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Simvastatin Induces Apoptosis and Suppresses Insulin-Like Growth Factor 1
Receptor in Bile Duct Cancer Cells
Jin Lee, Eun Mi Hong, Ju Ah Jang, Se Woo Park, Dong Hee Koh, Min Ho Choi, Hyun Joo Jang, and Sea Hyub Kae
Division of Gastroenterology, Department of Internal Medicine, Hallym University College of Medicine, Hwaseong, Korea

Background/Aims: Statins act as antineoplastic agents
through the inhibition of cell proliferation. This study sought
to demonstrate the effects of statins on extrahepatic bile
duct cancer cell apoptosis and to document the changes in
protein expression involved in tumor growth and suppression.
Methods: Human extrahepatic bile duct cancer cells were
cultured. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assays were performed to determine the effect of statins on cell proliferation. Apoptosis was measured
by a cell death detection enzyme-linked immunosorbent
assay and caspase-3 activity assay, and flow cytometry was
used to determine the percentage of cells in each phase of
the cell cycle. The protein expression of Bax, Bcl-2, insulin-like
growth factor 1 (IGF-1) receptor, extracellular signal-regulated
kinase 1/2 (ERK1/2), and Akt was measured by Western
blot analysis. Results: Simvastatin suppressed cell proliferation by inducing G1 phase cell cycle arrest in bile duct cancer
cells. Furthermore, it induced apoptosis via caspase-3 activation, downregulated the expression of the Bcl-2 protein, and
enhanced the expression of the Bax protein. Moreover, simvastatin suppressed the expression of the IGF-1 receptor and
IGF-1-induced ERK/Akt activation. Conclusions: Simvastatin
induces apoptosis in bile duct cancer cells, which suggests
that it could be an antineoplastic agent for bile duct cancer.
(Gut Liver 2016;10:310-317)
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INTRODUCTION
Cholangiocarcinoma is the most common malignant tumor
in the extrahepatic bile duct, and its worldwide incidence and
mortality rate are increasing.1 Early diagnosis through screening

is not easy, because most bile duct cancers arise in the absence
of underlying risk factors, and subjective symptoms usually
appear in late stages. Accordingly, the 5-year survival rate is
approximately 20% to 40%, even in patients with tumor-free
margins after surgical resection.2 Palliative therapies, including
biliary drainage, provide patients with less than 18 months survival, and untreated patients usually die within 6 months to a
year after diagnosis.3
Conventional chemotherapy and radiation therapy for bile duct
cancer were not remarkably effective in improving survival.1
However, recent studies showed that adjuvant gemcitabinebased chemotherapy can improve survival after surgical resection,4 and that combination chemotherapy with gemcitabine
and cisplatin has a modest effect in patients with metastatic or
unresectable bile duct cancer.5 New agents, such as cyclooxygenase 2 (COX-2) inhibitors, COX-2 gene expression inhibitors,
epidermal growth factor receptor inhibitors, cetuximab, Raf
kinase inhibitors, peroxisome proliferator-activated receptor
γ (PPARγ) agonists, and tumor necrosis factor (TNF) family
cytokines, are on trial to develop novel chemopreventive and
adjuvant therapeutic agents, based on selective molecular targets that may affect the growth and behavior of cholangiocarcinoma.1,6,7 However, more additional trials are still needed before
clinical application.
Recently, statins have received attention, because they are
known to be anti-inflammatory and anticancer agents through
the inhibition of cell proliferation, induction of apoptosis, or inhibition of angiogenesis, beyond its lipid-lowering effects. These
effects are due to the suppression of the mevalonate pathway,8-11
and 3-hydroxy-3-methylglutaryl-coenzyme A reductase expression has been demonstrated in cholangiocarcinoma cell lines
and the normal human cholangiocyte cell line.12 Furthermore, in
an epidemiological study, statins were associated with a reduced
risk of hepatocellular carcinoma in a large cohort of patients
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with diabetes.13 Another study indicated that the use of statins is
also associated with a small to considerable reduction in the risk
of colon cancer.14,15
Our study using biliary epithelial cells revealed that statins activate PPARγ and inhibit TNF-α production,16 which are known
biomarkers and therapeutic targets for cholangiocarcinoma.
This study showed that statins could be used as antineoplastic
agents for bile duct cancer. However, the effect of statins on
the growth and progression of bile duct cancer remains unclear.
Moreover, the effects of statins on genes and proteins associated
with tumor growth and suppression is unknown.
The insulin-like growth factor 1 (IGF-1)/IGF-1 receptor (IGF-1R)
system plays a crucial role in the carcinogenesis and progression of gastrointestinal cancers.17 Ligand binding to the external
subunit of the IGF-1R activates multiple signaling pathways,
including the mitogen-activated protein kinase (MAPK, also
known as extracellular signal-regulated kinase [ERK]) and
phosphatidylinositide 3-kinase (PI3K)/protein kinase B (Akt)
pathway. These pathways have antiapoptotic effects, and can
induce transcription, metabolism, proliferation, and growth.18,19
It is also known that human intrahepatic cholangiocarcinomas
express IGF-1R, which modulates cell growth and apoptosis.
Accordingly, modulation of IGF-1R signaling could represent
a strategy for the management of cholangiocarcinoma.20 However, the effect of statins on IGF-1 signaling in the modulation
of growth and progression of bile duct cancer is unknown.
This study evaluated the effects of statins on bile duct cancer cell growth and apoptosis, and documented the changes in
protein and gene expression involved in tumor growth and suppression.

MATERIALS AND METHODS
1. Materials
RPMI 1640 medium, fetal bovine serum (FBS), trypsin/ethylenediaminetetraacetic acid (EDTA), and penicillin/streptomycin
were from Gibco (Grand Island, NY, USA). Pravastatin and
simvastatin were from Calbiochem (Gibbstown, NJ, USA). Dimethyl sulfoxide (DMSO) and 3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide (MTT) were from Sigma Aldrich (St.
Louis, MO, USA). The phospho-p44/42 MAPK, p44/42 MAPK,
phospho-Akt, Akt, and β-actin antibodies were from Cell Signaling Technology (Danvers, MA, USA). The IGF-1Rβ antibody
and goat antirabbit IgG-horseradish peroxidase (HRP) were from
Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA). The Amersham ECLTM Advance Western Blotting Detection Kit was from
Amersham Biosciences (Buckinghamshire, UK).
2. Cell culture
Bile duct cancer cells (SNU-245) harvested from well-differentiated common bile duct cancer without major gene mutations were purchased from the Korean Cell Line Bank.21 Cells
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were cultured in RPMI 1640 medium with 2 mM glutamine,
25 mM sodium bicarbonate, and 25 mM 4-(2-hydroxyethyl)1-piperazineethanesulfonic acid (HEPES) supplemented with
10% FBS, 100 IU/mL penicillin, and 100 μg/mL streptomycin.
The medium was changed twice per week, and the cells were
maintained in 37oC incubator with 5% CO2. The cells were subcultured when confluent (every 5 to 7 days) using trypsin (2.5
g/L) and EDTA (1 g/L).
3. MTT assay
Cell proliferation was measured by the MTT assay. Cells were
seeded at a density of 5×104 cells/mL in a 96-well plate. After
incubation for 24 hours, cells were treated with various concentration of pravastatin or simvastatin in serum-free medium for
24 or 48 hours. MTT (0.5 mg/mL) was added to each well and
incubated for an additional 4 hours at 37oC. After the medium
was removed, 100 μL DMSO was added to each well. The plate
was gently shaken for 10 minutes, and the color intensity (proportional to the number of live cells) was evaluated with a DTX
880 Multimode Detector (Beckman Coulter, Brea, CA, USA) at
570 nm wavelength.
4. Cell cycle analysis
Cells were seeded at a concentration of 1×104 cells/well in a
6-well plate and incubated for 48 or 72 hours. Cells were treated
with various concentrations of simvastatin for 24 or 48 hours.
Cells were harvested with 0.25% trypsin-EDTA and washed with
phosphate buffered saline (PBS). Cells were then centrifuged
twice at 1,400 g for 5 minutes and fixed with 70% ethanol (1
mL) at –20oC for 1 hour. After centrifugation at 1,400 g for 5
minutes, the supernatant was removed, and cells were incubated
with 1 mL PBS containing 10 μL RNAse (10 μg/mL; Sigma Aldrich) and 20 μL propidium iodine (1 mg/mL; Sigma Aldrich)
at 37oC for 1 hour. The cell cycle was analyzed using a FACSCalibur flow cytometer and CellQuest software (BD Biosciences,
San Jose, CA, USA). Flow cytometry was used to determine the
percentage of cells in each phase of the cell cycle.
5. Cell apoptosis assay
Cell apoptosis was assessed by the detection of mono-oligo
nucleosomes (histone-associated DNA fragments) using the
cell death detection ELISA plus kit (Roche Applied Science,
Mannheim, Germany), according to the manufacturer’s instructions. Cells were seeded in a 96-well plate at a density of 1×104
cells/well and incubated for 24 hours. Cells were treated with
various concentrations of simvastatin for 24 or 48 hours. After
the medium was removed, cells were treated with 100 μL lysis
buffer included in the kit for 30 minutes and centrifuged at 200 g
at 4oC for 10 minutes. The supernatant (cell lysate solutions) was
placed in the wells of a streptavidin-coated plate supplied by the
manufacturer. A mixture of anti-histone-biotin and anti-DNAperoxidase antibodies was added to the cell lysate and incu-
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bated for 2 hours. After washing, 100 μL 2,2′-azinobis-3-ethylbenzothiazoline-6-sulfonic acid (ABST) substrate was added to
each well for 20 minutes. Absorbance at 405 nm was measured
with a DTX 880 Multimode Detector (Beckman Coulter).
6. Caspase-3 activity assay
A caspase-3 activity assay kit (BioVision, Mountain View,
CA, USA) was used to measure caspase-3 activity according to
the manufacturer’s instructions. Cells were plated on 60 mm
dishes at a density of 2×106 cells/mL and treated with various
concentrations of simvastatin for 24 or 48 hours. Cells were
washed with PBS and harvested with lysis buffer included in
the kit. Cells were maintained on ice for 10 minutes. Cell lysates
were centrifuged at 4oC and 12,000 g , and the supernatant was
transferred to a new tube and stored on ice. Protein content was
analyzed using the Bradford assay (Sigma Aldrich). Assays were
performed in 96-well plates containing 90 μg of protein in 50
μL lysis buffer, followed by the addition of 4 mM DEVD-pNA
(5 µL). The samples were incubated at 37oC for 2 hours. Absorbance was measured at 405 nm using a DTX 880 Multimode

A

Detector (Beckman Coulter).
7. Western blotting
Cells were washed with PBS and harvested with lysis buffer (50
mM Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100,
1% sodium deoxycholate, 0.1% sodium dodecyl sulfate [SDS],
1 μM phenylmethylsulfonyl fluoride, 5 μg/mL aprotinin, 5 μg/
mL leupeptin). Protein content was analyzed by the Bradford
assay. SDS-polyacrylamide gel electrophoresis was performed
with a 4% stacking gel and a 10% resolving gel, followed by
transfer to nitrocellulose membranes (Bio-Rad, Hercules, CA,
USA). The membranes were blocked for 1 hour at room temperature in blocking solution (5% skim milk in Tris-buffer with
Tween-20 [TBS-T]: 200 mM Tris, 500 mM NaCl, pH 7.5, 0.05%
v/v Tween-20) and incubated overnight at 4oC in 5% bovine
serum albumin in TBS-T with antibodies targeting Bax, Bcl2, IGF-1Rβ, phospho-p44/42 MAPK, p44/42 MAPK, phosphoAkt, Akt, or β-actin. The membranes were washed with TBS-T
and incubated with goat antirabbit IgG-HRP for 1 hour at room
temperature. The membranes were then washed again, incubat-
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Fig. 1. Simvastatin and pravastatin dose-dependently suppress cell proliferation. MTT assays following 24 hours (upper graph) or 48 hours (lower
graph) of treatment with pravastatin (A) or simvastatin (B) were performed to evaluate the inhibitory effect of statins on bile duct cancer cell proliferation.
MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide. *p<0.05 vs untreated control; †p<0.05 vs untreated control and the same concentration of pravastatin.
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ed with Amersham ECLTM Advance Western Blotting Detection
Kit (Amersham Biosciences) for 2 minutes, and autoradiography
was performed. The signal intensities for specific bands were
quantified using Image J density analysis software version 1.43
(National Institutes of Health, Bethesda, MD, USA).
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was measured by the MTT assay after 24 or 48 hour incubation.
Pravastatin, a hydrophilic statin, dose-dependently suppressed
bile duct cancer cell proliferation (Fig. 1A). In contrast, simvastatin, a lipophilic statin, was more effective than pravastatin,
and time- and dose-dependently suppressed bile duct cancer
cell proliferation (p<0.05 vs untreated control and the same
concentration of pravastatin) (Fig. 1B). Based on these results,
we decided to use simvastatin for the subsequent experiments.
Cell cycle analysis by flow cytometry was performed on bile
duct cancer cells after 48 or 72 hours 50 μM simvastatin treatment. After 48 hours treatment, the cell population in the G1
phase was significantly increased, as compared to control cells
(p<0.05). Furthermore, after 72 hours treatment, the induction
of G1 and G0 phases was significantly increased, as compared
to control cells (p<0.05) (Fig. 2). Taken together, these results
demonstrate that simvastatin induces the arrest of bile duct cancer cells mainly in G1 phase in a time-dependent manner.

8. Statistical analyses
The results of each experiment were expressed as the mean±
standard deviation (SD) of duplicate cultures, and all results are
representative of at least three separate experiments. The one-way
analysis of variance (ANOVA) for three or more unpaired groups
or the Student t-test for two unpaired groups was used, and pvalues less than 0.05 were considered statistically significant.

RESULTS
1. Simvastatin suppressed cell proliferation by inducing G1
phase cell cycle arrest in bile duct cancer cells
Statin-induced inhibition of bile duct cancer cell proliferation
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Fig. 2. (A) Dot plot (upper) and histogram (lower) of flow cytometry.
(B) Graphic representaion of the flow cytometry data. Simvastatin
suppresses cell proliferation via the induction of G1 phase cell cycle
arrest in bile duct cancer cells. Cell cycle analysis by flow cytometry
was performed using bile duct cancer cells after 48 or 72 hours of
treatment with 50 μM simvastatin. These results represent three separate experiments.
SV, simvastatin 50 μM. *p<0.05 vs untreated control; †p<0.05 vs untreated control and 48 hours of treatment.
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Fig. 3. Simvastatin dose-dependently induces apoptosis and caspase-3 activation. The effect of simvastatin on apoptosis was directly evaluated
by a cell death detection enzyme-linked immunosorbent assay (A) and a caspase-3 activity assay (B). *p<0.05 compared to the untreated control;
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Fig. 4. Simvastatin dose-dependently downregulates Bcl-2 expression
and enhances Bax expression. Western blot analyses of Bax and Bcl2 in bile duct cancer cells were performed following treatment with
various concentrations of simvastatin. These results are representative
of three separate experiments.
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Fig. 5. Simvastatin dose-dependently suppresses insulin-like growth
factor 1 receptor (IGF-1R) expression. The effect of simvastatin on
IGF-1R in bile duct cancer cells was evaluated by Western blot analysis. According to the manufacturer’s datasheet, three bands (IGF-1R
precursor, IGF-1Rβ, and IGF-1Rα) are reported to appear after IGF1Rβ antibody treatment. These results are representative of three
separate experiments.

2. Simvastatin induces apoptosis via caspase-3 activation,
downregulation of Bcl-2 expression, and enhancement
of Bax expression
The effect of simvastatin on apoptosis was evaluated by cell
death detection ELISA and caspase-3 activity assays. Simv-
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Fig. 6. Simvastatin suppresses insulin-like growth factor 1 (IGF-1)induced extracellular signal-regulated kinase (ERK)/Akt activation.
A Western blot analysis of phosphorylated ERK and Akt in bile duct
cancer cells was performed following treatment with or without IGF1 (100 nM) or simvastatin (10 μM), as indicated. These results are
representative of three separate experiments.

astatin significantly and dose-dependently induced bile duct
cancer cell apoptosis at doses greater than 2.5 μM (Fig. 3A).
Caspase-3 activity, which plays a central role in the executionphase of cell apoptosis, was also significantly and dose-dependently increased by simvastatin (Fig. 3B). We also analyzed
expression of the proapoptotic protein, Bax and antiapoptotic
protein, Bcl-2 by Western blot. Simvastatin significantly enhanced the expression of Bax and downregulated the expression
of Bcl-2 (Fig. 4), as compared to control cells. These results indicate that simvastatin induces apoptosis and modulates proteins
directly involved in bile duct cancer cell apoptosis.
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3. Simvastatin suppresses IGF-1R expression and IGF1-induced ERK/Akt activation
We evaluated the effects of simvastatin on IGF-1R and the
IGF-1R signaling pathway in bile duct cancer cells. First, we
confirmed that simvastatin significantly downregulated the
expression of IGF-1Rβ, as compared to untreated control cells
(Fig. 5). We next examined the effect of simvastatin on the IGF1R signaling pathway. Bile duct cancer cells were pretreated
with simvastatin (10 μM) for 24 hours, and then stimulated with
IGF-1 (100 nM) for 15 minutes. IGF-1 treatment phosphorylated
ERK, which was significantly abolished by simvastatin treatment (Fig. 6A). We further evaluated Akt activation following
IGF-1 and simvastatin treatment. IGF-1 induced Akt phosphorylation, which was also abolished by simvastatin treatment
(Fig. 6B). These results indicate that simvastatin suppresses the
expression of IGF-1R and IGF-1-induced ERK and Akt activation in bile duct cancer cells.

DISCUSSION
Stains are involved in immunomodulation and antioxidant
activity, and have anti-inflammatory and antineoplastic effects
through their ability to induce apoptosis, suppress cell proliferation, and prevent metastasis and angiogenesis. These effects are
mediated by inhibition of the mevalonate pathway. Geranylgeranyl pyrophosphate and farnesyl pyrophosphate, derivatives
of the mevalonate pathway, are important for the activation
of several cellular proteins, including K-ras and the Rho family, which are linked with activation of ERK, Akt, and/or p38
MAPK, thereby regulating cancer cell proliferation.8-11 In this
study, simvastatin inhibited the proliferation of bile duct cancer
cells, increased apoptosis, and suppressed IGF-1-induced ERK/
Akt activation. Thus, statins have antineoplastic effects in bile
duct cancer cells.
The lipophilicity of statins is associated with cytotoxicity in a
number of cancer cell lines. A study demonstrated that lipophilic, but not hydrophilic, statins induce cell death in melanoma
cells via inhibition of hypoxia-inducible factor 1α expression,
nonenzymatic antioxidant levels, and superoxide dismutase activity.22 A different study revealed that lipophilic statins induce
apoptosis via activation of caspase-8 and caspase-9, BH3 interacting-domain death agonist cleavage, cytochrome C release,
and poly (ADP-ribose) polymerase cleavage.23 Our study also
showed that simvastatin, a lipophilic statin, more effectively
and dose- and time-dependently suppressed bile duct cancer
cell proliferation, whereas pravastatin, a hydrophilic statin, only
suppressed proliferation at very high doses. Taken together,
lipophilic statins, such as simvastatin and atorvastatin, may be
more suitable antineoplastic agents.
A study evaluating the effects of statins on the expression
of Bax, Bad, Bcl-2, and Bcl-XL in esophageal adenocarcinoma
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cells revealed that statin treatment increased mRNA and protein
expression of the proapoptotic proteins Bax and Bad, while protein levels of the antiapoptotic proteins Bcl-2 and Bcl-XL were
unchanged.24 However, other studies using other malignant cells
indicated that statins suppressed Bcl-2 expression. Additionally,
other studies reported that statins had no effect on Bax expression.25 Our results showed that simvastatin activated Bax and
suppressed Bcl-2 in bile duct cancer cells, suggesting that statins
are a powerful agent to control cell death in bile duct cancer
cells.
IGF-1R is composed of two α and β subunits, which are synthesized from a single mRNA precursor. The precursor is then
glycosylated and cross-linked by cysteine bonds to form a functional transmembrane αβ chain. In response to ligand binding,
the α subunits induce tyrosine autophosphorylation of the β
subunits.17-19 These events activate multiple signaling pathways,
including the MAPK and PI3K/Akt-1 pathway. Overexpression
of IGF-IR was demonstrated in many solid cancers, and a number of studies showed strong evidence that activation of IGF-IR
is associated with cancer progression and metastasis.26,27 Human
intrahepatic cholangiocarcinomas are also known to express
IGF-1R, which is associated with aggressive forms of cancer.
Therefore, modulation of IGF-1R may be an important strategy
for the management of cholangiocarcinoma.20 In a study with
prostate cancer cells, statins were potent inhibitors of the IGF-1/
IGF-1R system.28 Our study also demonstrated that simvastatin
suppressed IGF-1R expression and IGF-1-induced ERK/Akt activation in bile duct cancer cells. These results raise the possibility
that statins effectively control the IGF-1R signaling pathway,
which is major target for bile duct cancer treatment.
In a xenograft model study, the effect of statins on inoculated colon cancer growth was evaluated. Tumors treated with
simvastatin had smaller volumes, larger necrotic areas, lower
expression of vascular endothelial growth factor, and higher
apoptotic scores. The authors suggested that simvastatin could
be a potential chemopreventive and therapeutic agent for colon
cancer.29 Besides, combinatorial treatment with statin and enzastaurin inoculated with hepatocellular carcinoma cells in mice
was demonstrated to enhance antitumor efficacy.30 In some epidemiological studies, statins are associated with a reduced risk
of hepatocellular carcinoma in a large cohort of patients with
diabetes,13 and a small to considerable reduction in the risk of
colon cancer.14,15 However, there are few clinical studies on the
synergistic effect of statins in patients with cancers. In a phase
3 clinical study in patients with untreated advanced gastric
cancer, addition of 40 mg simvastatin to capecitabine-cisplatin
failed to show an increase in the median progression-free survival.31 On the contrary, some in vitro cell studies have demonstrated that statins induce apoptosis and additive suppression
of proliferation in combination with pre-existing anticancer
drugs, including gemcitabine, cisplatin, 5-fluorouracil, and S-1,
in cholangiocarcinoma cells.32,33 We hope that various clinical
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studies will evaluate the synergistic effect of statins with proven
chemotherapeutics in bile duct cancer.
This study has some limitations. First, additional studies using
tumor-bearing animal models are needed to confirm the actual
effects of statins on the suppression of bile duct cancer growth,
and to evaluate the synergistic antineoplastic effects of statins
and pre-existing chemotherapeutics. Second, although apoptotic
effect was confirmed by the detection of histone-associated
DNA fragments using ELISA, caspase-3 activity assay, and flow
cytometry, transcriptional mechanism involved in simvastatininduced apoptosis in bile duct cancer cell was not fully documented. Accordingly, we expect our future study will define this
mechanism.
On the other hand, 1.0 μM simvastatin loading in the media
corresponds to the dose of 0.4586 mg/kg of bodyweight. Therapeutic dose of simvastatin to lower cholesterol level is up to
1.0–2.0 mg/kg, which means that simvastatin doses in our experiments were approximately 1 to 3 times higher than general
cholesterol lowering therapeutic dose. Considering that we had
to demonstrate definite change in experiments for short-term
period (24 or 48 hours) and had to prove antineoplastic effects
(not cholesterol lowering effect), the concentrations we loaded
can be acceptable. Doses for future animal study need to be adjusted to lower concentration because animal experiments will
need longer time than in vitro study.
In conclusion, the current study demonstrated that simvastatin inhibits cell proliferation by the induction of G1 phase cell
cycle arrest, activates the proapoptotic protein Bax, and suppressed the antiapoptotic protein Bcl-2 in bile duct cancer cells.
Additionally, simvastatin suppressed IGF-1R expression and
IGF-1 induced ERK/Akt activation in bile duct cancer cells. This
study indicated that statins could be used as an antineoplastic
agent, a chemopreventive agent in patients with a high risk of
cancer, and/or a therapeutic option which enhances other chemotherapeutics.
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