining in vitro and in vivo (200× magnifica-
tion). (C) Effects of dioscin on the levels of Akt1, Bax, Bcl-2, Apaf-1, cleaved caspase-3/9, cleaved PARP, and cytochrome c release in vitro and
in vivo. Data are presented as the mean ± SD (n = 5). *P < 0.05, significantly different from control groups.
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mechanistic link between the decreased Akt1-mediated cell
proliferation and the increased levels of miR-149-3P after
dioscin. We found that the expression levels of miR-149-3P
were up-regulated by dioscin, which directly targeted with
Akt1, based on the dual-luciferase reporter assay. In addition,
after suppression of miR-149-3P, the levels of AKT1 were in-
creased and cell apoptosis was consequently decreased.

In the present work, dioscin, in vitro and in vivo, signifi-
cantly increased the expression levels of Bax, Apaf-1, cleaved
caspase-3/9, cleaved PARP, decreased the expression levels of
Akt1, Bcl-2, and enhanced the release of cytochrome c. There-
fore, we would suggest that the anti-cancer effect of dioscin
may result primarily from inhibition of the Akt1 pathway,
mediated by miR-149-3P (Figure 9).

To further validate the effect of dioscin against pancreatic
cancer through miR-149-3P-mediated inhibition of the Akt1
pathway, the miR-149-3P inhibitor and Akt1 siRNA were
used. The results showed that dioscin significantly increased
the expression levels of Bax, Apaf-1, cleaved caspase-3/9,
cleaved PARP; decreased the expression levels of AKT1,
Bcl-2, and enhanced the release of cytochrome c. However,
these alterations induced by dioscin were abolished by the
miR-149-3P inhibitor or the Akt1 siRNA. In addition, Akt1

siRNA aggravated the inhibitory effect of dioscin on cell via-
bility. These results suggested that dioscin inhibited the Akt1
signalling pathway by up-regulating levels of miR-149-3P.

Dioscin is one major active ingredient of some medicinal
herbs including Discorea nipponica Makino and Rhizoma
dioscoreae, and some TCMs including Liuwei Dihuang decoc-
tion (LW), Di’ao Xinxuekang (Di’ao XXK) and Shuyu Zaogan
tablets, which have been widely used to treat various diseases
including dementia, osteoporosis and diabetics (Zhang et al.,
2009; Yu et al., 2014; Zhou et al., 2016). Furthermore, Di’ao
XXK has been allowed to register in the European Unionmar-
ket in 2012. Based on our investigation, dioscin showed po-
tent effects against pancreatic cancer in vivo and in vitro by
inhibiting the Akt1 signal pathway via up-regulation of
miR-149-3P. However, these data were obtained from cells
and animals, not from human patients because dioscin is a
natural product and is not a clinically used compound. Thus,
at the present time, no clinical data for dioscin can be pro-
vided. However, the results of the present work may serve to
expand the clinical applications of the related medicinal
plants and TCMs to treat pancreatic cancer. In addition, these
findings provide novel insights into the mechanisms of
dioscin against pancreatic cancer, which should be developed

Figure 8
Effects of dioscin on miR-149-3P/ Akt1 signalling pathway using miR-149-3P inhibitor and Akt1 siRNA assays. (A) Effects of dioscin on the apopto-
sis of ASPC-1 and PANC-1 cells using TUNEL assay with or without transfecting miR-149- 3P inhibitor in vitro. (B) Effects of dioscin on the levels of
Akt1, Bax, Bcl-2, Apaf-1, cleaved caspase-3/9, cleaved PARP and cytochrome c release with or without transfecting miR-149-3P inhibitor in vitro.
(C) Effects of dioscin on the apoptosis of ASPC-1 and PANC-1 cells using TUNEL assay with or without transfecting Akt1 siRNA in vitro. (D) Effects of
dioscin on the levels of Akt1, Bax, Bcl-2, Apaf-1, cleaved caspase- 3/9, cleaved PARP and cytochrome c release with or without transfecting Akt1
siRNA in vitro.
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as a potential candidate to treat this disease. Further work is
needed to fully elucidate the mechanisms and clinical appli-
cations of the compound.
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