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a b s t r a c t

Curcumin, a major component from tumeric and well-known dietary spice, possesses various pharmaco-
logical effects. The cancer chemoprevention effect is suggested to act through its pro-oxidant property.
The study was to clarify effects of curcumin on cholangiocarcinoma cells, a cancer of the bile duct that
refractory to chemotherapeutic drugs. We examined time-course of oxidant formation in relation to anti-
tumor and the adaptive antioxidant response of the cells. Curcumin induced antiproliferation and apop-
tosis in KKU-M214 CCA cells with concentration- and time- dependent manners. The antiproliferative
effect of curcumin was observed at concentrations as low as 3 lM and was not necessarily associated
with oxidative stress, while induction of apoptosis required significant production of superoxide anion,
suppression of cellular redox and collapse of mitochondrial transmembrane potential. Western blot anal-
ysis showed a temporal relationship between the suppression of nuclear NF-jB with Bcl-XL protein lev-
els. Up-regulation of p53 and Bax was associated with marked oxidative stress and apoptosis. Curcumin
also induced Nrf2 protein expression with up-regulation of c-glutamylcysteine ligase mRNA and
increased cellular antioxidant, glutathione. The study suggests that curcumin could be developed into
an effective chemoprevention against CCA.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction 2008; Sandur et al., 2007; Sharma et al., 2005; Sompamit et al.,
Epidemiological and animal studies have shown that phyto-
chemicals present in several diet may be effective for the preven-
tion and treatment of malignancy. Cancer chemoprevention and
antitumor activity of various phytochemicals, including curcumin,
tea catechin or isothiocyanates may be associated with anti-
inflammatory and cytoprotective effects in normal cells, and induc-
tion of cell cycle arrest and apoptotic cell death in transformed
cells (Nair et al., 2007; Surh, 2003). In particular, curcumin, a prod-
uct of spice turmeric, Curcuma longa Linn., has significant antioxi-
dant, anti-inflammatory, cytoprotective, and antitumor activities
in vitro and in some preclinical animal models (Barve et al.,
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2009). The safety of curcumin is well recognized by the fact that
several populations in the world consume curcumin as a dietary
spice for centuries (Aggarwal and Sung, 2009; Sharma et al.,
2005). Curcumin has been shown to inhibit the proliferation of a
wide variety of tumor cells, including non-small cell lung carci-
noma cells (Shishodia et al., 2003), mammary epithelial carcinoma
cells (Choudhuri et al., 2005), colon adenocarcinoma cells (Rashmi
et al., 2005), and pancreatic carcinoma cells (Lee et al., 2005). The
antitumor effects have been suggested to depend partly on the
suppression of the nuclear factor-kappa B (NF-jB) signaling path-
way (Aggarwal and Sung, 2009; Surh, 2003), whereas its down-
stream genes are ultimately involved with several critical
processes leading to carcinogenesis, including proinflammation,
proliferation, angiogenesis, antiapoptosis and drug resistance
(Aggarwal and Sung, 2009). The target genes down-regulated by
curcumin include cyclooxygenase-2, cyclin-D1, c-myc, IAP, Bcl-2,
Bcl-XL, VEGF, MMP-9, and ICAM-1. These down-regulated NF-jB
gene products of curcumin and other plant polyphenols may lead
to the chemosensitizing and radiosensitizing effects (Garg et al.,
2005). Curcumin can induce apoptosis through modulation of the
mitochondrial permeability transition causing the release of AIF,
cytochrome C and finally caspase 3 activation (Thayyullathil
et al., 2008). The tumor suppressor p53 protein plays an important
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role in the induction of cell cycle arrest and apoptosis by transac-
tivation-dependent and -independent effects (Vaseva and Moll,
2009). On the other hand, oxidative stress also activates the nucle-
ar factor-E2-related factor 2 (Nrf2), then binds with the cis-acting
antioxidant response element (ARE) and modulates downstream
antioxidant genes, such as c-glutamylcysteine ligase (GCL), gluta-
thione transferases, and heme oxygenase-1 (Kensler et al., 2007;
Lu, 2009). This adaptive antioxidant response may be implicated
in cancer resistance (Chen et al., 2008; Wang et al., 2008). Previous
study showed that curcumin induced increased cellular GSH levels
(Sandur et al., 2007) and this may be related to antioxidative stress
response.

How curcumin mediated anti-inflammatory and proapoptotic
effects is the subject of intense research. Curcumin has been sug-
gested to act through its pro-oxidant/ antioxidant effects because
formation of reactive oxygen species by curcumin and curcumin
derivatives correlates with their apoptotic activity on tumor cells
(Mishra et al., 2005; Syng-Ai et al., 2004). The induction of reactive
oxygen species leads to change in cellular GSH, the main redox buf-
fer, which may, in turn, modulates several redox-sensitive en-
zymes and transcription factors leading to growth suppression,
apoptotic cell death (Mishra et al., 2005; Syng-Ai et al., 2004).
The antiproliferation and induction of apoptosis are usually sup-
posed to be resulted from a similar insult, i.e. oxidative stress. This
may not be always accurate. The roles of ROS and redox status in
cancer inhibition are needed clarification. Moreover, several of cur-
cumin’s effects may depend on cell type; for instance, curcumin
has high efficacy in cells with high constitutive NF-jB activity
and low expression of Bcl-XL (Aggarwal and Sung, 2009; Jang
and Surh, 2004).

Cholangiocarcinoma (CCA), a malignant tumor of the biliary
tract, presents a formidable difficulty in diagnosis and treatment
(Blechacz and Gores, 2008; Khan et al., 2002). The worldwide inci-
dence and mortality rates of intrahepatic CCA are increasing (Khan
et al., 2002). Current adjuvant or palliative chemotherapy has not
been shown to substantially improve survival in patients (Blechacz
and Gores, 2008; Khan et al., 2005; Lazaridis and Gores, 2005).
There is a need to improve chemotherapy to circumvent drug resis-
tance in CCA because it is evidently involved in the expression of
multi-drug resistance genes as well as the up-regulation of antiap-
optotic genes and the down-regulation of proapoptotic genes (Ble-
chacz and Gores, 2008).

In this study, the effects of curcumin on the induction of anti-
proliferation, apoptosis and the adaptive antioxidant response in
CCA cells were analyzed on time-course association with pro-oxi-
dant activity and modulation of redox-sensitive transcription fac-
tors and enzymes to establish characteristics of curcumin
induced tumor inhibition.
2. Materials and methods

2.1. Cell culture and cytotoxicity assay

Cultured cell line, KKU-M214, established in our institute by Dr. B. Sripa of
Department of Pathology, Faculty of Medicine, was derived from human intrahe-
patic cholangiocarcinoma tissues. The CCA cells were routinely cultured in Ham’s
F12 media supplemented with 4 mM L-glutamine, 1 mM sodium pyruvate,
12.5 mM N-2-hydroxyethylpiperazine-N0-2-ethanesulfonic acid (HEPES; pH 7.3),
100 U/mL penicillin, 100 lg/mL streptomycin sulfate, and 10% fetal calf serum as
previously described (Buranrat et al., 2007). The media was renewed every 3 days,
trypsinized with 0.25% trypsin–EDTA, and subcultured in the same media.

KKU-M214 cells were seeded onto 96-well culture plates at a density of 5 � 103

cells/well. After an overnight culture, the media was renewed with an addition of cur-
cumin, and the cells were cultured for another 48 h. Cytotoxicity was determined by
fluorescent dye staining. Briefly, the cells were washed and incubated in phosphate-
buffered saline (PBS) with an addition of 4 lL acridine orange and ethidium bromide
(1 lg/mL, each). The cells were examined using a Nikon Eclipse TS100 inverted micro-
scope with 480 nm and 535 nm excitation and emission filters, respectively. The
microphotographs were taken of three predetermined areas per well with triplicate
wells per concentration using a Nikon Coolpix digital camera, and the number of via-
ble, apoptotic, and necrotic cells were counted. The viable cells were colored green
with intact nuclei. Necrotic cells were stained bright orange, and apoptotic cells were
stained green with an appearance of cell shrinkage, condensation, and nuclei frag-
mentation. The number of viable, apoptotic and necrotic cells were counted. The cyto-
toxicity of curcumin was calculated as percent viable cells in the treatment against the
control (no curcumin) at the same period of times.

2.2. Determination of superoxide formation and glutathione

The KKU-M214 cells were cultured in 35-mm dishes for overnight, after which
the cell cultures were washed and replaced with fresh media supplemented with
curcumin. At various times, the cultures were washed with PBS and superoxide for-
mation were counted using the lucigenin-enhanced chemiluminescent method
with a luminometer (Model 20/20n, Turner Biosystem) as described previously
(Prawan et al., 2009).

The total glutathione assay was performed according to Tietze’s methods (Tie-
tze, 1969). Glutathione disulfide (GSSG) was assayed by a previously described
method (Somparn et al., 2007) using 1-methyl-2-vinylpyridinium triflate (M2VP)
as a glutathione scavenger. The cell cultures were trypsinized, washed three times
with cold PBS, centrifuged at 1500g at 4 �C for 10 min, and resuspended in PBS buf-
fer. A 100 lL aliquot of the cell suspension was reacted with M2VP (33 mmol/L in
water) or water. The cell suspensions were mixed gently and stored at �20 �C until
analysis. An aliquot of the cell suspension was saved for protein determination
using Bradford’s dye binding assay. To determine the efflux of glutathione from cul-
tured cells, cultured media was collected after incubation of the cultured cells at the
indicated times to analyze GSH and GSSG as described above.

2.3. RNA isolation and reverse transcription-polymerase chain reaction (RT-PCR)

The KKU-M214 cells were seeded in 6-well multi-dishes and incubated over-
night. The cultured cells were exposed to curcumin for 9 h. Total RNA was extracted
using Trizol LS reagent following the manufacturer’s instructions. The subsequent
procedures followed our previously described method (Buranrat et al., 2007). The
total RNA (1 lg) was reverse transcribed in 20 lL containing 0.5 lg oligo(dT)15 pri-
mer, 20 units RNasin ribonuclease inhibitor and 200 units Improm-II reverse trans-
criptase (Promega, Madison, WI) in 5� PCR buffer, 3 mM MgCl2, and 1 mM dNTP.
First strand cDNA was synthesized in a thermal cycler at 42 �C for 60 min. The cDNA
products were used as a template for PCR. PCR amplification was performed using
specific primers for the c-glutamylcysteine ligase catalytic subunit (GCLC) and b-
actin, which was used as an internal control. The PCR primer sequences were as fol-
lows: GCLC forward primer, 50-ATC ATC AAT GGG AAG GAA GGT-30; GCLC reverse
primer 50-GTC ATT AGT TCT CCA GAT GCT C-30 , GenBank accession number
NM_001498; b-actin forward primer, 50-TGC CAT CCT AAA AGC CAC-30; b-actin re-
verse primer, 50-TCA ACT GGT CTC AAG TCA GTG-30 , GenBank accession number
NM_001101. PCR was performed in a final volume of 20 lL containing cDNA tem-
plate, 0.25 lM of each GCLC and b-actin primer, 0.5 U Platinum Taq DNA polymer-
ase (Invitrogen, Carlsbad, CA), 2.5 mM MgCl2, and 0.125 mM dNTP using a Px2
Thermal Cycle (Thermo Electron, Milford, MA). After an initial denaturing step of
95 �C for 5 min, 32 PCR cycles were performed as follows: denaturing for 1 min at
95 �C, annealing for 1 min at 52 �C, and extension for 1 min at 72 �C. A final exten-
sion was performed at 72 �C for 5 min. The PCR products were electrophoretically
separated on a 2% agarose gel containing ethidium bromide. A negative control
was included in every experimental run, where it always showed no amplication
product. The gels were visualized and photographed. Band intensity was analyzed
using Gel-Pro3 software. The relative amount of GCLC mRNA was expressed in rela-
tion to b-actin mRNA.

2.4. Measurement of mitochondrial transmembrane potential

To measure the change in mitochondrial transmembrane potential (DWm), the
lipophilic cation fluorescent dye JC-1 (5,50 ,6,60-tetrachloro-1,10 ,3,30-tetraethyl-ben-
zimidazolcarbocyanine iodide) was used. After treatment with curcumin at varied
concentrations for defined period of times, KKU-M214 cells in 96-well plates were
loaded with JC-1 (Clayman Chemical, Ann Arbor, Michigan) by incubation for
30 min at 37 �C. After that cultured cells were rinsed, incubated in JC-1 assay buffer
and mitochondrial membrane potential was analyzed by a Gemini XPS fluorescent
plate reader (Molecular Devices). In healthy mitochondria, JC-1 forms J-aggregates
which display strong fluorescent intensity with excitation and emission at 560 and
595 nm, respectively. In depolarized mitochondria, JC-1 exists as monomers which
show strong fluorescence with excitation and emission at 485 and 535 nm, respec-
tively. The shift down in ratio of fluorescent intensity of JC-1 aggregates to fluores-
cent intensity of monomers is used as an indicator of depolarization of DWm.

2.5. Western blot analysis of whole cell and nuclear protein extracts

Whole cell lysates and nuclear proteins were prepared as previously described
(Jang and Surh, 2004). Treated KKU-M214 cells were washed with PBS, collected,
and lysed with cell lysis buffer (20 mM Tris–HCl (pH 7.5), 150 mM NaCl, 1 mM
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Na2EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium pyrophosphate, 1 mM b-glycero-
phosphate, 1 mM Na3VO4, 1 lg/mL leupeptin, 1 mM dithiothreitol, and 0.1 mM
phenylmethylsulfonyl fluoride) at 4 �C with vigorous shaking. Following centrifuga-
tion at 10,000 g for 15 min, the supernatant was collected and stored at -80 �C until
use. Nuclear protein was prepared by lysing cultured cells with hypotonic buffer A
(10 mM HEPES-KOH (pH 7.9), 1.5 mM MgCl2, 10 mM KCl, 0.5 mM DTT, 0.2 mM
PMSF, and 0.1 mM EGTA) and incubated in an ice bath for 15 min. The lysates were
centrifuged at 12,000g at 4 �C for 15 min and the nuclear pellet was resuspended in
ice-cold buffer B (20 mM HEPES-KOH (pH 7.9), 25% glycerol, 1.5 mM MgCl2,
420 mM NaCl, 0.2 mM EDTA, 0.5 mM DTT, 0.2 mM PMSF, and 1 mM EGTA), followed
by incubation at 0 �C for 45 min. After vortexing, the suspension was centrifuged at
12,000g at 4 �C for 30 min. The supernatant containing nuclear proteins was stored
at �80 �C until Western immunoblot analysis of NF-jB. The protein samples were
mixed with 5� loading dye buffer, heated to 95 �C for 5 min, and the protein was
electrophoretically separated on 10% SDS–polyacrylamide gel. The proteins were
transferred to polyvinylidene difluoride membranes at 50 V for 2 h. The PVDF mem-
branes were blocked for 1 h at room temperature with 5% (w/v) skimmed milk
powder in Tris buffered saline (TBS) containing 0.1% Tween-20. The PVDF mem-
brane was incubated overnight at 4 �C with primary antibodies including rabbit
polyclonal IgG against the NF-jB p65 subunit (sc-109, Santa Cruz Biotechnology),
diluted 1:500, mouse monoclonal IgG against Bcl-XL (sc-8392), diluted 1:1000, rab-
bit polyclonal IgG against Bax (sc-493), diluted 1:2000, rabbit polyclonal IgG against
cyclin-D1 (sc-718), diluted 1:1500, mouse monoclonal IgG1 against b-actin (sc-
8432), diluted 1:2500, rabbit polyclonal IgG against Nrf2 (sc-13032), diluted
1:500, or mouse monoclonal IgG1 against p53 (sc-98), diluted 1:1000 in PBS. The
primary antibody was removed and the blots were extensively washed with TBS/
Tween-20. The blots were incubated for 2 h at room temperature with 1:5000 dilu-
tion of respective horseradish peroxidase-conjugated secondary antibodies (goat
anti-mouse or anti-rabbit IgG). After removal of the secondary antibody and TBS
buffer washes, the blots were incubated with ECL substrate solution (Supersignal�

West Pico Chemiluminescent Substrate). The densities of the specific NF-jB, Bcl-XL,
Bax, cyclin D1, and b-actin bands were visualized and captured by Imagequant 400
(GE Healthcare).
2.6. Statistical analysis

Data are presented as mean ± SEM. The student’s t-test and analysis of variance
were used to determine significant differences between each experimental group.
The ranksum test was also performed for non-parametric test. The level of signifi-
cance was set at P < 0.05.
ig. 1. The effects of curcumin on KKU-M214 cells. The cells were cultured with
arious concentrations of curcumin at 37 �C for 0–48 h. Cell cytotoxicity analysis
as based on fluorescent staining, which was counted as the number of viable cells

er the defined area (A), % apoptotic cells (B), and % necrotic cells (C). Data represent
ean ± SEM from 3 experiments. *P < 0.05 compared to the control at the

orresponding time point.
3. Results

3.1. Cytotoxicity of curcumin in CCA cells

KKU-M214 cells were tested against curcumin at varied concen-
trations. The IC50 values for cytotoxicity of curcumin was
5.9 ± 2.6 lM. The antiproliferative effect of curcumin is shown in
Fig. 1A. At concentrations as low as 3 lM curcumin, the inhibition
of cell proliferation was apparent at 9 h; at higher concentrations,
marked growth suppression was observed as early as 3 h (Fig. 1A).
An induction of apoptotic cell death was demonstrated at concen-
trations P10 lM (Fig. 1B), whereas curcumin at the highest con-
centration (100 lM) induced marked apoptosis within 9 h. This
apoptosis declined after 9 h with an appearance of necrotic cell
death (Fig. 1C). The induction of necrotic cell death was only ob-
served at very high curcumin concentrations (Fig. 1C).
3.2. Reactive oxygen species formation

Curcumin has been suggested to generate reactive oxygen spe-
cies (ROS) and, in turn, ROS may be responsible for mediating var-
ious cellular responses. When KKU-M214 cells were incubated
with curcumin, the release of superoxide anion was detected in a
dose-dependent and time-dependent manner (Fig. 2). A high con-
centration of curcumin (30 lM) induced a remarkable production
of superoxide, whereas lower concentrations stimulated much
lower levels of ROS. The increased formation of superoxide was
apparent at 24 h and related to the time-course of the induction
of apoptotic cell death.
F
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3.3. Cellular GSH formation, efflux of GSSG, and GCLC expression

Cellular GSH is a major antioxidant responsible for the modula-
tion of various redox-sensitive enzymes and proteins. Curcumin
(10 lM) increased total cellular GSH in KKU-M214 cells within
3–9 h; however, there was apparently no change when 30 lM cur-
cumin was used (Fig. 3A and B). On the other hand, GSSG levels
were unaltered with 10 lM curcumin, but gradually increased
with time after incubation with 30 lM curcumin (Fig. 3C and D).
To determine if there was change in the kinetics of cellular gluta-
thione after exposure to curcumin, the medium samples from cell
cultures were analyzed. Curcumin induced an efflux of GSH and
GSSG, particularly at 30 lM of curcumin (Fig. 4A). The redox status
in cell culture medium presented rapidly declined ratios of GSH
and GSSG in a dose-dependent manner (Fig. 4B). The concentra-
tions of total GSH and GSSG in fresh culture medium were very
low (<0.1 lM).

The increased GSH amount, either intracellular GSH (cells treat-
ment with 10 lM curcumin) or efflux GSH (cells treatment with
30 lM curcumin), may be due to the induction of synthesis of



Fig. 2. Induction of reactive oxygen species formation in KKU-M214 cells. Cell
cultures were incubated with varying concentrations of curcumin (3–10 lM) at the
defined time periods. The release of superoxide anion was determined directly from
cultured dishes by the lucigenin-enhanced chemiluminescence assay. Data repre-
sent mean ± SEM from 3 experiments. *P < 0.05 compared to the control at the
corresponding time point.
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GSH by GCL. GCL is the rate limiting enzyme in de novo GSH syn-
thesis. The GCL catalytic subunit (GCLC) was up-regulated within
9 h after incubation and in a dose-dependent manner with the cur-
cumin treatment (Fig. 5).

3.4. Disruption of mitochondrial transmembrane potential

Mitochondrial dysfunction is recognized as a critical event in
apoptotic cell death. The integrity of the inner mitochondrial mem-
brane can be assessed by monitor of the potential gradient across
the membrane using the fluorescent dye JC-1. The mitochondrial
transmembrane potential was rapidly depolarized after treatment
Fig. 3. The effect of curcumin on cellular GSH and GSSG levels. KKU-M214 cells were
washed, and aliquoted for the assay of GSSG, total GSH, and protein content. Time-cours
30 lM (B) curcumin and changes in glutathione disulfide when treated with 10 lM (C) or
compared with the control.
with curcumin, as shown by the decrease in the ratio of fluorescent
intensity of JC-1 aggregates/JC-1 monomers. The decline in DWm

was observed in KKU-M214 cells treated with curcumin as low
as 3 lM at 6 h (Fig. 6). The depolarization of DWm was associated
with antiproliferation which was observed at early time (3–9 h),
where there were still no changes in superoxide formation and cel-
lular GSH redox ratios. A large drop in DWm was observed at 24 h
of incubation (Fig. 6) concurrently with a surge of superoxide re-
lease and apoptotic cell death.
3.5. Western analysis of NF-jB and proteins related to survival

Curcumin suppressed NF-jB expression in several cell types,
and this may be associated with its several pharmacological activ-
ities. In the present study, the p65 subunit of NF-jB was constitu-
tively expressed at the basal state in KKU-M214 cells. Curcumin
significantly suppressed NF-jB at the first hour of incubation times
(Fig. 7A). The suppression was evident within 30 min (data not
shown), reached lowest at 1 h and was bounded back to its basal
level within 9 h. The expression of Bcl-XL followed a similar
time-course as NF-jB. However, cyclin D1 expression significantly
increased and declined to baseline at 24 h and later. On the other
hand, proapoptotic protein Bax gradually increased with time
and reached a maximum at 9–24 h (Fig. 7B). The expression of
Bax was associated with a pattern of antiproliferation and the
induction of apoptosis.

The expression of Nrf2 protein, the transcription factor that reg-
ulates various antioxidant responsive genes, was relatively low at
basal state and induced by curcumin in a concentration-dependent
manner (Fig. 7C). Similarly, p53 which may be involved in the
modulation of antiapoptotic and proapoptotic genes, had a ten-
dency to increase expression following the treatment with curcu-
min for 24 h (Fig. 7C), whereas its baseline expression was very
cultured with curcumin for 1–48 h. Cultured cells were removed from the dishes,
e of changes in total GSH levels when cultured cells were treated with 10 lM (A) or
30 lM (D) curcumin. Each bar represents mean ± SEM from 3 experiments. *P < 0.05



Fig. 4. The efflux of GSSG and the GSH redox balance in the medium of curcumin-
treated KKU-M214 cells. The cultured KKU-M214 cells were treated with curcumin
(3–30 lM) for 24 h and the cultured media were collected for the analysis of GSH
and GSSG. Efflux of GSH and GSSG from cultured cells into the medium is presented
as GSSG levels (A) and redox ratios of GSH/GSSG (B). Data represent mean ± SEM.
*P < 0.05 compared to the control group, �P < 0.05 compared to 3 lM curcumin
group, �P < 0.05 compared to 10 lM curcumin group.

Fig. 5. The expression of GCLC mRNA induced by curcumin. KKU-M214 cells were
cultured with various concentrations of curcumin (3–10 lM) for 9 h. The culture
dishes were washed, scraped, and total RNA were extracted using Trizol reagent.
Total RNA was used for the quantification of GCLC by reverse transcription PCR.
Each bar represents mean ± SEM. *P < 0.05 compared to the control.

Fig. 6. Change in mitochondrial transmembrane potential following treatment with
curcumin. KKU-M214 cells were exposed to curcumin (0–30 lM) for 6 or 24 h. The
mitochondrial transmembrane potential was determined by incubation of the cells
with fluorescent dye, JC-1, and DWm was assessed by using the ratio of fluorescent
intensity of JC-1 aggregates/JC-1 monomers. Each bar represents mean ± SEM.
*P < 0.05 compared to the control.
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low. The induction of p53 protein was concentration-dependent
and marked induction (at 10 lM) was associated with induction
of apoptotic CCA cell death. Bax protein was relatively increased,
but decreased at high concentration of curcumin.
4. Discussion

The chemoprevention of cancer may involve the inhibition of
proliferation and the induction of apoptosis in malignant or prema-
lignant cells. Although the aim of chemopreventive agents is to tar-
get cancer cells, some of the agents’ effects may induce cellular
defense mechanisms; for instance, they may induce antioxidant
and xenobiotic detoxifying enzymes or inhibit xenobiotic activat-
ing enzymes in normal cells (Nair et al., 2007; Surh, 2003). Our
study showed that the induction of cell death by curcumin is tem-
porally related to the generation of ROS, declined cellular redox
status, however, it is preceded by the loss of DWm and Bax protein
expression. The modulation of NF-jB expression and its down-
stream genes were apparent early events and related to inhibition
of cell proliferation. We also observed a coordinated adaptive oxi-
dative stress response in KKU-M214 cells probably via the Nrf2-
antioxidant response element (ARE) pathway with enhanced GCLC
expression and GSH formation.

CCA is notorious for being insensitive to most chemotherapeu-
tic agents (Blechacz and Gores, 2008; Lazaridis and Gores, 2005). In
this study, curcumin potently induced cytotoxicity in KKU-M214
cells. KKU-M214 cells exhibited constitutive activity of NF-jB in
the nuclear compartment, which may be associated with a high
expression of Bcl-XL and cyclin D1 and confer resistance to chemo-
therapy and radiotherapy (Garg et al., 2005; Kunnumakkara et al.,
2007). Suppression of the p65 subunit of NF-jB by curcumin may
be associated with the inhibition of Bcl-XL and consequent cell
growth suppression which was shown as early as within 3 h,
although Bcl-XL levels were only transiently suppressed. Bax pro-
tein belongs to the BCL-2 family and functions as a critical proa-
poptotic factor (Chao and Korsmeyer, 1998). The up-regulation of
Bax protein was observed at latter time periods (9–24 h) and tem-
porally related to the times at which there was apoptotic cell death



Fig. 7. Western blot analysis of nuclear NF-jB and the proapoptotic and antiapoptotic proteins from KKU-M214 cells treated with curcumin. KKU-M214 cells were cultured
with curcumin at the indicated concentrations and indicated times. The treatment with curcumin was compared with corresponding controls (Control). (A) Time-course
analysis of the NF-jB p65 subunit in the nuclear fraction. (B) Time-course analysis of Bcl-XL, Bax, cyclin D1, and b-actin in the whole cell lysate. Each bar represents
mean ± SEM, n = 3 experiments. *P < 0.05 compared to the control. (C) Concentration response of Nrf2, p53, and Bax from whole cell lysates after treatment with curcumin (0–
30 lM) for 24 h, the figure was representative from 2 experiments with similar results.
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B. Suphim et al. / Food and Chemical Toxicology 48 (2010) 2265–2272 2271
together with marked cell growth suppression. Several studies in
human tumors and experimental animal models suggest an essen-
tial role of Bax, Bcl-XL and Bcl-2 in colon, gastric and cervical can-
cer cells, whereas up-regulation of Bax or down-regulation of Bcl-
XL were associated with induction of apoptosis of tumor cells (Io-
nov et al., 2000; Singh and Singh, 2009). The up-regulation of Bax
by curcumin may cause apoptotic cell death, which was observed
predominantly at 24 h. Cyclin D1, a critical component of the cell
cycle control mechanism, was induced at early time periods prob-
ably as an adaptive survival response of the cancer cells and down-
regulated during the same period of time where there as a marked
cell growth suppression.

Curcumin is a strong antioxidant both in vitro and in vivo (San-
dur et al., 2007; Sharma et al., 2005; Sompamit et al., 2009), how-
ever it induces increased pro-oxidants, i.e. ROS and GSSG
formation, in a concentration-dependent manner. The pro-oxidant
activity may be primarily responsible for the proapoptotic effect of
curcumin because the rate of ROS formation correlates with cyto-
toxicity. Recent reports have shown that the cytotoxic effect was
abrogated by exogenous GSH to scavenge the oxidants (Mishra
et al., 2005; Sandur et al., 2007). Our study shows a close relation-
ship between the time-course of pro-oxidant formation (formation
of ROS, cellular GSSG, and GSSG efflux), and disruption of DWm

with the apoptotic effects. Despite the fact that we did not observe
increased ROS release at the early period of time, an increased ef-
flux of GSH and GSSG into the medium suggests that there is an
oxidative change in intracellular compartment, and increased ef-
flux GSSG from the cells is to reduce oxidant species inside the cells
(Lu, 2009). It should be noted that intracellular redox of GSH could
be well maintained despite the presence of curcumin up to 10 lM
concentrations (Fig. 3A and C), whereas at the higher concentration
(30 lM, Fig 3B and D), the cellular GSH redox maintenance to-
gether with DWm are collapsed and massive ROS is formed. Mito-
chondria are important intracellular organelles for energy
production as well as cell death. A large change or collapse of
DWm is an indicative of the MPT and opening of the permeability
transition pore leading to cell death (Tsujimoto et al., 2006). It is
conceivable that at the low concentrations of curcumin, oxidant
species may be generated, however the cells are still able to main-
tain cellular redox partly by unloading the oxidants into the extra-
cellular medium. As a result, the antiproliferative effect of
curcumin at low concentrations (up to 10 lM) is apparent with
modest sign of oxidative stress, while apoptotic and necrotic cell
death probably require a significant disruption of cellular redox
and DWm. It is conceivable that despite antiproliferative and apop-
tosis effects are causally related to oxidant formation, antiprolifer-
ative effect of curcumin is probably a reversible process, while
apoptosis involves an induction of an irreversible injury to the cell
organelles. The important determinant between these two pro-
cesses may be the concentration of and time-course of exposure
to curcumin, for instances, 3 mM curcumin shows a strong antipro-
liferative effect, but no apoptosis (Fig. 1).

The tumor suppressor p53 protein has a major role in the cellu-
lar response to a wide and diverse range of stress signals. Oxidant
induced by curcumin may play important role in induction of p53
expression observed in this study and it probably modulates mito-
chondrial membrane permeability transition (MPT) via interaction
with BCL-2 family protein, leading to collapse of mitochondrial
membrane potential. Our result is consistent with recent reports
demonstrate that curcumin induced formation of ROS, increased
expression of p53 and p21 and induced cell cycle arrest and apop-
tosis by release of apoptosis inducing factor (AIF) as well as cyto-
chrome c from mitochondria (Thayyullathil et al., 2008). It is
conceivable that mitochondria play key roles in mediation of cur-
cumin effects. The depolarization of DWm was an early event ob-
served in KKU-M214 cells, while the BCL-2 family proteins which
controls mitochondrial outer membrane permeabilization (Vaseva
and Moll, 2009), were revealed a dynamic change in Bcl-XL and Bax
proteins. Changes in cellular oxidant levels have implicated cys-
teine thiols present in various transcription factors including p53,
NF-jB and Nrf2 (Na and Surh, 2006). The observed increase of
GSH efflux even at low concentrations of curcumin treatment
may suggest an altered cellular oxidative status with consequence
of activation of redox-sensitive transcription proteins.

GCL expression or activity is modulated by oxidants, antioxi-
dants, growth factors, and inflammation (Lu, 2009). GCL gene is
regulated by Nrf2 via antioxidant response element (ARE), where
Nrf2 is rapidly activated under oxidative stress conditions (Lu,
2009). Our study revealed increased GCLC expression and high
GSH formation as an adaptive oxidative stress response of the cells
which was observed at early time period, i.e. within 9 h. The anti-
oxidant effects of curcumin may be due to the activation of the
Nrf2-ARE signaling pathway. The coordinated adaptive gene re-
sponse, i.e. induction of various antioxidant, and cytoprotective en-
zymes such as GCL, superoxide dismutase, NADPH oxidoreductase-
1, thioredoxin reductase, and heme oxygenase-1 may paradoxi-
cally protect cancer cells from oxidative stress (Chen et al., 2008;
Wang et al., 2008) until the pro-oxidant effects prevails over the
adaptive survival response of the cells and cell death was ensued.

In conclusion, curcumin exerts cytotoxic effect on CCA cells. The
fate of CCA cells may depend on the extent of oxidant stress, cellu-
lar redox maintenance, and the modulation of subsequent cellular
signallings. The initial effect of curcumin may involve suppression
of NF-jB activation, depolarization of DWm and following with for-
mation of oxidant species. These effects lead to antiproliferation,
apoptosis, and on the other hand, induce adaptive antioxidant re-
sponse which depend on concentration of curcumin and exposure
time. The study suggests that curcumin could be developed into an
useful chemoprevention against bile duct cancer.
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