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Inhibitory effect of a-solanine on esophageal carcinoma in vitro
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Abstract. a-solanine, a bioactive component and one of the
major steroidal glycoalkaloids in potatoes, has been observed
to inhibit growth and induce apoptosis in cancer cells.
However, the antitumor efficacy of a-solanine on esophageal
carcinoma has yet to be fully elucidated. In the present study,
the antitumor efficacy of a-solanine against human esopha-
geal carcinoma cells was investigated. It was determined that
a-solanine inhibited the growth and proliferation of human
esophageal EC9706 and Ecal09 cancer cells in a dose-depen-
dent manner, as well as the cell migration and invasion. In
addition, the apoptotic rate was increased in the cancer cells
treated with a-solanine in a dose-dependent manner, compared
with that of the control group (P<0.05). The expression levels
of tumor metastasis-related proteins, including matrix metal-
loproteinase (MMP)-2 and MMP-9, were reduced in the
cells treated with a-solanine, as compared with the control
group. Conversely, significantly higher expression levels of
E-cadherin were detected in the a-solanine-treated groups,
as compared with the control group (P<0.05). Therefore, the
current results provide a novel insight into the anti-tumor
mechanism of a-solanine, and suggest that a-solanine is a
potential agent for the prevention and treatment of esophageal
carcinoma.

Introduction
Esophageal carcinoma (EC) is a global health problem

ranked eighth in terms of incidence, and sixth in terms of
mortality (1,2). The majority of primary tumors in patients
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are curable by surgical resection, however, due to a lack of
distinct early symptoms, patients are often diagnosed at
advanced stages, and more than half of patients present with
metastases (3). The remaining patients without advanced
stage disease receive surgery, chemotherapy and radiotherapy
for treatment, however, the majority eventually succumb to
metastases. Therefore, in order to advance the current radio-
therapy and chemotherapy, there is an increasing interest in
developing an effective agent to inhibit tumor cell prolification
and restrain the metastasic capability of EC cells.

In recent years, interest in the use of traditional medicines
for the prevention and treatment of tumors has increased, and
various therapies have been employed as monotherapy or in
combination with conventional medicine (4,5). Glycoalkaloids
(GAs) are natural toxic compounds present in a number of
vegetables and plants (6). Previous findings showed that
glycoalkaloids exert a strong inhibitory effect on tumor
growth in animals as a result of their cytotoxic effects on
tumor cells (7,8). a-solanine, a bioactive component and one
of the major steroidal glycoalkaloids in potatoes, is predomi-
nantly detected in the tuber crop potato and the nightshade
plant. It was previously demonstrated that a-solanine causes
growth inhibition and apoptosis induction in multiple cancer
cells (9,10). In addition, certain studies have indicated that
a-solanine possesses anti-metastasis activity in various
cancers (11-17).

Thus, to determine the potential contribution of a-solanine
to EC therapy, and the underlying molecular mechanisms
regarding the association between a-solanine and esophageal
tumorigenesis, the aim of the present study was to examine
the effect of a-solanine on the EC9706 and EcalQ9 cell lines.

Materials and methods

Cell lines and reagents. a-solanine was purchased from
Sigma-Aldrich (St. Louis, MO, USA), and dissolved in
dimethylsulfoxide for storage at -20°C. Human esophageal
squamous carcinoma cell lines, EC9706 and Ecal09, were
purchased from Shanghai Institutes for Biological Sciences,
Chinese Academy of Sciences (Shanghai, China). The cells
were routinely cultured in DMEM supplemented with 10%
heat-inactivated fetal bovine serum (FBS; both Gibco;
Thermo Fisher Scientific, Inc., Waltham, MA, USA), 100 U/ml
penicillin and 100 xg/ml streptomycin in a humidified cell
incubator with an atmosphere of 5% CO, at 37°C.
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In vitro cell proliferation assay. EC9706 and Ecal09 cell
lines in the logarithmic phase of growth were seeded into
96-well plates at a density of 1x10* cells/well. Subsequent to
the starving of cells with serum-free medium containing 0.1%
BSA for 24 h, once cell adhesion was complete, the cells were
exposed to a range of concentrations of a-solanine (10, 20, 40
and 60 pg/ml) for 24, 48 and 72 h. The cells were then treated
with a Cell Counting kit-8 (CCK-8) solution (Dojindo
Molecular Technologies, Inc., Kumamoto, Japan) and incu-
bated for a further 2 h. Cell proliferation was determined by
measuring the absorbance at 450 nm using a plate reader
(Model 680; cat. no. 168-1000; Bio-Rad Laboratories, Inc.,
Hercules, CA, USA). Triplicate parallel experiments were
performed for each concentration. The rate of inhibition was
calculated using the equation: Rate of growth inhibition
(%) = (OD 01101 = ODeated)/OD oniror X 100%, where OD was the
optical density.

Colony-forming survival assay. The overall survival of the
cells treated with a-solanine was assessed by the rate of
colony formation. EC9706 and Ecal09 cells were seeded into
6-well plates for 24 h. Following this, the cells were washed
with DMEM, trypsinized and counted. Base Agar Matrix
Layer (1.5 ml; GenMed Scientifics, Inc, Shanghai, China)
was dispensed into each well of a 12-well plate. The plate
was maintained at 18-25°C until solid. Subsequently, 1.5 ml
growth agar layer consisting cells were added into each well
and the plate was kept at room temperature until the growth
layer congealed. A further 500 ul culture media containing
various concentrations of a-solanine (0, 20, 40 and 60 pg/ml)
was added to the surface of the growth layer. The cells were
then incubated at 37°C with 5% CO, until colony formation
was visible, which usually occurred between 10 and 14 days.
The colonies with >50 cells were considered to be surviving
colonies. The plating efficiency was calculated by dividing the
average number of colonies per well by the amount of cells
plated. Survival fractions were calculated by normalization to
the plating efficiency of appropriate control groups.

Cell migration and invasion assays. Transwell filters were
coated with Matrigel (3.9 g/l, 40 ul) on the upper surface
of the polycarbonic membrane (6.5 mm in diameter, 8 ym
pore size). The Matrigel, after solidifying at 37°C for 30 min,
served as the extracellular matrix for tumor cell invasion
analysis. Subsequent to treatment with different concentra-
tions (20, 40 and 60 pg/ml) of a-solanine for 24 h, 200 ul
serum-free cell suspension medium containing EC9706
and Ecal09 cells was loaded onto the top chamber of the
transwell. Medium (500 pl) containing 10% FBS (used as
a chemoattractant) was added to the bottom chamber. The
cells were allowed to migrate for 12 h at 37°C in a humidi-
fied incubator with 5% CO,. After 12 h, the upper surface of
the membrane was wiped with a cotton tip to mechanically
remove non-invasive cells, and the invasive cells attached to
the lower surface of the membrane were fixed with methanol
and stained with crystal violet for 20 min. The membranes
were extracted and mounted onto coverslips with the cells on
the upper surface. The number of cells invading the Matrigel
were counted in three randomly selected visual fields from
the central and peripheral portions of the filter with an
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inverted microscope at magnification, x100. Each assessment
was performed in triplicate.

Cell migration was determined by performing wound-
healing assays. EC9706 and Ecal09 cells (1x10°) were seeded
into 24-well plates with wound healing inserts (Cell Biolabs,
Inc., San Diego, CA, USA). Once cells had reached 90%
confluence, the inserts were removed with sterile forceps to
create a wound field of ~500 pm. Following removal of the
cellular debris with PBS, the cells were exposed to various
concentrations of a-solanine (0, 20, 40 or 60 pg/ml) for
24 h. Cell migration was viewed using an inverted micro-
scope. The wound area was scaled using Image Pro Plus 6.0
software (National Institutes of Health, Bethesda, MD,
USA). The wound closure percentage was calculated using
the equation: Wound closure% = [1 - (wound area after
24 h / wound area after O h) x 100%.

Cell apoptosis assay. Staining with annexin V-fluorescein
isothiocyanate (FITC) and propidium iodide (PI) was
performed using an Annexin V-FITC/PI Apoptosis Detection
kit (Vazyme Biotech Co., Ltd, Nanjing, China) to detect and
quantify the number of apoptotic cells. EC9706 cells in the
logarithmic phase of growth were seeded into 6-well plates
with 2x10° cells in each well. The cells that were exposed
to different concentrations of a-solanine were collected and
counted 48 h after incubation at room temperature for 10 min
in the dark. The cell pellets were resuspended in 195 ul of
binding buffer and stained with 5 ul each of annexin V-FITC
and PI staining solution for 10 min at room temperature in
the dark. Flow cytometry (BD FACSCanto II; BD Biosciences,
Franklin Lakes, NJ, USA) was performed with the FACScan
system using CellQuest software, version 7.5. The cell apop-
totic rate was calculated as: (Number of apoptotic cells in each
group / total number of cells in each group) x 100%.

Western blot analysis. The method of cell harvesting
was described earlier in the cell apoptosis assay section.
Total protein was extracted from each group of cells using
radioimmunoprecipitation assay buffer containing phenyl-
methylsulfonyl fluoride. A Bicinchoninic Acid Protein Assay
kit (Beyotime Institute of Biotechnology, Haimen, China)
was used to determine the total protein concentration. Protein
samples (30 ug) were resolved on 10% SDS-PAGE gels and
transferred onto polyvinylidene difluoride membranes. After
blocking the membranes with 3% bovine serum albumin
(Beyotime Institute of Biotechnology) for 1 h, the membranes
were incubated overnight at 4°C with mouse anti-matrix
metalloproteinase (MMP)-2 (cat. no. sc-13594), MMP-9 (cat.
no. sc-21733), E-cadherin (cat. no. sc-8426), B-cell lymphoma
(Bcl)-2 (cat. no. sc-509), Bax (cat. no. sc-23959) and GAPDH
(cat. no. sc-365062) monoclonal antibodies (1:1,000; Santa
Cruz Biotechnology Inc., Dallas, TX, USA). Subsequently,
the membranes were incubated with horseradish perox-
idase-conjugated goat anti-mouse secondary antibody
(1:1,000; cat. no. sc-2969; Santa Cruz Biotechnology). The
western blots were scanned and the protein intensities were
analyzed using the Typhoon™ FLA 7000 laser scanner with
Typhoon™ FLA 7000 Control Software (GE Healthcare Life
Sciences, Chalfont, UK). Experiments were performed in
triplicate.
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Figure 1. Effect of a-solanine on cell viability and the potential to inhibit colony formation in EC9706 and Ecal09 cells. (A) Colony formation by EC9706 cells
treated with various doses of a-solanine or dimethyl sulfoxide (control). Indication of the surviving fraction in (B) EC9706 and (C) Ecal09 cells. The cells
were treated with various doses of a-solanine and colony formation assays were conducted. Compared with the control (0 yg/ml a-solanine), the clonogenic
survival of EC9706 and Ecal09 cells treated with different doses of a-solanine were significantly decreased, and the clonogenic survival effect of a-solanine
was dose-dependent. The growth inhibition rate in (D) EC9706 and (E) Ecal09 cells. a-solanine inhibited the proliferation of esophageal carcinoma cells.
EC9706 and Ecal09 cells were treated with various concentrations of a-solanine or dimethyl sulfoxide (control), and cell proliferation was assessed using
the Cell Counting kit-8 assay. The growth inhibitory effect of a-solanine was time- and dose-dependent, with the maximum inhibition detected 72 h after

treatment. Data are presented as the mean + standard deviation (n=3).

Caspase-3/7 activity assay. Cells from each a-solanine-treated
group were collected as described in the cell apoptosis assay
section earlier. Caspase 3/7 activity was measured using a
Caspase-Glo 3/7 assay (Promega Corporation, Madison, WI,
USA). The plates were incubated at room temperature for
1 h, and 100 pl Caspase-Glo 3/7 reagent was added after the
incubation period. Luminescence intensity was then detected
using a microplate reader (Infinite 200 PRO; Tecan Trading
AG, Minnedorf, Switzerland).

Statistical analysis. SPSS statistical software (version 16.0;
SPSS, Inc., Chicago, IL, USA was used for statistical analysis.
One-way analysis of variance (ANOVA) was used to analyze
the significance between groups. Multiple comparisons were
made using Fisher's Least Significant Difference test when
the probability indicated by ANOVA was statistically signifi-
cant. Data are presented as the mean + standard deviation.
P<0.05 was considered to indicate a statistically significant
difference.

Results

a-solanine affects cell viability and inhibits colony forma-
tion. To determine the effects of a-solanine on tumor cells, a

clonogenic survival analysis was performed. It was observed
that the treatment of EC9706 and Ecal09 EC cells with various
concentrations of a-solanine (10, 20, 40 and 60 pg/ml) exerted
an inhibitory effect on clonogenic survival. Furthermore, the
inhibitory effect was more pronounced when the concentra-
tion of a-solanine was increased (Fig. 1A-C).

A CCK-8 assay was performed to measure the effect of
a-solanine on the growth and viability of EC9706 and Ecal09
cells in vitro. Compared with the control, (without a-solanine),
cell proliferation was markedly inhibited at different concen-
trations in the a-solanine group in a dose- and time-dependent
manner (Fig. 1D and E). These results suggested that a.-solanine
may function as a tumor suppressor in EC cells in vitro.

a-solanine decreases the invasion and migration ability of
EC9706 and Ecal09 cells. A transwell assay was conducted
in addition to a wound-healing assay to evaluate the effect
of a-solanine on the invasion and migratory activity of
EC9706 and EcalQ9 cells. The cells were treated with 0,
20, 40 and 60 pug/ml a-solanine, and then placed in the tran-
swell chambers. Fig. 2A and B shows the average number of
migrating cells penetrating the transwell membrane following
treatment with different concentrations of a-solanine. The
results indicated that the average number of migrating cells
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Figure 2. Cell migration and invasion assays. The cells were treated with various concentrations of a-solanine for 24 h. (A) The invaded EC9706 cells were
photographed (magnification, x100). (B) The invaded cells were quantified by counting stained cells in each concentration a-solanine groups. (C) The wound
area of EC9706 cells was photographed. (D) The wound area was quantified in each group. Data were calculated from three independent experiments and pre-
sented as the mean of triplicate experiments. The averages of triplicate samples are shown. Error bars indicate the standard deviation. "P<0.05 vs. control group.

penetrating the transwell membrane was significantly lower for
each concentration of a-solanine, compared with the control
group (P<0.05). The effect of a-solanine on the migration of
cells indicated dose-dependency.

Fig. 2C and D reveal the migratory ability in the treat-
ment group. The control group had reached a higher cell
density at 24 h post-wounding compared with each of the
a-solanine-treated groups in the two cell lines. These data
indicate that a-solanine suppressed the migration and invasion
of EC cells in a dose-dependent manner.

a-solanine induces apoptosis in EC9706 cells. To investigate
the ability of a-solanine to induce cell apoptosis, we used flow
cytometry to measure the effect of different concentrations
of a-solanine on apoptosis in EC9706 cells. The cells found
to be annexin V-positive or annexin V- and PI-positive were
defined as apoptotic cells (Fig. 3A). Compared to the control,
the apoptotic rate of EC9706 cells was increased following
treatment with each concentration of a-solanine compared
with the control group (P<0.05). Furthermore, the apoptotic
rate was significantly enhanced with increasing concentrations
of a-solanine (P<0.05; Fig. 3B).

To further assess the effect of a-solanine on tumor cell
apoptosis, a caspase-3/7 activity assay was performed. As
shown in Fig. 3C, the caspase-3/7 activity was higher in the
a-solanine group compared with the control group (P<0.05).
These results demonstrate that a-solanine is able to induce the
apoptosis of EC cells.

a-solanine suppresses the expression of metastasis-associated
molecules in EC9706 cells. Subsequent to establishing that
a-solanine was able to decrease the invasion and migration

ability of EC cells, the underlying molecular mechanism was
investigated. To determine whether a-solanine exerted its
inhibitory function on tumor cells by regulating the protein
expression levels of matrix MMP-2, MMP-9 and E-cadherin,
a western blot analysis was performed to determine the
expression levels in a-solanine-treated EC9706 cells. The
MMPs are crucial molecules for extracellular matrix (ECM)
degradation, which induces cell invasion. The results indicated
that a-solanine suppressed the expression of MMP-2 and
MMP-9 in a dose-dependent manner (Fig. 4). Furthermore,
E-cadherin expression levels were significantly higher in each
of the a-solanine-treated groups compared with those in the
control group (Fig. 4). Thus, a-solanine is able to upregulate
the expression levels of E-cadherin, which may increase cell
adhesion, thereby indicating that a-solanine may be able to
inhibit metastasis by affecting the proteolytic activation and
adhesive capacity of cells.

a-solanine influences the protein expression levels of apop-
tosis-associated genes. The protein expression levels of Bcl-2
and Bax, which are associated with cell apoptosis, were deter-
mined by western blot analysis. Compared with the control
group, the expression levels of Bcl-2 were decreased in the
a-solanine-treated groups, while the expression levels of Bax
were increased significantly (P<0.05; Fig. 4). Furthermore, the
protein expression levels of Bcl-2 and Bax were observed to
alter in a dose-dependant manner.

Discussion

Glycoalkaloids are produced in the sprouts, roots and tubers
of the potato plant, and are involved in the resistance of the
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Figure 3. a-solanine induces apoptosis in EC9706 cells. (A) Cell apoptosis
was analyzed by flow cytometry. (B) Quantified results of flow cytometry
analysis. The number of apoptotic cells was increased significantly in EC9706
cells treated with various concentrations of a-solanine compared with the
control group (P<0.05). (C) The results of the caspase-3/7 activity assay. The
caspase-3/7 activity was higher in the o-solanine-treated groups compared
with the control group (P<0.05). Data are presented as the mean + standard
deviation of triplicate experiments. "P<0.05 vs. control group.

host-plant to bacteria, fungi, viruses and insects (6). Previous
studies have reported that glycoalkaloids are able to suppress
the cell growth of human cervical, liver, stomach, colon and
skin cancers (8,10,18). a-solanine is a major glycoalkaloids.
High concentrations of a-solanine can cause cytotoxic effects
that induce rapid damage to the plasma membrane, leading to
lethal metabolic disorders (10,19,20). In addition to the toxic
effects of a-solanine in normal physiological functions, the
compound has the potential to be cytotoxic against cancer
cells. Previous studies have demonstrated that a-solanine
exhibits anticarcinogenic potential, such as through inhibiting
the growth of various cancer cells and inducing apoptosis in
human colon cancer cells (8,9,11-14). Therefore, it is reason-
able to hypothesize that a-solanine is a potentially effective
therapy against human EC cells tumor cells.

To assess this hypothesis, initial colony formation and
proliferation assays were conducted in the EC9706 and
Ecal09 EC cell lines. It was observed that the cancer cells
treated with different concentrations of a-solanine showed
significantly decreased proliferation and surviving fraction of

1529
1.2
W Control

_ D20 pgiml
[ B340 pgiml i
2 09 060 pgiml
= &
k-]
§ *
5 06
>
o
[
=
w 0.3
4] *
@ ®

MMP-2 MMP-9  E-cadherin Bcl-2 Bax

Figure 4. a-solanine induces apoptosis and decreases cancer cell invasion
and migratory ability on the alteration of the gene expression, as determined
by western blot analysis. EC9706 cells were seeded into 6-well plates and
treated with the indicated concentration a-solanine. After 48 h, total pro-
tein was extracted for western blot analysis. The relative expression levels
of MMP-2, MMP-9, E-cadherin, Bcl-2 and Bax from each independent
experiment are shown. Greater alterations in the protein expression levels
were observed as the concentration of a-solanine increased, indicating that
a-solanine could promote apoptosis and decrease the invasion and migra-
tion ability of EC9706 cells by regulating the expression levels of MMP-2,
MMP-9, E-cadherin, Bcl-2 and Bax. Data are presented as the mean =+ stan-
dard deviation of triplicate experiments. 'P<0.05 vs. control. MMP, matrix
metalloproteinase; Bcl-2, B-cell lymphoma.

cells. In addition, the inhibitory effect of a-solanine was time-
and dose-dependent, with the maximum inhibition detected at
72 h after treatment. These data demonstrated that a-solanine
has potential as a therapy to treat EC cells in vitro.

Apoptosis has previously been demonstrated to be the
major cause of cell death. It is now widely recognized that
drug-induced apoptosis may be used to measure the sensi-
tivity of cells to therapies, with an increased rate of apoptosis
indicating that the cells have a higher sensitivity to chemo-
therapy (21,22). The current study examined the apoptotic
effect induced by a-solanine at different concentrations. The
results indicated that a-solanine significantly induced apop-
tosis in EC cells compared with the control, and the effects
of treatment with higher concentrations of a-solanine were
greatest. To further investigate the mechanism underlying
the action of a-solanine on tumor cells apoptosis, the expres-
sion levels of Bcl-2, and Bax were determined, in addition
to the caspase activity (caspase-3/7), which serves an impor-
tant role during cell apoptosis (23-25). The data revealed
that a-solanine was able to efficiently decrease Bcl-2 and
increase Bax expression levels, in addition to increasing
caspase-3/7 activity, indicating that a-solanine induced the
apoptosis of cancer cells.

Furthermore, to evaluate the effect of a-solanine on
the invasion and migratory activity of EC9706 and Ecal09
cells, transwell and wound-healing assays were performed.
The results revealed that a-solanine was able to prevent the
penetration of cancer cells through the transwell membrane,
and inhibited the migratory ability of EC9706 and Ecal09
cells in a dose-dependent manner. Tumor metastasis is a
complex multistep process, in which cancer cells invade the
basement membrane and ECM, and this process is promoted
by various proteolytic enzymes. The MMPs are a family of
zinc-containing endopeptidases with an important role in
tumor cell migration, tissue invasion and metastasis (26,27).
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MMP-2 and MMP-9 serve particularly important roles in the
process of metastasis among the MMPs (28,29). Therefore,
the effects of a-solanine on MMP-2 and MMP-9 expression
levels were investigated in the present study. The results
indicated that expression levels of MMP-2 and MMP-9 were
significantly downregulated in the a-solanine-treated groups.
In addition, cell adhesion molecules serve to regulate cell
polarity, differentiation, proliferation and migration through
an association with the actin cytoskeletal network (30). In
the present study, it was ascertained that the expression of
E-cadherin was significantly increased in EC cells treated
with a-solanine. These results suggest that the effect of
a-solanine on MMP-2/9 and E-cadherin may be, at least in
part, responsible for its anti-metastatic potential.

In conclusion, the inhibition of cancer cell proliferation
and metastasis is an important aspect in cancer prevention and
treatment. The results of the current study demonstrate that
a-solanine was able to inhibit the proliferation and invasion
of EC9706 and Ecal09 cells in vitro, and induced apoptosis
in these cells. Thus, as it has been indicated that a-solanine
possesses antitumor properties, its use in the development
of chemopreventive and/or chemotherapeutic agents for the
treatment of EC is important. The current results constitute
a novel insight into the anti-tumor mechanism of a-solanine,
and suggest that a-solanine is a potential agent for the preven-
tion and treatment of EC. Further studies should investigate
the effect of a-solanine on EC cells in vivo.
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