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Developing new treatment options for cholangiocarcinomais necessary because of the adverse drug reactions
and drug resistance problems associated with current chemotherapeutics. Therefore, this study examined
cytotoxic, apoptotic and antimigratory effects of simvastatin used in combination with anticancer drugs
(5-fluorouracil and cisplatin) against human cholangiocarcinoma cells and investigated the underlying
molecular mechanism (s) of action. Proliferation, apoptosis and migration of cholangiocarcinoma cells were
determined by sulforhodamine B, flow cytometry, colony formation, reactive oxygen species formation,
caspase 3 activity, wound healing and western blotting. We observed that the two test statins, simvastatin
and atorvastatin, enhanced S-fluorouracil and cisplatin cytotoxicity against cholangiocarcinoma cells,
simvastatin showed the higher effects than atorvastatin. Further, simvastatin plus S-fluorouracil and
cisplatin decreased colony formation and in combination induced p21 and reduced cyclin D1 protein.
Furthermore, combination treatment augmented the apoptosis of cholangiocarcinoma cell through
stimulating reactive oxygen species generation and caspase 3 activity as well as upregulating caspase
3 levels. Simvastatin also potentiated antimigratory effect of anticancer drugs via reduction in matrix
metalloproteinase 9 levels. Accordingly, the combination of simvastatin with anticancer drugs could be

considered a novel strategy to expand treatment options for cholangiocarcinoma.

Key words: Cholangiocarcinoma, simvastatin, S-fluorouracil, cisplatin, atorvastatin

Cholangiocarcinoma (CCA) or bile duct cancer is a
deadly tumor that originates from both intrahepatic
and extrahepatic epithelial bile duct cells[1,2]. The
incidence of CCA is increasing worldwide and the
northeast part of Thailand has the highest incidence in
the world[3]. CCA is a devastating cancer and resistant
to current anticancer drugs[4]. Treatment options are
very limited and surgery is the only curative option for
CCA patients. However, less than one-third of CCA
patients are eligible for curative resection, resulting in
poor prognosis[5,6]. Development of new therapeutic
options is greatly needed and targeting the crucial
pathway of cancer cells may be a valuable strategy for
achieving efficacy and selective toxicity.

The Mevalonate (MVA) pathway plays a crucial role
in cholesterol biosynthesis that has important functions
in several cellular functions. Statins are competitive
inhibitors of 3-Hydroxy-3-Methyl-Glutaryl-Coenzyme
A (HMG-CoA) reductase, which is overexpressed in
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many cancer types!’®. Remarkably, statins have major
effects on inhibition of cell proliferation, cell migration,
cell invasion, cytoskeletal reorganization and cellular
transformation” by interfering with Ras homologous
(Rho) Guanosine Triphosphatase (GTPase) and other
down-stream products of the MVA pathway. For
apoptosis, a low concentration of simvastatin (5 uM)
has been shown to induce CCA cell apoptosis within
6 h by inducing caspase 3/7 activity!'” and to lower
phosphorylated Extracellular Signal-Regulated Kinase
(p-ERK) expression!'!l. Statins, in combination with
anticancer drugs (gemcitabine, cisplatin, 5-Fluorouracil
(5-FU)), have also been shown to induce significant

This is an open access article distributed under the terms of the Creative
Commons Attribution-NonCommercial-ShareAlike 3.0 License, which
allows others to remix, tweak, and build upon the work non-commercially,
as long as the author is credited and the new creations are licensed under
the identical terms

Accepted 17 January 2022

Revised 05 May 2021

Received 24 December 2020

Indian J Pharm Sci 2022;84(1):72-79

Indian Journal of Pharmaceutical Sciences 72


mailto:buranrat@gmail.com
mailto:Dr.m.abdulaal84@gmail.com

www.ijpsonline.com

CCA cell apoptosis. Moreover, statins suppress cancer
cell migration by decreasing Matrix Metalloproteinase
(MMP) 2 and MMP-9 expression!'?. Also, concurrent
treatment with simvastatin and Nuclear Factor kappa B
(NF-kB) inhibitor results in a synergistic suppression
of Castration-Resistant Prostate Cancer (CRPC) cell
growth!!3],

Previously, we demonstrated the potent antiproliferative
activities of simvastatin and atorvastatin on CCA cells!'¥
and Miller et al. showed that simvastatin stimulates
CCA apoptosis by decreasing Ras-related C3 botulinum
toxin substrate 1 (Racl) enzyme activity!'”. However,
limited information is available on the combined effects
of statins and anticancer drugs on CCA. Therefore,
this study evaluated the effects and mechanism of
simvastatin in improving the sensitivity of CCA cells to
the anticancer drugs, 5-FU and cisplatin.

MATERIALS AND METHODS

Chemical reagents:

Dulbecco’s Modified Eagle’s Medium (DMEM), Fetal
Bovine Serum (FBS) and other cell culture reagents were
purchased from Gibco BRL Life Technologies (Grand
Island, New York, United States of America (USA)).
Simvastatin, atorvastatin, protease inhibitor cocktail,
Dihydroethidium (DHE), Radioimmunoprecipitation
(RIPA) lysis buffer and Sulforhodamine B (SRB) were
obtained from Sigma-Aldrich (St. Louis, Missouri,
USA). The primary antibodies against cyclin-dependent
kinase inhibitor p21PWAF1" cagpase 3, beta (f3)-actin
and anti-rabbit Immunoglobulin G (IgG) Horseradish
Peroxidase (HRP)-link antibody were purchased from
Cell Signaling Technology (Beverly, Massachusetts,
USA). Annexin V-Fluorescein Isothiocyanate (FITC)
and Propidium Iodide (PI) dye solution were obtained
from BD Biosciences (BD Biosciences, California,
USA).

Cell culture and cytotoxicity:

The CCA cell line KKU-100, derived from a Thai
patient, was obtained from the Department of Pathology
at Khon Kaen University, Faculty of Medicine. KKU-
100 cells were maintained in DMEM with 10 % FBS,
penicillin and streptomycin.

To assess cancer cell death, the SRB assay was used
as described previously!4. In brief, the cancer cells
were exposed to 0-50 puM simvastatin and 0-50 pM
atorvastatin with or without the anticancer drugs 5-FU
300 uM and cisplatin 2.5 uM for 24 h. Afterwards, cells
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were stained, solubilized and optical absorbance was
measured at 540 nm using a spectrophotometer.

Colony formation:

To assess cancer cell regrowth, a colony formation
assay was used as described previously!#. In brief,
cells were treated with 0-100 uM simvastatin, 0-50 uM
5-FU, 0-2.5 uM cisplatin and a combination of 10 uM
simvastatin with or without 5 uM 5-FU and 0.25 uM
cisplatin for 24 h. New and complete DMEM medium
was then added and cells were cultured further for 15 d.
Cells were stained with crystal violet, washed and the
colonies were counted.

Wound healing:

To assess cancer cell migration, a wound healing assay
was used!'. Cells were scratched using a 0.2 ml sterile
pipette tip. New complete DMEM medium was then
added with 1 pM simvastatin, 300 M 5-FU, 0.1 uM
cisplatin and a combination of 1 M simvastatin with or
without 300 uM 5-FU and 0.1 uM cisplatin. During the
subsequent 48 h, plates were periodically imaged using
an inverted microscope (CKX53, Olympus America,
USA) with a 4% phase contrast objective. Distance of
wound was measured by length of scratch.

Gelatin zymography:

To assess MMP-9 protein expression, the gelatin
zymography assay was used!"). Cells were treated with
1 uM simvastatin, 300 uM 5-FU, 0.1 pM cisplatin and
a combination of 1 pM simvastatin with or without
300 uM 5-FU and 0.1 uM cisplatin for 48 h. The culture
medium was harvested and protein concentration was
measured. Protein was loaded onto 10 % Sodium
Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis
(SDS-PAGE) plus 0.01 % gelatin. The gels were washed
with 2.5 % Triton X-100 and incubated in developing
buffer overnight before staining with Coomassie
brilliant blue R-250 to visualize band intensity.

Flow cytometry:

To assess cancer cell apoptosis, a flow cytometry assay
was used. Cells were treated with 50 uM simvastatin,
300 uM 5-FU, 10 uM cisplatin and a combination of
50 uM simvastatin with or without 300 uM 5-FU
and 10 uM cisplatin for 24 h. Next, cancer cells were
collected and added to 100 pl binding assay buffer
with 5 ul PE-Annexin V and 5 pl PI for 15 min prior to
addition of 400 ul binding assay buffer. Cell apoptosis
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was assessed by flow cytometry (BD Biosciences, San
Jose, California) using BD FACSDiva™ software.

Reactive Oxygen Species (ROS) formation:

To assess ROS formation, a DHE-fluorescent probe was
used"¥. Cells were incubated with 50 uM simvastatin,
300 uM 5-FU, 10 uM cisplatin and a combination of
50 uM simvastatin with or without 300 uM 5-FU and
10 uM cisplatin plus 25 pM DHE for 90 min at 37°.
Cells were then removed from the medium, washed and
PBS buffer was added. The intensity of fluorescence
was determined by a fluorescent microplate reader at
518 nm for excitation and 605 nm for emission.

Caspase 3 activity:

To assess cancer cell apoptosis, caspase 3 assay kits
were used!"). Cells were treated with 50 uM simvastatin,
300 uM 5-FU, 10 uM cisplatin and a combination
of 50 uM simvastatin with or without 300 uM 5-FU
and 10 uM cisplatin for 24 h, lysed with RIPA buffer
and measured protein concentration. The protein
(500 pg/ml) was mixed with assay buffer containing the
substrate and incubated for 90 min. The fluorescence
intensity was read at 360 nm for excitation and 460 nm
for emission using a fluorescence microplate reader.

Protein expression:

To determine protein-related cell cycle and apoptosis
expression levels, western blotting was used!'?l. Cells
were treated with 50 uM simvastatin, 300 M 5-FU,
10 uM cisplatin and a combination of 50 uM simvastatin
with or without 300 uM 5-FU and 10 pM cisplatin for
24 h, lysed with RIPA buffer and protein concentration
was measured. The protein (20 pg) was loaded onto
12 % SDS-PAGE, transferred onto Polyvinylidene
Difluoride (PVDF) membranes and blocked with
2.5 % Bovine Serum Albumin (BSA). The membrane
was exposed to primary antibodies, p21, cyclin DI,
caspase 3 and B-actin (1:2500) overnight and incubated
with secondary HRP-conjugated antibodies (1:5000)
and visualized by ChemiDoc™ Touch Imaging System.

Statistical analysis:

All data was represented as mean+Standard Error (SE)
and tested for differences between control and treatment
groups using the Student’s t-test and one-way Analysis
of Variance (ANOVA), followed by Tukey’s post-hoc
test. Statistical significance was taken as p<0.05.
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RESULTS AND DISCUSSION

Effects of statins with 5-FU and cisplatin on cell
proliferation and cell apoptosis were shown below.
The results found that simvastatin and atorvastatin
(0-50 pM) inhibited CCA cell proliferation in a
dose-dependent manner (fig. 1A). Simvastatin and
atorvastatin in combination with the anticancer
drugs, 5-FU and cisplatin inhibited proliferation
more than statin treatment alone. The half-maximal
inhibitory ~concentration (IC,) values in KKU
-100 cells were 33.1+£7.7 uM, 16.9+1.7 uM and 14.3
+2.7 uM for simvastatin alone, simvastatin with 5-FU
and simvastatin with cisplatin, respectively (fig. 1A).

Combination Index (CI) was adopted to evaluate
whether combination treatment of simvastatin and
both two cancer drugs had synergistic (CI<1), additive
(CI=1) or antagonistic (CI>1) effects on CCA cells.
Simvastatin (0-50 pM) plus cisplatin (2.5 uM) displayed
the strongest synergy (CI<1) than 5-FU in combination
treatment. In conclusion, simvastatin potentiated the
effects of the anticancer drugs more than atorvastatin
against the KKU-100 cell lines and we selected
simvastatin for further study (Table 1).

When apoptosis was studied using flow cytometry,
simvastatin, 5-FU and cisplatin both caused reduction
of cell proliferation and furthermore, augmented
effects were demonstrated when used in different
combinations, especially in simvastatin plus cisplatin
(fig. 1B). Our results show that simvastatin enhances
anticancer drug-induced CCA cell apoptosis.

Effects of simvastatin on 5-FU and cisplatin-induced
inhibition of colony formation and the protein-related
cell cycle in CCA cells were shown below. Simvastatin,
5-FU and cisplatin alone decreased colony forming
ability of KKU-100 cells (fig. 2A), with IC, values
of 10.59+1.45 pM, 9.55+£1.09 uM and 0.40+0.02 pM,
respectively. Additionally, simvastatin in combination
with either 5-FU or cisplatin enhanced the inhibitory
effect on colony formation compared to treatment
with the individual compounds (fig. 2A, p<0.05). This
suggested that simvastatin potentiates the inhibitory
activities of 5-FU and cisplatin.

Furthermore, simvastatin and cisplatin were found to
increase p21 levels in KKU-100 cells. The combination
of simvastatin plus 5-FU increased p21 levels more
than 5-FU treatment alone. Cisplatin with simvastatin
protein expression results indicated that simvastatin
did not upregulate p21 compared to the untreated

Indian Journal of Pharmaceutical Sciences 74



www.ijpsonline.com

E A ) Treatment IC5, (uM)
S 100 .‘..é 100 groups
< 80 2 oo 5-FU 2482.33+175.7
‘S "
= 60 S e Cis 17.18+1.3
= i Sim 33.1+7.7
2 40 = 40 :
8 = 0. Sim+5-FU 16.9+1.7*
S 20 X 207 # # & Sim+Cis 14.3+2.7"
2 s o Ator 120.9+11.7
9 0 3.1256.25 125 25 50 3 0 3.1256.25 125 25 50 Ator+5-FU 81.2+7.5%
Simvastatin (uM) Atorvastatin (pM) Ator+Cis 63.5+3.7#
B
Control 5-FU 300 pM —— ; Cis 10 uM
o] 2.7% "= 14% “= 3.2%
< E a Q2 i S s e b i O e,
ey 95.1% - o | oo 2.2% 2.9% "=493.8% & ala 2.9%
10 P T L T

5-FU 300 pM + Sim 50 pM Cis 10 pM + Sim 50 uM

24.8%

14.5% e 11.9%

7.6% 11.5%

Fig. 1: Effects of the statins, simvastatin and atorvastatin, in combination with the anticancer drugs, on proliferation and apoptosis
in KKU-100 cells. (A) Cell proliferation results obtained using the SRB assay for cells that had been treated with test compounds
for 24 h, for simvastatin (—= ) Sim; (== ) Sim+5-FU; (= ) Sim+Cis; for atorvastatin (—= ) Ator; (=+) Ator+5-FU; (= ) Ator+Cis
and (B) Apoptosis results generated by flow cytometry. Data are represented as mean+SE (n=3), *p<0.05 vs. simvastatin treatment
alone, “p<0.05 vs. atorvastatin treatment alone. Sim-simvastatin; Ator-atorvastatin; 5-FU-5-fluorouracil; Cis-cisplatin

TABLE 1: COMBINATION INDEX ANALYSIS OF SIMVASTATIN AND ATORVASTATIN WITH 300 uM 5-FU AND

2.5 uM CISPLATIN

Simvastatin  Simvastatin+5-FU  Simvastatin+cisplatin

Atorvastatin (uM)

Atorvastatin+5-FU Atorvastatin+cisplatin

(M) 300 uM (Cl) 2.5 uM (Cl) 300 uM (Cl) 2.5 M (Cl)
3.13 5.03 0.51 3.13 7.90 0.44
6.25 2.87 0.53 6.25 5.34 0.58
12.50 1.73 0.52 12.50 2.87 0.72
25.00 1.10 0.51 25.00 1.51 0.84
50.00 0.67 0.66 50.00 0.967 0.82

Note: *Cl=1.00 additive effects; Cl<1.00 synergistic effects; Cl>1.00 antagonistic effects

control group. For cyclin D1 expression, simvastatin
significantly decreased cyclin D1, but 5-FU and
cisplatin did not. Cyclin D1 was also suppressed when
simvastatin was combined with the two drugs (fig. 2B).

Effects of simvastatin on anticancer drug-induced ROS
formation and caspase 3 activation were described below.
Because ROS have been implicated in induction of cell
death, we monitored the intracellular accumulation
of ROS by the DHE-enhanced fluorescence method.
Simvastatin and cisplatin, but not 5-FU, were found
to induce significant intracellular ROS production
(fig. 3A). Interestingly, simvastatin increased ROS
formation in both the 5-FU and cisplatin groups. We
also found that simvastatin and cisplatin treatment
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groups increased caspase 3 activity and that simvastatin
in combination with the drugs further increased caspase
3 activity in a similar pattern to induction of ROS
(fig. 3B). Caspase 3 protein levels found that caspase
3 protein was significantly induced by simvastatin
treatment alone; however, 5-FU and cisplatin did not
alter the caspase 3 levels. Interestingly, simvastatin
potentiated anticancer drugs-induced caspase 3 levels.
Our results show that simvastatin enhances anticancer
drug-induced CCA cell death by increasing ROS
formation and this is associated with increase in caspase
3 levels (fig. 3C and fig. 3D).

Effects of simvastatin on anticancer drug-induced
suppression of cell migration were shown below.
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Simvastatin and 5-FU were found to significantly
inhibit cancer cell migration. When simvastatin was
combined with each of the two anticancer drugs, there
was an additive effect and greater inhibition of KKU-
100 cell migration (fig. 4A). Simvastatin also reduced
MMP-9 protein levels in the culture medium, but 5-FU
and cisplatin did not (fig. 4B). In combination, we
found that simvastatin plus cisplatin reduced MMP-
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the effects of 5-FU and cisplatin. Simvastatin, in
combination with anticancer drugs, can inhibit cancer
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Fig. 2: Effects of simvastatin and the anticancer drugs (5-FU and cisplatin) alone and in combination on cell regrowth and cell cycle-
related protein expression in KKU-100 cells. (A) Colony counts from cells cultured with test compounds for 14 d and (B) Protein
expression as examined by western blotting. Data are represented as mean+SE (n=3), *p<0.05 vs. untreated control groups, “p<0.05
vs. simvastatin, 'p<0.05 vs. anticancer drug. Sim-simvastatin; 5-FU-5-fluorouracil; Cis-Cisplatin
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Fig. 3: Effects of simvastatin and the anticancer drugs alone and in combination on ROS formation, caspase 3 activity and caspase 3
protein expression. (A) ROS production quantified by the DHE-enhanced fluorescence method for cells incubated with compounds
plus 25 uM DHE; (B) Caspase 3 activity and the lower images and charts; (C-D) Caspase 3 protein expression as examined by
western blotting. Data are represented as mean+SE (n=3), *p<0.05 vs. control groups, p<0.05 vs. simvastatin, 'p<0.05 vs. anticancer
drug. Sim-simvastatin; 5-FU-5-fluorouracil; Cis-Cisplatin
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Fig. 4: Effects of simvastatin and the anticancer drugs alone and in combination on cell migration and MMP 9 protein expression.
(A) Cell migration results obtained using the wound healing assay and cells incubated with test compounds for 48 h; (B) Gelatin
zymography data. Data are represented as mean£SE (n=3); *p<0.05 vs. control groups, “p<0.05 vs. simvastatin, 'p<0.05 vs. anticancer
drugs. Sim-simvastatin; 5-FU-5-fluorouracil; Cis-Cisplatin
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cell proliferation by increasing p21, decreasing cyclin
D1 levels and inducing apoptosis. These effects may
be associated with induction of ROS formation and
activation of caspase 3 activity and protein levels.
Moreover, the combination treatments can suppress
cancer cell migratory ability by decreasing MMP-9.
Hence, simvastatin could be potentiating 5-FU and
cisplatin activity against CCA cells.

In this study, simvastatin exhibited additive cytotoxic
effects with the two anticancer drugs, 5-FU and
cisplatin, to induce CCA cell death, as indicated
by lowering of their median growth inhibitory
concentrations. Simvastatin has previously been
shown to induce Resting State/Growth 1 Phase
(G,/G,) arrest by activating Adenosine Monophosphate-
Activated Protein Kinase (AMPK) and inhibiting the
Signal Transducer and Activator of Transcription 3-S
phase kinase-associated protein 2 (STAT3-Skp2) axis,
leading to upregulation of p21 and p27, the cell cycle
dependent kinase inhibitors!'®.. Amplification of cyclin
D1 is frequently found in invasive breast carcinomas. In
this study, simvastatin inhibited CCA cell proliferation
by upregulating p21 and downregulating cyclin D1
protein expression and we found that simvastatin
can potentiate 5-FU and cisplatin activity. As shown
previously by Wang et al., showed that cerivastatin also
significantly augments the cytotoxic effects of 5-FU
against both drug-sensitive and drug-resistant cell lines
by inhibiting NF-kB Deoxyribonucleic Acid (DNA)
binding activity!!”l. From our results, it indicated that
5-FU and cisplatin treatment alone did not alter the
cyclin D1 and caspase 3 protein levels because the
variation was detected in independent cancer cells and
in this study we used the low concentration of these two
anticancer drugs to combine the simvastatin. As shown
by the study of Jin et al. cisplatin decreased the caspase 3
levels consistently which increased the cleaved caspase
3 level in lung cancer cells!'®. Moreover, cisplatin
treatment alone caused induction of cyclin D1 levels as
welll'®!, Tn conclusion, statins and the anticancer drugs,
5-FU and cisplatin, act synergistically in inhibiting
CCA cell proliferation.

Most cytotoxic anticancer drugs in current use induce
apoptosis. Simvastatin has been shown previously
to increase levels of ROS in Ocular Choroidal
Melanoma-1 (OCM-1) cells and to trigger significant
apoptosis, which was characterized by an increase in
chromatin condensation and activation of caspase

increases pS53 levels and further activates cytochrome
c-mediated caspase 3, leading to cell apoptosis™”. Our
study showed that simvastatin increases the CCA cell
apoptosis caused by 5-FU and cisplatin by increasing
ROS formation, inducing caspase 3 activity and also
by increasing caspase 3 protein expression levels. In
conclusion, statins together with the anticancer drugs,
5-FU and cisplatin, act synergistically to induce CCA
cell apoptosis.

Metastasis is a basic characteristic of malignant cancer,
where cells spread to many distant organs. It is a
complex multistep process involving transformation
of cells, changes in intercellular adhesion, migration
and invasion?!, Metastasis is an important problem
that negatively affects prognosis in cancer patients?>%!,
Drugs which can block metastasis-associated steps
could potentially be useful for cancer prevention
and cancer treatment. In this study, treatment with
simvastatin alone or in combination with 5-FU or
cisplatin inhibited the migratory ability of CCA cells.
This inhibition was associated with a down-regulation
of MMP-9 activity, a degradation enzyme involved in
cancer cell migration.

We found that, statins enhanced the cytotoxicity of two
standard anticancer drugs, 5-FU and cisplatin, against
CCA cells. This combination disrupted cell proliferation,
increased apoptosis and decreased migration, possibly
by interfering with growth and apoptosis-related cell
proliferation. Based upon the results presented here,
further studies are warranted to evaluate the therapeutic
potential of oral statins in combination with anticancer
drugs against CCA in experimental animal models.
Ultimately, this combination could be a useful regimen
for managing CCA.
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