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Anthocyanin complex exerts anti-cholangiocarcinoma activities
and improves the efficacy of drug treatment
in a gemcitabine-resistant cell line
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Abstract. Cholangiocarcinoma (CCA) is a deleterious bile
duct tumor with poor prognosis and is relatively resistant to
chemotherapy. Therefore, alternative or supplementary agents
with anticancer and chemosensitizing activities may be useful
for the treatment of CCA. A novel anthocyanin complex (AC)
nanoparticle, developed from extracts of cobs of purple
waxy corn and petals of blue butterfly pea, has exhibited
chemopreventive potential in vivo. In the present study, the
anti-CCA activities of AC and their underlying molecular
mechanisms were investigated further in vitro using a CCA
cell line (KKU213). The potential use of AC as a chemosen-
sitizer was also evaluated in a gemcitabine-resistant CCA cell
line (KKU214%™®) Tt was demonstrated that AC treatment
suppressed proliferation of KKU213 CCA cells in dose- and
time-dependent manners. AC treatment also induced apop-
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tosis and mitochondrial superoxide production, decreased
clonogenicity of CCA cells, and downregulated forkhead
box protein M1 (FOXM]), nuclear factor-kB (NF-xB) and
pro-survival protein B-cell lymphoma-2 (Bcl-2). The expres-
sion of endoplasmic reticulum (ER) stress-response proteins,
including protein kinase RNA-like ER kinase, phosphorylated
elF2a, eukaryotic initiation factor 2o and activating trans-
cription factor 4, also decreased following AC treatment. It
was also identified that AC treatment inhibited KKU214%™R
cell proliferation in dose- and time-dependent manners.
Co-treatment of KKU214%™R cells with low doses of AC
together with gemcitabine significantly enhanced efficacy of
the latter against this cell line. Therefore, it is suggested that AC
treatment is cytotoxic to KKU213 cells, possibly via downre-
gulation of FOXM1, NF-«B, Bcl-2 and the ER stress response,
and by induction of mitochondrial superoxide production. AC
also sensitizes KKU214%™R to gemcitabine treatment, which
may have potential for overcoming drug resistance of CCA.

Introduction

Cholangiocarcinoma (CCA) is a bile-duct tumor that is rare
in the majority of countries (1,2), but which has a far greater
incidence in the Greater Mekong sub-region of southeast
Asia, particularly in northeastern Thailand, where the preva-
lence of the small human liver fluke Opisthorchis viverrini
is high (3). O. viverrini is classified as a group I carcinogen
by the International Agency for Research on Cancer (4).
Infection with this fluke causes chronic inflammation, leading
to periductal fibrosis and ultimately contributing to the devel-
opment of CCA (5,6). In northeastern Thailand, CCA is the
major primary liver cancer, with its management costing
US$120 million annually (5,7). Clinical presentation is typi-
cally observed at a late stage and therefore the majority of
patients with CCA cannot be cured by surgical resection (8,9).
Furthermore, the disease is able to develop resistance to
standard chemotherapeutic drugs over time (10). Therefore,
using phytochemicals with anti-inflammatory and anticancer
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activities to treat cancer or to enhance the efficacy of other
chemotherapeutic drugs, may be an alternative approach for the
management of CCA and help to avoid drug-resistance (11-13).

Anthocyanins are the water-soluble flavonoids responsible
for the blue, purple and red colors in a number of fruits, flowers
and leaves (14). Anthocyanins exhibit anti-inflammatory,
anti-angiogenesis, antioxidant and anti-proliferative effects,
and thus have a number of medical applications (15-18).
Among these are prevention and treatment of cancer (19,20).
Previous studies have demonstrated that the consumption of
anthocyanin-rich foods is associated with a decreased risk of
chronic diseases, including cardiovascular disease, arthritis
and diabetes mellitus, and development of esophageal, colon,
lung and skin cancers (17,21).

Cyanidin and delphinidin glycosides are the most abun-
dant and well-studied anthocyanins with potential anticancer
activity (22-24). However, a major obstacle in the use of
anthocyanins is that they are unstable and prone to degrada-
tion (25). Previously, cyanidin and delphinidin were isolated
from cobs of purple waxy corn (Zea mays L. var. ceritina
Kulesh) and petals of blue butterfly pea (Clitoria ternatea L.)
and were manipulated to form a complex with turmeric extract
and other trace elements (26) to increase their stability and
activity. This novel anthocyanin complex (AC) nanoparticle
exhibited anti-inflammatory and anti-fibrotic effects in an
O. viverrini-infected hamster model, establishing its potential
for chemoprevention of CCA (26). However, the utility for
CCA treatment has not yet been investigated.

The aim of the present study was to demonstrate the appli-
cation of AC for CCA treatment. Anticancer activities of AC
and the potential underlying molecular mechanisms against
CCA were investigated in vitro using a CCA cell line. The
effect of combined treatment of AC and gemcitabine against
the gemcitabine-resistant CCA cell line (KKU214%™R) was
also investigated. The results of the present study provide an
insight into the promising use of AC phytochemical products
for the treatment of CCA.

Materials and methods

Chemicals and reagents. AC was prepared as described
previously (26). In brief, aqueous extracts of purple waxy
corn cobs and blue butterfly pea petals were mixed with
turmeric (Curcuma longa) extract (7:2:1) in the presence of
100 mM caffeic acid and piperine (Sigma Aldrich; Merck
KGaA, Darmstadt, Germany) and 2 mM zinc sulfate (Ajax
Finechem; Thermo Fisher Scientific, Inc., Waltham, MA,
USA). Thereafter, the mixture was cooled and dried to
yield of AC. Only one batch of AC was used throughout the
present study to avoid batch-to-batch variation. Dulbecco's
modified Eagle's medium (DMEM), penicillin/streptomycin,
trypsin-EDTA and fetal bovine serum (FBS) were purchased
from Gibco; Thermo Fisher Scientific, Inc. 4-(2-Aminoethyl)
benzenesulfonyl fluoride hydrochloride (AEBSF), dimethyl
sulfoxide (DMSO), sulforhodamine B (SRB) and the
broad-spectrum caspase inhibitor quinolone-Val-Asp-
difluorophenoxymethyl ketone (Q-VD-OPh) were purchased
from Sigma-Aldrich; Merck KGaA. Rabbit anti-protein kinase
RNA-like endoplasmic reticulum (ER) kinase (PERK; cat.
no. 5683), anti-p65 (cat. no. 8242), anti-activating transcription
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factor 4 (ATF4; cat. no. 11815), anti-phosphorylated eukaryotic
initiation factor 2a (p-eIF2a; cat. no. 3398) (Ser™), anti-eIF20.
(cat. no. 9722), anti-poly(ADP-ribose) polymerase (PARP; cat.
no. 9542), anti-B-cell lymphoma-2 (Bcl-2; cat. no. 2872), anti-
caspase-3 (cat. no. 9662) and anti-B-tubulin (cat. no. 2128) and
radioimmunoprecipitation assay (RIPA) buffer were purchased
from Cell Signaling Technology, Inc. (Danvers, MA, USA).
Rabbit anti-forkhead box M1 (FOXMI; cat. no. sc-502) (C-20)
was obtained from Santa Cruz Biotechnology, Inc. (Dallas,
TX, USA). Horseradish peroxidase (HRP)-conjugated goat
anti-rabbit IgG (cat. no. 111-035-003) secondary antibody was
purchased from Jackson ImmunoResearch, Inc. (West Grove,
PA, USA). A dead-cell apoptosis kit [Annexin V/propidium
iodide (PI)], Pierce™ bicinchoninic acid (BCA) protein assay
kit, Hank's balanced salt solution (HBSS) and MitoSOX™
Red mitochondrial superoxide indicator were obtained from
Thermo Fisher Scientific, Inc. ECL™ Prime western blot-
ting detection reagent and polyvinylidene difluoride (PVDF)
membrane were obtained from GE Healthcare (Chicago,
IL, USA).

Human CCA cell lines. The KKU213 CCA cell line was estab-
lished from Thai CCA patients as described previously (27).
The gemcitabine-resistant CCA cell line KKU214%™R was
established previously by exposure to stepwise increases
in the concentration of gemcitabine as described previ-
ously (28). It should be noted that the parental line of
KKU2146™R cells appears to be a KKU213 cell derivative
(web.expasy.org/cellosaurus/CVCL_M264). However, due
to the fact that KKU214%™R cells were induced to be a
gemcitabine-resistant CCA cell line, it would not have any
bearing on the results of the present study. The cell lines
were maintained in DMEM supplemented with 10% FBS,
100 U/ml penicillin and 100 pxg/ml streptomycin at 37°C in a
humidified incubator containing 10% CO,. KKU214%mR cells
were cultured in the presence of gemcitabine to maintain its
resistant phenotype, but were cultured in a drug-free medium
for one passage prior to performing experiments.

Assessment of half-maximal inhibitory concentration (ICs,)
of AC. The ICs, was assessed using the SRB assay. For
instance, KKU213 cells were seeded at 2,000 cells/well in
flat-bottomed 96-well plates (Corning Inc., Corning, NY,
USA). The following day, the cells were incubated with either
DMSO (diluent control) or various concentrations of AC
(100-800 pg/ml) dissolved in DMSO for 12, 24, 36 and 48 h
at 37°C in a humidified incubator containing 10% CO,. Cells
were fixed with ice-cold 40% trichloroacetic acid at 4°C for
1 h. Following washing three times with running tap water,
0.4% (w/v) SRB solution in 1% acetic acid was added and
incubated further for 1 h at room temperature. Excess SRB
solution was removed by washing with 1% acetic acid and
SRB was dissolved by adding 10 mM Tris buffer. Absorbance
at 492 nm was determined using an ELISA plate reader
(Tecan Group Ltd., Minnedorf, Switzerland). The absorbance
at 492 nm of DMSO-treated cells was used as control. For
KKU214%mR cells, the same procedure was performed, but the
cells were treated with either single agent (300 pg/ml AC; 20
or 40 uM gemcitabine) or a combination of AC (300 pug/ml)
and gemcitabine (20 or 40 M) for 24, 48 and 72 h.
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Figure 1. AC inhibits proliferation of the KKU213 CCA cell line. (A) KKU213 CCA cells were treated with different concentrations of AC for the indicated
time periods. The percentage of cell proliferation was determined using the SRB assay compared with its control treatment (dimethyl sulfoxide). (B) ICs, of
AC on KKU213 cells at 24 h post-treatment was calculated using a dose-response curve analysis. Experiments were carried out in triplicate. AC, anthocyanin
complex; CCA, cholangiocarcinoma; SRB, sulforhodamine B; IC;,, half-maximal inhibitory concentration; OD, optical density.

Assessment of cellular apoptosis. Cellular apoptosis was
determined by Annexin V/PI staining according to the
manufacturer's protocol. In brief, following trypsinization and
washing with sterile PBS, ~10° KKU213 cells were resuspended
in 1X binding buffer. Annexin V/PI solution was added prior to
incubation at room temperature in the dark for 15 min. Stained
cells were detected using a BD FACSCanto II flow cytometer
and analyzed using BD FACSDiva software (version 6.1.3)
(both from BD Biosciences, San Jose, CA, USA).

Plasmid transfection. The pCMV4-p65 plasmid was a
gift from Professor Warner Greene, Gladstone Institute
of Virology and Immunology, San Francisco, CA, USA
(Addgene plasmid #21966). In total ~2x10° KKU213 cells
were seeded into 10-cm cell culture dishes for 24 h, prior to
transfection with pCMV4-p65 plasmid using X-tremeGENE
HP (Roche Diagnostics, Basel, Switzerland), according to the
manufacturer's protocol. Cells were then harvested at 24 h
post-transfection for further experiments.

Clonogenic assay. CCA cells were seeded into 6-well plates
at a density of 1,000 cells/well overnight prior to drug
treatment. Cells were treated with different concentrations
of AC (100-800 pg/ml) and incubated for 48 h at 37°C in
a humidified incubator containing 10% CO,. In the case of
KKU214%mR cells, cells were treated with either a single
agent (300 ug/ml AC; 20 or 40 yuM gemcitabine) or a combi-
nation of AC (300 pg/ml) and gemcitabine (20 or 40 uM).
The culture medium was changed every 2 days and cells were
cultured for a further 14 days. Finally, cells were fixed with
4% paraformaldehyde and stained with 0.5% crystal violet.
Stained cells were dissolved with 33% acetic acid and absor-
bance at 620 nm was measured using an ELISA reader (Tecan
Group Ltd.).

Measurement of mitochondrial superoxide production.
Mitochondrial superoxide production was determined using
MitoSOX Red mitochondrial superoxide indicator, according
to the manufacturer's protocol. In brief, CCA cells were
trypsinized, washed once and resuspended in HBSS with
Ca?*/Mg*". Subsequently, 4 uM MitoSOX Red solution was
added and the mixture was incubated at 37°C for 30 min in

the dark. CCA cells were centrifuged at 600 x g for 5 min
at room temperature and washed with 1 ml HBSS/Ca*/Mg**.
Finally, CCA cells were resuspended in HBSS/Ca**/Mg** and
the fluorescence intensity at 575 nm was measured using a
flow cytometer (BD Biosciences).

Western blot analysis. Protein was extracted from CCA
cells using RIPA buffer (50 mM Tris/HCI, 150 mM NaCl,
1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS and
1 mM AEBSF) and the protein concentration was determined
using the BCA assay. Subsequently, 20 ug protein was sepa-
rated by SDS-PAGE (7 or 12% gels) and then transferred
onto a PVDF membrane. Following blocking with 5% bovine
serum albumin in Tris-buffered saline containing 0.05%
Tween-20, membranes were incubated with primary anti-
bodies against PERK, p65, ATF4, p-elF2a (Ser”), elF2a,
PARP, caspase-3, Bcl-2 and B-tubulin (all 1:1,000) overnight
at 4°C. Following washing, membranes were incubated with
secondary antibody (1:3,000) and the chemiluminescent reac-
tion was developed using ECL™ Prime blotting detection
reagent. Immunoreactivity bands were captured using the
ImageQuant™ LAS4000 mini imager (GE Healthcare).

Statistical analysis. Data are expressed as the mean + standard
deviation. Student's t-test and analysis of variance and Tukey's
test were performed to determine differences among experi-
mental groups using SPSS (version 13.0; SPSS, Inc., Chicago,
IL, USA). P<0.05 was considered to indicate a statistically
significant difference. Non-linear regression analysis was
performed to determine the ICs, values using GraphPad Prism
(version 6; GraphPad Software, Inc., La Jolla, CA, USA).

Results

AC treatment inhibits proliferation and induces caspase-
independent apoptosis of the CCA cell line. Inhibition of
tumor growth and induction of cellular apoptosis are important
modes of action of the majority of phytochemical agents. To
determine whether AC exerts proliferation-inhibitory effects
on CCA cells, and to determine relevant IC, values, KKU213
cells were treated with various concentrations of AC. The SRB
assay revealed that AC inhibited cell proliferation in this cell
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Figure 2. AC treatment induces apoptosis of CCA cells. (A) KKU213 cells were treated with AC at the indicated doses for 24 h. Apoptotic cells were stained
with Annexin V-FITC/PI solution and analyzed by flow cytometry. Dimethyl sulfoxide at a final concentration of 0.1% was used as diluent control (0).
(B) Percentages of early apoptosis and (C) late apoptosis of AC-treated KK U213 cells were calculated from three independent experiments. “P<0.05, “P<0.01,
“"P<0.001 and "“P<0.0001. AC, anthocyanin complex; FITC, fluorescein isothiocyanate; PI, propidium iodide.

line in a dose- and time-dependent manner (Fig. 1A). The
proliferation of KKU213 cells was completely inhibited by
treatment with 800 ug/ml AC after 48 h. Non-linear regression
analysis identified that the ICy, value of AC for KKU213 was
620 pug/ml (Fig. 1B).

It was subsequently investigated whether suppression of
CCA cell proliferation by AC treatment is associated with
induction of apoptosis. KKU213 cells were treated with
300 or 600 ug/ml AC for 24 h, and cellular apoptosis was
investigated using flow cytometry (Fig. 2A). The results
revealed that early (1.50+0.27% for AC300 and 10.33+0.83%
for AC600) (Fig. 2B) and late (5.50+0.66% for AC300
and 56.70+6.05% for AC600) (Fig. 2C) apoptosis was
significantly induced dose-dependently in AC-treated groups
compared with the control group. These results indicated
that AC exhibited cytotoxicity against CCA cells through the
induction of cellular apoptosis. Levels of cleaved caspase-3, a
protein marker for cellular apoptosis, was also assayed using
western blotting. Cleaved caspase-3 was not observed in
AC-treated KKU213 cells, but was detected in a gemcitabine-
treated group (Fig. 3A). In addition, a pan-caspase inhibitor
(Q-VD-OPh) was combined with AC treatment to test whether
cell death was due to a caspase-independent pathway. A clono-
genic assay demonstrated that treatment with 2 and 10 yuM
Q-VD-OPh, identified to prevent caspase activation (29),
did not affect cell viability of the KKU213 cells (Fig. 3C).
Notably, Q-VD-OPh treatment was not able to prevent cell
death when combined with AC treatment (Fig. 3D and E),
indicating that caspase-independent cell death was occurring
in AC-treated CCA cells.

AC treatment inhibits colony formation of the CCA cell line.
The clonogenic assay is the method of choice to determine cell
reproductive viability (ability of cells to produce progeny or
ability of a single cell to form a colony) following treatment
with radiation or a cytotoxic agent (30,31). This approach was
employed to determine the cytotoxic effects of AC treatment
on a CCA cell line (Fig. 4A). Consistent with the results of the
SRB assay, the presence of AC significantly inhibited KKU213
colony formation in a dose-dependent manner compared with
the control group (P<0.0001) (Fig. 4B). This result indicated
that the AC-mediated decrease in reproductive viability is one
of the underlying molecular mechanisms of AC against CCA.

AC treatment induces mitochondrial superoxide produc-
tion partly via suppression of Bcl-2 expression. Induction
of superoxide production in mitochondria is an important
event in the induction of apoptosis (32). To investigate
whether induction of mitochondrial superoxide production
is involved in AC-induced apoptosis of CCA cells, KKU213
cells were treated with AC, and levels of mitochondria-specific
superoxide were determined using flow cytometry. Minimal
superoxide production was detected in the control group;
however, production was slightly increased in KKU213 cells
treated with 300 yg/ml AC (Fig. 5). Treatment with 600
pg/ml AC significantly induced superoxide production in the
mitochondria of KKU213 cells relative to the control group
(P<0.001) (Fig. 5).

Since superoxide production may be inhibited by the anti-
apoptotic Bcl-2 protein (32), the expression of Bcl-2 protein
was investigated further in KKU213 CCA cells. Western blot
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Figure 3. Pan-caspase inhibitor Q-VD-OPh does not protect KKU213 cells
from AC-induced cell death. (A) Western blot analysis was performed to
determine the expression of caspase-3 and its cleaved form in AC-treated
KKU213 cells compared with cells treated with gemcitabine. $-tubulin was
used as a loading control. The viability of KKU213 cells following (B) AC
treatment, (C) Q-VD-OPh treatment and the combination of (D) 2 uM and
(E) 10 uM Q-VD-OPh with AC treatment was determined using a clono-
genic assay. Q-VD-OPh, quinolone-Val-Asp-difluorophenoxymethyl ketone;
AC, anthocyanin complex.

analysis revealed that the expression of Bcl-2 protein mirrored
superoxide production. Expression of Bcl-2 protein decreased
in the AC-treated group, particularly when 600 pg/ml AC was
used, relative to the DMSO-treated control (Fig. 6). These results
indicated that AC induced superoxide production-mediated
apoptosis partly via the inhibition of Bcl-2 protein expression.

AC treatment targets pro-survival and endoplasmic reticulum
stress (ER stress) response of the CCA cell line. FOXMI1 and

1719

NF-xB are well-known oncogenic proteins involved in the
survival of cancer cells (33,34). The expression of these proteins
was determined in the CCA cell line following treatment with
AC for 24 h. Western blot analysis revealed that expression of
FOXMI1 and the p65 subunit of NF-kB decreased in a dose-
dependent manner in KKU213 cells treated with AC (Fig. 6).
Notably, expression of these proteins was almost completely
inhibited in KKU213 cells treated with 600 pzg/m1 AC compared
with the DMSO-treated control (Fig. 6). Additionally, KKU213
cells were transfected with p65 plasmid DNA and the influ-
ence of p65 induction on AC treatment of KKU213 cells
was determined using a clonogenic assay. The p65 subunit
of NF-kB was successfully induced in KKU213 as identified
using western blot analysis (Fig. 7A). However, the clonogenic
assay revealed that p65 overexpression did not affect the
viability of KKU213 cells compared with non-transfected and
mock-transfected controls (Fig. 7B and C). This implies that
AC is a potent inducer of apoptosis against CCA cells, and that
induction of a pro-survival transcription factor was not able
to protect CCA cells from cell death following AC treatment.
A previous study has identified that AC treatment dramati-
cally induced mitochondrial superoxide production; excessive
superoxide production may cause protein misfolding and
ultimately induce ER stress (35). Therefore, the expression of
proteins in the PERK/eIF2a/ATF4 axis, which is an important
ER stress-response pathway, was investigated. Western blot
analysis revealed that expression of PERK, p-eIF2a (Ser’")
and ATF4 in KKU213 cells decreased following AC treat-
ment (Fig. 6). Notably, total e[F2a expression was not affected
by AC treatment, suggesting that AC suppresses phosphoryla-
tion of the elF2a protein. In addition to FOXM1, p65 and the
PERK/elF20/ATF4 axis, it was identified that PARP expres-
sion was also suppressed by AC treatment, particularly at the
highest dose used (Fig. 6).

AC treatment increases gemcitabine sensitivity of the
gemcitabine-resistant KKU214%“"® CCA cell line. Resistance
to chemotherapeutic treatment is an important obstacle for
the treatment of various types of cancer, including CCA (36).
Therefore, whether co-treatment with AC was able to
enhance the effect of gemcitabine was investigated. The
SRB assay revealed that the IC;, of gemcitabine against the
KKU214%™R CCA cell line was 32.11 uM at 72 h, whereas
the 1C;, of gemcitabine against the parental KKU214 cell
line was 0.40 yM at 72 h (data not shown), agreeing with a
previous study (28). Treatment of KKU214%™R cells with
AC inhibited cell proliferation in a dose- and time-depen-
dent manner (Fig. 8A). For gemcitabine treatment alone,
KKU214%mR cell proliferation was markedly inhibited by
treatment with 40 yM for 72 h (Fig. 8B). AC at a dose of
300 pg/ml, which did not exert a proliferation-inhibitory effect
on KKU214%mR cells, was selected for co-treatment with 20
or 40 uM gemcitabine. As expected, the two combinations
significantly enhanced gemcitabine-mediated proliferation
inhibition compared with treatments with single agents (P<0.01
for 20 uM gemcitabine vs. 300 pg/ml AC+20 uM gemcitabine;
P<0.001 for 40 uM gemcitabine vs. 300 ug/ml AC+40 uM
gemcitabine) (Fig. 8C). Furthermore, the clonogenic assay also
identified a significant enhancement of gemcitabine treatment
when co-treated with AC (P<0.05) (Fig. 8D). Annexin V/PI
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with AC or dimethyl sulfoxide (control) for 48 h. At day 14, colony formation was visualized by crystal violet staining and images were captured using a digital
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OD at 620 nm. “"P<0.0001. AC, anthocyanin complex; CCA, cholangiocarcinoma; OD, optical density.

A AC treatment (pg/ml)
0 300 600
H e H
ﬁ—
z gt ol
g . g . B
g5 £ £
& ] &
7 "-'bh"'_. W owt AL i W w e - w w e
MitoxSOX Red MitoxSOX Red MitoxSOX Red
B _ 120- R
2 100- ) .
2
3 80-
te 60-
% 40-
=
s 20-
* >
o o
2 M &
«

S AC treatment (pg/mi)

Figure 5. Mitochondrial superoxide production is markedly induced by AC treatment. (A) Mitochondrial superoxide production following AC treatment of
KKU213 cells was determined using MitoSOX Red coupled with flow cytometry. A peak at P2 indicates superoxide production from mitochondria. Cells
treated with dimethyl sulfoxide (0.1%) were used as diluent control. Experiments were performed in triplicate. (B) The percentage of mitochondrial superoxide

production was calculated and plotted relative to the number of cells measured. ““P<0.001. AC, anthocyanin complex.

staining coupled with flow cytometry was used to detect apop- (40 uM) significantly induced early apoptosis of these cells
totic cells following combination treatment of KKU214%™®  compared with single treatments and the control group
cells. Administration of AC (300 pg/ml) and gemcitabine  (P<0.0001) (Fig. 9). These results indicated that AC treatment
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Figure 6. AC treatment downregulates the expression of a number of survival-
associated proteins and endoplasmic reticulum stress proteins. KKU213 cells
were treated with AC for 24 h prior to western blotting. 3-tubulin expression
was used as loading control. AC, anthocyanin complex; FOXM1, forkhead
box M1; PERK, protein kinase RNA-like endoplasmic reticulum kinase;
NF-«B, nuclear factor-xB; ATF4, activating transcription factor 4; eIF2a,
eukaryotic initiation factor 2a; p-elF2a, phosphorylated elF2a; PARP,
poly(ADP-ribose) polymerase; Bcl-2, B-cell lymphoma-2.

significantly enhanced the efficacy of gemcitabine against the
gemcitabine-resistant KKU214%mR cell line.

Discussion

Several previous studies have demonstrated that anthocyanins
exert anticancer activity against various types of cancer,
including HCC, melanoma, colon cancer, lung cancer and
breast cancer (37-39). In our previous study, we developed
a novel AC, which primarily consisted of extracts of purple
corn cobs, blue butterfly peas and turmeric (26). The combi-
nation of these exhibited increased antioxidant activity and
increased thermal stability compared with that of individual
extracts (26). In the present study, to the best of our knowl-
edge, we have identified, for the first time, anti-CCA activity
of AC, which exhibited cytotoxicity against a CCA cell line
through the suppression of cell proliferation and induction
of caspase-independent apoptosis probably via increased
mitochondrial superoxide production. Furthermore, AC also
suppressed the expression of a number of oncogenic proteins
that have previously been reported to be upregulated in CCA,
including FOXM1, NF-kB and ER stress-response proteins.
The potential underlying molecular mechanisms of AC treat-
ment on CCA cells are summarized in Fig. 10. AC was able
to potentiate gemcitabine treatment against the gemcitabine-
resistant KKU214%™R cell line. We therefore hypothesize that
AC has a potential function as an alternative or supplementary
treatment for CCA.
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Figure 7. Overexpression of p65 NF-kB does not affect the anticancer acti-
vity of AC in the KKU213 cell line. Expression of p65 NF-kB was induced
in KKU213 cells using a combination of pCMV4-p65 plasmid DNA and
X-tremeGENE HP. (A) The expression of p65 in p65-transfected cells was
detected by western blot analysis compared with control and mock transfec-
tions. (B) The effect of p65 overexpression on AC treatment was determined
using a clonogenic assay. (C) Relative difference of colony formation of
KKU213 cell line was investigated by dissolving stained colonies with 33%
acetic acid and determining the optical density at 620 nm. NF-xB, nuclear
factor-kB; AC, anthocyanin complex.

cDNA analysis of O. viverrini-associated CCA clinical
samples revealed that FOXMI1 was highly expressed, being the
second most abundant gene in these samples (40). FOXMI has
been implicated primarily in cell proliferation and survival,
as well as in cancer progression (34). In the present study,
suppression of cell proliferation and induction of cellular
apoptosis following AC treatment were observed alongside
downregulation of FOXMI1 expression. These results suggest
that suppression of FOXM1 is, in part, the mode of action of AC
against CCA. To the best of our knowledge, the present study
is the first to identify the effects of cyanidin and delphinidin on
FOXMI1 expression. However, a previous study demonstrated
that curcumin, an important bioactive compound in turmeric
extract, was able to suppress FOXMI1 (41). Therefore, suppres-
sion of FOXM1 using AC treatment is potentially mediated by
either anthocyanin(s) (cyanidin and/or delphinidin) or turmeric
extract or both. In addition to FOXMI1, western blot analysis
also demonstrated the downregulation of NF-xB in AC-treated
CCA cells. NF-«B is a well-known transcription factor associ-
ated with inflammation and cancer (42-44). A previous study
has identified that NF-kB, particularly its p65 subunit, was
overexpressed in O. viverrini-associated CCA tumor tissues.
Furthermore, treatment with dehydroxymethylepoxyquin-
omicin inhibited CCA cell proliferation and induced apoptosis
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Figure 8. AC treatment sensitizes the KKU214%™R cell line to gemcitabine treatment. KKU214%™R cells were seeded in 96-well plates and treated with either
(A) AC alone or (B) gemcitabine alone at indicated times. (C) Cells were treated with either the single agent (AC or gemcitabine) or a combination of AC
(300 pg/ml) and gemcitabine (20 or 40 uM) for 72 h. The percentage of cell proliferation (relative to control) was determined using the SRB assay. Inhibition
of cell proliferation was observed in the combination treatment compared with treatment with either agent alone. (D) Effect of combined treatment on colony
formation of KKU214%mR cells was also determined using the clonogenic assay. The relative difference in colony formation of KKU214%™R cells was inves-
tigated by dissolving stained colonies with 33% acetic acid and absorbance at the OD at 620 nm was determined using an ELISA reader. "P<0.05, “'P<0.01,
“*P<0.001 and ““P<0.0001. AC, anthocyanin complex; Gem, gemcitabine; OD, optical density.

in KKU213 cells via the suppression of NF-kB and Bcl-2
proteins (45). The results of the present study are in general
agreement with this previous study, demonstrating that the p65
subunit of NF-kB and Bcl-2 were also suppressed concurrently
with induction of apoptosis in the AC-treated KKU213 CCA
cell line. Cyanidin and delphinidin are known to suppress
the expression of NF-kB and Bcl-2 (46,47). Furthermore, the
turmeric extract in AC was also identified to suppress NF-kB
and Bcl-2 (48,49). Therefore, we hypothesized that cyanidin,
delphinidin and turmeric extract in AC may synergistically
inhibit NF-«B and Bcl-2. Curcumin, an important active ingre-
dient in turmeric extract, is able to inhibit NF-xB expression
and induce cancer cell apoptosis. AC, composed of purple corn
cob, blue butterfly pea and turmeric extracts at a ratio of 7:2:1,
contains ~60 pg turmeric extract per 600 pg/ml AC. In its

standard form, turmeric contains 5% curcumin, implying that
there is ~3 pg or 8 yM curcumin in 60 ug turmeric extract. In
our previous study, we identified that significant suppression of
proliferation, induction of apoptosis (4% of the cell population
compared with the untreated control) and suppression of pro-
survival proteins in the KKU?213 cell line were only observed
when treated with 50 yM curcumin (49). The synergistic effect
of combining different anthocyanins was also demonstrated
previously (50,51). These results support our hypothesis that the
cytotoxicity of AC against CCA cells is mediated by synergism
of cyanidin, delphinidin and turmeric extract. Notably, in the
present study, the function of p65 on AC treatment of KKU?213
cells was also determined using p65 plasmid DNA transfection
coupled with a clonogenic assay. Although p65 was successfully
induced in KKU213 cells, the clonogenic assay revealed that
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Figure 9. Combination of AC and gemcitabine treatment induces early apoptosis of the KKU214%™ cell line. KKU214%™ cells were treated with (A) 0.1%
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Figure 10. Schematic diagram of the postulated mechanism of AC against CCA cell lines. AC treatment downregulates FOXM1 and NF-xB expression,
leading to suppression of Bcl-2 expression. AC treatment also stimulates superoxide production from mitochondria, in part due to Bcl-2 suppression, since
this protein serves a function in inhibiting superoxide production from mitochondria. Massive superoxide production leads to DNA damage. Inhibition of the
DNA damage-repair protein PARP by AC treatment may induce DNA damage-mediated apoptosis. In addition to DNA damage, superoxide production may
result in the induction of protein misfolding or of unfolded proteins, accumulation of which stimulates the UPR in the ER. AC treatment inhibits the primary
UPR pathway (PERK/eIF2a/ATF4), leading to ER stress and induction of apoptosis. AC, anthocyanin complex; CCA, cholangiocarcinoma; FOXM1, forkhead
box M1; NF-«B, nuclear factor-xB; Bcl-2, B-cell lymphoma-2; PARP, poly(ADP-ribose) polymerase; UPR, unfolded protein response; ER, endoplasmic
reticulum; PERK, protein kinase RNA-like ER kinase; eIF2a, eukaryotic initiation factor 2a;; ATF4, activating transcription factor 4.

induction of pro-survival transcription factor expression was  CCA cell apoptosis through multiple pathways. Therefore, AC
not able to protect KKU213 cells from apoptosis following AC  is a potent apoptosis inducer against CCA cells.

treatment. Failure of NF-kB to prevent cell death has also been AC treatment also markedly induced superoxide production
demonstrated in tumor necrosis factor a-induced apoptosis in ~ from mitochondria in KKU213 cells. Mitochondrial super-
the HeLa cell line (52). Furthermore, failure to escape apoptosis  oxide has been demonstrated as an inducer of apoptosis (32).
following p65 induction may be because AC treatment induces  Apoptosis induced in this manner is consistent with a previous
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study demonstrating that diphenyleneiodonium induces mito-
chondrial superoxide-mediated apoptosis (53). Notably, in the
present study, cleaved PARP (data not shown) and cleaved
caspase-3 were not observed after 24 h of AC treatment in
CCA cell lines, suggesting that caspase-independent cell death
occurred without activating Bcl-2-associated X protein, cyto-
chrome ¢ and caspase-3 (54). Caspase-independent cell death
was also indicated by treatment with a combination of AC and
pan-caspase inhibitor (Q-VD-OPh): addition of Q-VD-OPh
was not able to protect CCA cells from AC-mediated cell
death. The defects in the caspase activation pathway are
common in cancer, leading to resistance to certain pro-apop-
totic stimuli (55). Therefore, triggering caspase-independent
cell death is one of the novel approaches to treat cancer (56).
Therefore, in addition to CCA, the AC may be useful for the
treatment of cancer, particularly that with the ability to evade
caspase-dependent cell death. Decreasing PARP expression
in CCA cell lines was observed following AC treatment. This
result may be explained by the fact that this protein is involved
in DNA damage repair (57). Induction of mitochondrial super-
oxide production was able to induce DNA damage (58,59),
suggesting that decreasing of PARP expression after AC treat-
ment could lead to a decrease in DNA damage repair by PARP.
Therefore, we hypothesize that AC-treated cells underwent
apoptosis via DNA damage-induced caspase-independent cell
death (60).

Superoxide in mitochondria may be converted into H,O,
and diffuse into the cytoplasm. H,O, may be catalyzed further
to form other highly reactive oxygen species (ROS). Under
basal physiological conditions, ROS accumulation may be
prevented by cellular antioxidant defense mechanisms (61).
However, excessive ROS production caused by excessive
mitochondrial superoxide production triggers disturbance of
ER redox homeostasis, thus aggravating the accumulation of
misfolded or unfolded proteins in the ER or ER stress (62).
The process known as the unfolded protein response (UPR) is
thus activated to restore ER homeostasis (63). However, if ER
stress is severe or prolonged, it may induce cell death (64). The
PERK/elF2a/ATF4 axis is important in UPR signaling during
ER stress (65). PERK activates the phosphorylation of elF2a
at Ser”', resulting in global translation inhibition (66), but
induces the expression of ATF4 (67) to overcome ER stress.
The results of the present study identified downregulation of
PERK/elF20/ATF4 in an AC-treated CCA cell line. Therefore,
we hypothesize that AC treatment induces ER stress and even-
tual cell death via the stimulation of mitochondrial superoxide
production and suppression of PERK/eIF2a/ATF4 axis-medi-
ated UPR. This hypothesis is supported by previous studies
demonstrating that inhibition of PERK or eIF2a rendered
cells susceptible to ER stress-mediated cell death (68-70).
Furthermore, a recent study has demonstrated that activation
of PERK and elF2a was inhibited in cyanidin-treated cells
(71).

Drug resistance is a major barrier for chemotherapy in
a number of types of cancer, including CCA. Enhancement
of chemotherapeutic drug treatment and chemosensitiza-
tion of cancer cells by plant polyphenols have been the focus
of much work and discussion (72). In the present study, the
effect of co-treatment of AC and gemcitabine against a
gemcitabine-resistant KKU214%™R cell line was investigated.

INTUYOD et al: CYTOTOXIC AND CHEMOSENSITIZER POTENTIAL OF AC ON CCA CELLS

It was identified that KKU214%™ cells were ~80-fold more
resistant to gemcitabine compared with its parental cell line.
However, the combination of AC with gemcitabine significantly
enhanced the efficacy of gemcitabine against KKU214%™R cells
compared with single agent treatment. Although the potential of
AC against a CCA cell line as well as its potential as a chemo-
sensitizer in a gemcitabine-resistant CCA cell line have been
demonstrated in the present study, these results have not been
verified in an animal model of CCA. Therefore, the anticancer
activity of AC should be investigated further in xenograft mouse
or liver fluke-induced hamster CCA models. Furthermore, the
anticancer potential of AC requires testing in diverse cancer cell
types to support its potential use as an alternative or supple-
mentary treatment for cancer, particularly CCA. Additionally,
high-throughput approaches, including RNA sequencing, are
required to explore the precise mechanisms underlying anti-
cancer and chemosensitization activities of AC.

In conclusion, the results of the present study demon-
strated that AC possesses cytotoxicity against CCA cell
lines by suppression of cell proliferation and induction of
caspase-independent apoptosis possibly via downregulation of
FOXM1, NF-«B and the ER stress response, and by induction
of mitochondrial superoxide production. AC also sensitizes
KKU2146™R cells to gemcitabine treatment. Therefore, AC
has potential as an alternative treatment agent and may assist
in overcoming drug resistance of CCA when co-administered
with other chemotherapeutic agents.
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