
Curcumin decreases cholangiocarcinogenesis in hamsters
by suppressing inflammation-mediated molecular
events related to multistep carcinogenesis

Suksanti Prakobwong1,2,3, Jarinya Khoontawad1,2, Puangrat Yongvanit2,4, Chawalit Pairojkul2,5, Yusuke Hiraku6,

Paiboon Sithithaworn1,2, Porntip Pinlaor2,7, Bharat B. Aggarwal3 and Somchai Pinlaor1,2

1 Department of Parasitology, Faculty of Medicine, Khon Kaen University, Khon Kaen, Thailand
2 Liver Fluke and Cholangiocarcinoma Research Center, Faculty of Medicine, Khon Kaen University, Khon Kaen, Thailand
3 Department of Experimental Therapeutics, The University of Texas, M.D. Anderson Cancer Center, Houston, TX
4 Department of Biochemistry, Faculty of Medicine, Khon Kaen University, Khon Kaen, Thailand
5 Department of Pathology, Faculty of Medicine, Khon Kaen University, Khon Kaen, Thailand
6 Department of Environmental and Molecular Medicine, Mie University Graduate School of Medicine, Tsu, Mie, Japan
7 Centre for Research and Development in Medical Diagnostic Laboratory, Faculty of Associated Medical Science, Khon Kaen University,

Khon Kaen, Thailand

Cholangiocarcinoma (CCA) is a highly metastatic tumor linked to liver fluke infection and consumption of nitrosamine-

contaminated foods and is a major health problem especially in South-Eastern Asia. In search for a suitable chemopreventive

agents, we investigated the effect of curcumin, a traditional anti-inflammatory agent derived from turmeric (Curcuma longa),

on CCA development in an animal model by infection with the liver fluke Opisthorchis viverrini and administration of N-

nitrosodimethylamine and fed with curcumin-supplemented diet. The effect of curcumin-supplemented diet on

histopathological changes and survival were assessed in relation to NF-jB activation, and the expression of NF-jB-related

gene products involved in inflammation, DNA damage, apoptosis, cell proliferation, angiogenesis and metastasis. Our results

showed that dietary administration of this nutraceutical significantly reduced the incidence of CCA and increased the survival

of animals. This correlated with the suppression of the activation of transcription factors including NF-jB, AP-1 and STAT-3,

and reduction in the expression of proinflammatory proteins such as COX-2 and iNOS. The formation of iNOS-dependent DNA

lesions (8-nitroguanine and 8-oxo-7,8-dihydro-20-deoxyguanosine) was inhibited. Curcumin suppressed the expression of

proteins related to cell survival (bcl-2 and bcl-xL), proliferation (cyclin D1 and c-myc), tumor invasion (MMP-9 and ICAM-1) and

angiogenesis (VEGF), and microvessel density. Induction of apoptotic events as indicated by caspase activation and PARP

cleavage was also noted. Our results suggest that curcumin exhibits an anticarcinogenic potential via suppression of various

events involved in multiple steps of carcinogenesis, which is accounted for by its ability to suppress proinflammatory

pathways.

Cholangiocarcinoma (CCA) is a bile duct cancer with high
incidence rate in northeastern Thailand where liver fluke
Opisthorchis viverrini is endemic.1,2 The incidence rate of
CCA is highest in Khon Kaen province with age standardized

rate of 89.2/100,000 in males and 37.4/100,000 in females3

with range from 93.8 to 317.6/100,000 person-years.4 The
risk factors for CCA in Thailand include not only parasite
infection but also exposure to the carcinogen nitrosamine
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contained in traditional fermented foods.2,5 Both experimen-
tal and epidemiological evidences suggest that CCA proceeds
through chronic inflammation-mediated DNA damage.6–8

Currently, because of the ineffective diagnosis, there is no
effective treatment available for CCA following surgery,
radiation and chemotherapy for primary tumor.9,10

The activation of transcription factors is the key event in
progression of human cancer and can be the target for cancer
therapy.11–13 Nuclear factor-kappaB (NF-jB) is a transcrip-
tion factor, which acts as a modulator linked to inflammation
and carcinogenesis.12,13 Persistently activated NF-jB is impli-
cated in the expression of various genes involved in inflam-
mation [cyclooxygenase-2 (COX-2) and inducible nitric oxide
synthase (iNOS)], apoptosis (caspases, bcl-2 and bcl-xL), pro-
liferation (c-myc and cyclin D1) and metastasis [metallopro-
teinase (MMP)-9, and adhesion molecules such as ICAM-
1].14 Recently, we have shown that NF-jB-mediated iNOS
expression leads to the formation of oxidative and nitrative
DNA lesions [8-oxo-7,8-dihydro-20-deoxyguanosine (8-
oxodG) and 8-nitroguanine, respectively] in O. viverrini-
infected hamsters7 and in CCA patients.8 These findings sug-
gest that inflammation-mediated DNA damage plays a key
role in the onset and development of cancers.7,8,15 Moreover,
NF-jB participates in tumor promotion and progression.12,13

These evidences provide an avenue for chemopreventive
strategies of multistep carcinogenesis in biliary systems.

Curcumin is a diferuloylmethane derived from turmeric
(Curcuma longa) and a pharmacologically safe agent. Curcu-
min has been shown to suppress the activation of transcrip-
tion factors, such as NF-jB, signal transducer and activator
of transcription (STAT)-3 and activator protein (AP)-1.16 We
have recently reported that curcumin modulates the expres-
sion of NF-jB-relevant antioxidant genes and oxidative and
nitrative DNA damage, inhibits cell proliferation, and reduces
periductal fibrosis, resulting in the reduction of the pathoge-
nesis of O. viverrini-infected hamsters.17,18

In this report, we determined whether curcumin prevents
cholangiocarcinogenesis induced by the combination of
O. viverrini infection and N-nitrosodimethylamine (NDMA)
administration using a hamster model. We targeted on the
anticancer potential of curcumin and its ability to suppress
NF-jB activation and the expression of its gene products,
resulting in inhibition of cell proliferation and tumor pro-
gression.19 We found that curcumin inhibited CCA develop-
ment through the suppression of NF-jB-related gene prod-
ucts involved in inflammation, DNA damage, apoptosis, cell
proliferation, angiogenesis and metastasis and improved the
survival rate of hamsters.

Material and Methods
Reagents

Curcumin, a mixture consisting of 97% curcumin was pur-
chased from Merck-Schuchardt (Hohenbrunn, German).
Polyclonal antibodies against ICAM-1, cyclin D1, c-jun, p50,

p65, STAT-3, caspase-3, caspase-8 and caspase-9, and mono-
clonal antibodies against c-fos, COX-2, iNOS, phospho-
STAT-3 (Tyr705), c-myc, bcl-2 and bcl-xL were obtained
from Santa Cruz Biotechnology (Santa Cruz, CA). Polyclonal
antibody against PCNA and monoclonal antibody against
VEGF were obtained from Abcam (Cambridge, MA). Mono-
clonal antibody against phospho-p65 was purchased from
Cell Signaling Technology (Beverly, MA).

Parasites

Opisthorchis viverrini metacercariae were isolated from natu-
rally infected fish by pepsin digestion as described previ-
ously.20 Cyprinid fish obtained from Khon Kaen province,
Thailand, were digested in 0.25% pepsin-HCl and O. viverrini
metacercariae were isolated and counted. Viable cysts were
used for hamster infection.

Experimental animals

The Animal Ethics Committee of Khon Kaen University
(AEKKU 17/2552) approved this study. Four- to six-week-old
male golden hamsters were housed under conventional con-
ditions and fed a stock diet and given water ad libitum. Ani-
mals were randomly divided into three groups: group I, ani-
mals that received conventional murine diet (CP-SWT,
Thailand) supplemented with corn oil (normal); group II,
those with O. viverrini infection and N-nitrosodimethylamine
administration and fed with normal diet (OV þ NDMA);
group III, those with OV þ NDMA and fed with 1% (w/w)
curcumin (�65 mg/day)-supplemented diet (OV þ NDMA
þ Cur). Hamsters were treated with 50 O. viverrini metacer-
cariae by oral inoculation and given with 12.5 ppm of
NDMA in water ad libitum for 2 months and withdrawn
thereafter. Curcumin-supplemented diet prepared weekly as
described previously.17 Curcumin supplement was started at
day 0 and continued until animals were sacrificed at 21 days
and 1, 2, 3, 4, 5 and 6 months post-treatment (each group, n
¼ 7). Primary tumors in the livers were excised, and the final
tumor volume was measured as length � width � depth. In
addition, 45 hamsters of each group (OV þ NDMA and OV
þ NDMA þ Cur) were used for survival analysis, and the
number of surviving hamsters was counted monthly.

Preparation of nuclear extract from liver samples

Liver tissues (75–100 mg) were minced and incubated on ice
for 30 min in ice-cold lysis buffer [10 mM HEPES (pH 7.9),
1.5 mM KCl, 10 mM MgCl2, 0.5 mM DTT, 2.0% NP-40, 0.5
mM phenylmethylsulfonyl fluoride (PMSF)]. The minced tis-
sue was homogenized using a Dounce homogenizer and cen-
trifuged at 12,000g at 4�C for 10 min. The resulting nuclear
pellet was suspended in nuclear extraction buffer [20 mM
HEPES (pH 7.9), 25% glycerol, 1.5 mM MgCl2,
420 mM NaCl, 0.5 mM DTT, 0.2 mM EDTA, 2.5% NP-40,
0.5 mM PMSF, 2 lg/ml leupeptin] and incubated on ice for
2 hr with intermittent mixing. The suspension was then cen-
trifuged at 12,000g at 4�C for 10 min. The supernatant
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(nuclear extract) was collected and stored at �70�C until use.
Protein concentration was measured by the Bradford assay
with bovine serum albumin (BSA) as the standard.

Electrophoretic mobility shift assay

To assess NF-jB activation in nuclear proteins, we carried
out electrophoretic mobility shift assay (EMSA) essentially as
described previously.21 Briefly, nuclear extracts were incu-
bated with 32P-end-labeled 45-mer double-stranded NF-jB
oligonucleotide (4 lg of protein with 16 fmol of DNA) from
the HIV long terminal repeat (50-TTGTTACAAGGGAC
TTTCCGCTGGGGACTTTCCAGGGGGAGGCGTGG-30; ita-
licized letters indicate NF-jB–binding sites) for 15 min at
37�C. The resulting DNA–protein complex was separated
from free oligonucleotide on 6.6% native polyacrylamide gels.
The dried gels were visualized, and radioactive bands were
quantitated by PhosphorImager (Molecular Dynamics, Sun-
nyvale, CA) using ImageQuant software.

To confirm the positive band for nuclear NF-jB activa-
tion, the Supershift assay was performed as described previ-
ously.22 Nuclear extracts were incubated with specific anti-
bodies against either p50 or p65 subunits of NF-jB for 30
min at room temperature before the DNA–protein complex
was analyzed by EMSA. Preimmune serum was included as
negative control.

Western blot analysis

To determine the levels of protein expression, liver tissues
(75–100 mg) were minced and incubated on ice for 30 min
in ice-cold lysis buffer (10% NP-40, 5 M NaCl, 1 M HEPES,
0.1 M EGTA, 0.5 M EDTA, 0.1 M PMSF, 2 lg/ml aprotinin,
2 lg/ml leupeptin). Thirty micrograms of liver homogenates
or the nuclear extracts was separated in 12% SDS-PAGE and
transferred to nitrocellulose membranes. Membranes were
incubated with the specific primary antibodies. Next, mem-
branes were incubated with an appropriate secondary anti-
body and then detected by enhanced chemiluminescence
(ECL kit, Amersham Bioscience, Piscataway, NJ). Relative
band intensity was analyzed with a computer-assisted imag-
ing densitometer system (Scion image, Scion Corporation,
USA).

Gelatin zymography

Gelatinolytic activity of liver homogenates was examined by
gelatin zymography as described previously.20 The recombi-
nant human MMP-2 (Calbiochem-Novabiochem Corpora-
tion, San Diego, CA) and MMP-9 (Sigma Chemical, St. Luis,
MO) were included in each gel as standard protein. The in-
tensity of MMP-2 and MMP-9 activity was analyzed by com-
puter-assisted imaging densitometer as described above.

Immunohistochemical and histopathological study

Double immunofluorescent analysis was performed in forma-
lin-fixed and paraffin-embedded tissue as described previ-
ously.20 Deparaffinized sections (5 lm) were incubated with

the specific primary antibodies against iNOS, p65, PCNA, 8-
nitroguanine15 or 8-oxodG (JAICA, Japan) for overnight at
room temperature. Then, the sections were incubated with
appropriate secondary antibodies, including Alexa FluorV

R

488
goat anti-mouse IgG and Alexa FluorVR 594 goat anti-rabbit
IgG (Invitrogen, Carlsbad, CA) for 3 hr at room temperature.
The immunoreactivity was examined under a fluorescent
microscope (Nikon, Japan).

To examine the localization of MMP-9, the sections were
treated with monoclonal antibody against MMP-9 (R&D Sys-
tems, MN). The liquid DAB plus substrate chromogen sys-
tem with horseradish peroxidase (DakoCytomation, Carpinte-
ria, CA) was used followed by nuclear staining with
hematoxylin. The positive staining was assessed by counting
the number of MMP-9-positive cells in 10 randomly selected
fields (�200) per section by two blinded observers from the
authors and the percentage of positive cells in the livers
was calculated as described previously.23 Histopathological
changes were evaluated by conventional H&E staining.

Microvessel density

Paraffin-embedded sections (5 lm) were stained with rat mono-
clonal anti-CD31 antibody (PharMingen, San Diego, CA). Ves-
sel density was examined under higher magnification (�400)
and a CD31-positive area was counted as a single vessel. A total
of 20 high-power fields were examined from 5 animals at each
time point of the experiment. Results were expressed as the
mean number of vessels6SD per field (�400).

Statistical analyses

Data are presented as mean 6 SD. Student’s t-test was used
to compare between two groups, and one-way ANOVA was
used to test for differences among two or more independent
groups. Nonparametric Mann–Whitney U test was used to
compare the intensity of bands of two independent groups in
Western blot and gelatin zymography. The percentage of
CCA development was compared using nonparametric v2

tests. Kaplan–Meier survival analysis was used to estimate the
disease-specific survival and comparison between groups
were done with a log-rank test. Statistical analyses were per-
formed using SPSS version 11.5. p values less than 0.05 were
considered statistically significant.

Results
Curcumin decreases CCA development and increases

survival rate in hamsters

We have successfully established the CCA development in
animal model by infection with the liver fluke O. viverrini
and administration of NDMA.24 Here, we demonstrated that
1% dietary curcumin, �65 mg/day, decreased CCA develop-
ment and increased survival rate in hamsters. We examined
the gross appearance in OV þ NDMA group, and hepatome-
galy, bile duct dilatation and abscesses were commonly found
throughout the experiment. White granules and small tumors
(average size < 0.5 cm) were observed at 2–3 months
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(Fig. 1a). Tumor mass in the liver was prominently found at
4–6 months (average size >2 cm), and attached to the neigh-
boring organs at 5–6 months. In curcumin-treated group, the
small granules firstly appeared at 3 months post-treatment.
The size of tumor mass was 0.2–1.0 cm at 3–6 months,
except two of seven hamsters bearing large tumors with the
size of >1.0 cm at 6 months. At 4–6 months, curcumin treat-
ment significantly reduced tumor volume compared with OV
þ NDMA group (p < 0.05) (Fig. 1e). Normal liver anatomy
and histology are shown in Figure 1b.

We confirmed the CCA tissue using hematoxylin and eo-
sin staining. Histopathological findings in OV þ NDMA
group revealed that inflammation and bile duct hyperplasia

were observed at 21 days and 1 month (Fig. 1c). At 2
months, small bile ducts, lymphoid follicle and early stage of
tumors were observed (71.42%, 5/7), and tumor progression
occurred in all hamsters at 6 months (100%, 7/7). In con-
trast, in curcumin-treated group, inflammation was obviously
diminished compared to OV þ NDMA group, and CCA was
firstly found at 3 months, followed by slow tumor growth
until 6 months. The percentage of CCA in curcumin-treated
group was significantly lower than that in OV þ NDMA
group throughout the experiment at 4–6 months (Fig. 1d).
Notably, curcumin treatment was significantly increased the
survival rate compared to OV þ NDMA group at 4–6
months (p ¼ 0.042, Fig. 1f).

Figure 1. Effect of curcumin on cholangiocarcinogenesis and survival of hamsters with O. viverrini infection and NDMA administration.

(a) Gross appearance of the hamster liver. Tumor tissues are indicated by arrows. (b) Gross appearance and histopathology of the liver of

normal hamster at 6 months. (c) Histopathological changes in the liver examined by H&E staining. (d) Percentage of CCA in hamsters

evaluated by H&E staining. (e) Effect of curcumin on tumor volume. Tumor volume was calculated as length � width � depth (n ¼ 7).

(f) Effect of curcumin on survival of hamsters (n ¼ 45 in each group). OV þ NDMA ¼ hamsters with O. viverrini infection and NDMA

administration. OV þ NDMA þ Cur ¼ OV þ NDMA with 1% (w/w) curcumin supplement. Bar ¼ 100 lm, D ¼ days, M ¼ month(s). [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Curcumin inhibits the activation of transcription factors

We examined the effect of curcumin treatment on the activa-
tion of transcription factors by determination of the levels of
nuclear translocated proteins, including NF-jB (p65), c-fos,
c-jun and pSTAT-3 in liver homogenates. In OV þ NDMA
group, expression of phosphorylated (p)-p65 in nuclear
extracts was observed in relation to CCA development (Fig.
2a), whereas curcumin treatment significantly inhibited p65

activation (p < 0.05). The nuclear proteins including c-fos,
c-jun and p-STAT-3 were also upregulated, and in curcumin-
treated group, the levels of these proteins were significantly
lower than those in OV þ NDMA group at 2–4 months
(p < 0.05). Curcumin also significantly inhibited TRAF-1
and JAK2 expression (p < 0.05) involved in NF-jB and
JAK2/STAT-3 pathway at 2–6 months. In addition, NF-jB
activation in nuclear extract was assessed by EMSA. The

Figure 2. Effect of curcumin on the activation of transcriptional factors. (a) Expression of transcriptional factors. Nuclear extracts of the liver

were used to examine the expression of phosphorylated NF-jB (p-p65), c-fos and c-jun, and liver homogenates were used to assess p65,

STAT-3, p-STAT-3, JAK-2 and TRAF-1 by Western blot. (b) Supershift assay was performed to detect the specificity of NF-jB. (c) Effect of

curcumin on NF-jB activation was assessed by electrophoretic mobility shift assay in nuclear extracts. The number below each photograph

indicates fold increase in NF-jB activation relative to normal control in corresponding time point. Duplicate of experiment was performed.

Representative data are shown from five animals. The experiment and abbreviations are the same as in Figure 1 legend. PIS ¼ preimmune

serum.
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result revealed that p65 expression in OV þ NDMA was
prominently found and was significantly inhibited by curcu-
min treatment at 1–4 month(s) (p < 0.05), but there was no
effect of curcumin on NF-jB activation at 5–6 months post-
treatment (Fig. 2c).

Curcumin reduces inflammatory responses

and related DNA damage

We determined the expression of proinflammatory bio-
markers, iNOS and COX-2. Expression of these proteins was
obviously increased in OV þ NDMA group in association
with NF-jB activation and cholangiocarcinogenesis (Fig. 3a).
In curcumin-treated group, iNOS expression was almost
completely and significantly inhibited at 1–6 month(s),
whereas COX-2 was significantly downregulated at 1–3
months, but little or no inhibitory effect was observed at 5–6
months, suggesting that curcumin has a chemopreventive
effect on tumor formation rather than a therapeutic effect on
CCA.

NF-jB is known to regulate iNOS expression involved in
NO production leading to DNA damage by oxidation and
nitration. Double immunofluorescence revealed that coex-
pression of NF-jB in the nucleus and iNOS in the cytoplasm
of epithelial bile duct and inflammatory cells was increased
in parallel with the formation of 8-oxodG and 8-nitroguanine
during CCA development (at inflamed tissue, 1 month; in
early CCA, 2 months and in tumor tissue, 6 months) in OV
þ NDMA group (Figs. 3b and 3c). In curcumin-treated
group, NF-jB and iNOS expression was suppressed, resulting
in a significant reduction of oxidative (p ¼ 0.011) and nitra-
tive (p ¼ 0.035) DNA damage compared with OV þ NDMA
group (Figs. 3b and 3c).

Curcumin induces apoptotic events

It has recently been demonstrated that curcumin exhibits
chemopreventive activity by inhibiting cell growth and induc-
ing apoptosis.22 We investigated the effects of curcumin on
protein expression involved in apoptosis (Fig. 4). In OV þ
NDMA group, the levels of antiapoptotic markers (bcl-2 and
bcl-xL) were increased in a time-dependent manner and
associated CCA development. The levels of proapoptotic pro-
teins, caspase-8, caspase-9, caspase-3 and cleaved PARP, were
higher than in normal hamsters. Curcumin treatment was
significantly reduced the levels of bcl-2 and bcl-xL, and sig-
nificant increases in the levels of proapoptotic caspases, and
PARP cleavage were observed (p < 0.05).

Curcumin reduces cell proliferation

Inhibitory effects of curcumin on the expression of cyclin D1
and c-myc are shown in Figure 5. The expression of cyclin
D1 and c-myc increased markedly in a time-dependent man-
ner in OV þ NDMA group with tumor progression (Fig.
5a). In curcumin-treated group, cyclin D1 expression was
completely reduced to the level in normal hamsters with a
significant difference from OV þ NDMA group at 3–6

months (p < 0.05), whereas c-myc level was partially reduced
by curcumin treatment and significantly different only at 6
months.

Colocalization of a proliferative marker, proliferating cell
nuclear antigen (PCNA) and nitrative DNA damage (8-nitro-
guanine) is shown in Figure 5b. In OV þ NDMA group,
PCNA was expressed in the nucleus of proliferative bile duct
epithelial cells, inflammatory cells and tumor cells at the
inflamed tissues (1 month), early CCA (2 months) and tumor
tissues (6 months), respectively, and a large part of the cells
were positively stained with DNA damage. In curcumin-
treated group, a significant decrease in PCNA expression was
observed and 8-nitroguanine formation was partially reduced
in hyperplastic tissues at the inflamed tissues (1 month), early
CCA (2 months) and tumor tissues (6 months) (p < 0.05).
These results are the first demonstration that curcumin
reduces proliferation of cells with genetic damage, and curcu-
min shows a chemopreventive effect on tumor development.

Curcumin reduces the expression of molecules involved

in angiogenesis and tumor invasion

The expression of VEGF, ICAM-1 and MMP-9 is known to
be regulated by NF-jB, we therefore evaluated the expression
of these molecules. Western blot analysis revealed that the
expression of genes involved in tumor invasion (ICAM-1)
and angiogenesis (VEGF) was prominently upregulated in
relation to CCA development (Fig. 6a). Curcumin treatment
significantly decreased the expression of these protein levels
at 2–6 months (p < 0.05). The gelatinase activity in homo-
genated liver was assessed by zymography (Fig. 6b). In OV þ
NDMA group, the active form of MMP-2 and MMP-9 was
increased after 3 and 4 months, respectively. In curcumin-
treated group, only latent form of MMP-2 was observed, and
suppressed MMP-9 activity was noted at 4 months and sig-
nificantly higher than untreated group at 4–5 months (p <

0.05).
Immunohistochemistry revealed that MMP-9 expression

was observed in the cytoplasm of fibroblasts, stroma cells,
inflammatory cells and tumor cells located in invasive tissues
in OV þ NDMA group and increased with CCA develop-
ment (Fig. 6c). The number of MMP-9 positive cells signifi-
cantly increased throughout the experiment in OV þ NDMA
group. Curcumin treatment significantly decreased MMP-9-
positive cells especially at 3–6 months with corresponding
time points (p < 0.05, Fig. 6d).

To determine whether curcumin decreases angiogenesis,
we examined the microvessel production using specific anti-
body against CD31. Curcumin significantly decreased CD31-
positive cells (Fig. 6e), and led to a further reduction in
microvessel density at 3–4 months compared with OV þ
NDMA group (p < 0.05) (Fig. 6f).

Discussion
CCA is a rare and fatal tumor leading to significant morbid-
ity and mortality due to late diagnosis, with no effective
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Figure 3. Effect of curcumin on the expression of inflammation-related molecules and resultant DNA damage. (a) Western blot analysis for

the expression of iNOS and COX-2 in liver homogenates. Duplicate of experiment was performed. Representative data are shown from five

animals. The number below each photograph indicates the fold increase in the levels of protein expression relative to normal control in

corresponding time point. (b) Immunohistochemical analysis for the expression of iNOS and NF-jB. Colocalization of iNOS (red) and NF-jB

(p65, green) is shown in merged pictures (yellow) of precancerous (1 month), early CCA (2 months) and malignant tissue (6 months).

(c) Immunohistochemical analysis for the formation of 8-oxodG (red) and 8-nitroguanine (green). These DNA lesions are formed in the

nucleus of bile duct epithelial cells, inflammatory cells and tumor cells and their colocalization is shown in merged pictures (yellow). The

experiment and abbreviations are the same as in Figure 1 legend. Bar ¼ 50 lm. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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treatment. The goal of the current study was to test whether
curcumin has the preventive and therapeutic potential against
CCA. We demonstrate that curcumin exhibited a chemopre-
ventive and therapeutic effect on cholangiocarcinogenesis by
affecting multiple molecular events. We found that dietary
curcumin suppressed the activation of transcription factors
involved in the process of inflammation-related carcinogene-
sis, including NF-jB, AP-1, JAK2/STAT-3 and TRAF-1, and
inhibited the expression of NF-jB-regulated gene products,
including iNOS, COX-2, cyclin D1, c-myc, MMP-9, ICAM-1,
bcl-2, bcl-xL and VEGF. Suppression of iNOS expression by
curcumin led to reduction in oxidative and nitrative DNA
damage and inhibition of cell proliferation. In contrast, cur-
cumin enhanced proapoptotic events such as the expression
of caspase-8, -9 and -3 and PARP cleavage. We therefore
hypothesized that curcumin prevents CCA development and
increases the survival of animals by affecting molecular
events involved in multiple steps of carcinogenesis, including
tumor initiation, promotion and progression.

Our experimental cholangiocarcinogenesis model in this
study is likely to mimic the multistep process of human
CCA. Since 1978, Thamavit et al. first demonstrated the ex-
perimental cholangiocarcinogenesis induced by the combina-
tion of liver fluke infection and administration with a carcin-
ogen, NDMA.5 Up to date the molecular mechanism of CCA
is not clear and there is lack of an effective drug for CCA
treatment. The search for new chemopreventive and antitu-
mor agents that are more effective and less toxic led us to
our great interest in a phytochemicals agent, curcumin.16 Our
results provided the findings that curcumin decreased inflam-
mation, the number and volume of tumor, and improved the
survival of hamsters at the long-term treatment.

Several evidences have been provided for curcumin-
induced reduction in the activation of NF-jB,25,26 AP-127,28

and STAT-329,30 in various tumor types. This is the first
study to show that curcumin downregulated these transcrip-
tion factors in CCA model, although the effect of curcumin
on the activation of CCA-specific transcription factors could

Figure 4. Effect of curcumin on the expression of proapoptotic and antiapoptotic molecules. Expression levels of proapoptotic proteins

(caspase-8, caspase-9, caspase-3 and PARP cleavage), and antiapoptotic proteins (bcl-2 and bcl-xL) in liver homogenates were assessed by

Western blot. Duplicate of experiment was performed. Representative data are shown from five animals. The number below each

photograph indicates the fold increase in the levels of protein expression relative to normal control in corresponding time point. The

experiment and abbreviations are the same as in Figure 1 legend.
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not be ruled out.31 NF-jB mediates cellular transformation,
proliferation, invasion, angiogenesis, and metastasis.14 Thus,
suppression of NF-jB activation should be effective in preven-
tion and treatment of cancer. This hypothesis is supported by
our findings that curcumin inhibited not only NF-jB expres-
sion and nuclear translocation (Fig. 2) but also the expression
of its products as described above. Therefore, chemopreventive
effect of curcumin on CCA may be largely accounted for by
the suppression of NF-jB activation and the expression of its
gene products involved in carcinogenesis.

Notably, we showed that curcumin inhibited not only NF-
jB activation but also JAK2/STAT-3 activation resulting in a
decrease in iNOS-dependent DNA damage. STAT-3 phos-
phorylation has recently been reported in CCA cell line.32,33

JAK/STATs pathway is one of the key signaling cascades in
CCA cell line, mediating the resistance to apoptosis.34

O. viverrini infection increases IL-6 level in advanced peri-

ductal fibrosis35 and upregulates iNOS expression,6,15 result-
ing in DNA damage7,15 leading to CCA. In this model,
O. viverrini infection and administration with plus NDMA-
induced cholangiocarcinogenesis may be explained by IL-6-
induced activation of JAK2/STAT-3 and expression of
iNOS.36,37 Also, AP-1 is a transcription factor associated with
NF-jB activation and closely linked to proliferation and
transformation of tumor cells.13 IL-6/STAT-3 signaling and
enhanced expression of Mcl-1, a bcl-2 family, has been dem-
onstrated in CCA cell line.33 This pathway may be supported
by our results that curcumin suppressed JAK-2/STAT-3 sig-
naling and enhanced antiapoptotic events (bcl-2 and bcl-xL
expression), suggesting that IL-6/STAT-3 signaling pathways
may serve as new diagnostic and prognostic markers and tar-
gets for CCA therapy. We found that curcumin inhibited the
expression of PCNA and proteins associated with cell prolif-
eration (cyclin D1 and c-myc). This result is supported by

Figure 5. Effect of curcumin on the expression of molecules involved in cell proliferation. (a) Western blot analysis for the expression of

cyclin D1 and c-myc in liver homogenates. Duplicate of experiment was performed. Representative data are shown from five animals. The

number below each photograph indicates the fold increase in the levels of protein expression relative to normal control in corresponding

time point. (b) Immunohistochemical analysis for PCNA expression and 8-nitroguanine formation. PCNA, a marker of cell proliferation (red)

is partially colocalized with 8-nitroguanine (nitrative DNA damage marker; green) in precancerous (1 month), early CCA (2 months) and

malignant tissue (6 months) as shown in merged picture (yellow). Bar ¼ 50 lm. The experiment and abbreviations are the same as in

Figure 1 legend. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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the finding that curcumin mediated G2/M cell cycle arrest
and apoptosis.38 Taken together, JAK/STAT pathway is a
therapeutic target of curcumin in not only CCA cell line34

but also in CCA in animal model. STAT3-dependent iNOS
expression occurs in patients with EB virus-induced nasopha-
ryngeal carcinoma.39 Therefore, our hypothesis can be

applied to not only CCA but also other types of tumors as
well as in nonendemic of liver fluke-associated CCA.40

JAK-2/STAT-3 pathway is not only involved in apoptosis
but also participates in vessel formation.41 Our results
showed that the expression of ICAM-1, MMP-9 and VEGF,
and activities of MMP-2 and MMP-9 time-dependently

Figure 6. Effect of curcumin on the expression of molecules involved in tumor invasion and angiogenesis. (a) Western blot analysis for the

expression of VEGF and ICAM1 in liver. Duplicate of experiment was performed. Representative data are shown from five animals. The

number below each photograph indicates the fold increase in the levels of protein expression relative to normal control in corresponding

time point. (b) Gelatin zymography for MMP-2 and -9 expression in the liver (n ¼ 7). Gelatinase activity was performed individually. MMP-2,

MMP-9 standard and normal control (data not shown) was included in each gel. (c) Immunohistochemical analysis for MMP-9 expression.

MMP-9 expression in precancerous (1 month), early CCA (2 months) and malignant tissue (6 months) is shown. (d) MMP9-positive cells. (e)

Immunohistochemical analysis for CD31, a marker of endothelial cells and angiogenesis. (f) Effect of curcumin on angiogenesis quantified

by CD31-positive microvessel density. The values represent mean 6 SEM (n ¼ 7). * and **, statistically different

(p < 0.05) by one-way ANOVA among three groups. The experiment and abbreviations are the same as in Figure 1 legend. STD ¼ standard

MMP-2 and -9, Bar; c ¼ 50 lm, e ¼ 100 lm. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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increased in parallel to CCA development in OV þ NDMA
group. Curcumin supplement partially inhibited the expres-
sion and activities of these molecules, resulting in reduced
microvessel density in hamsters (Figs. 6a and 6e). The
decrease in these molecules is supported by the reduction in
the activity of their transcription factors including NF-jB
and JAK2/STAT-3. In addition, TRAF1 is a substrate of cas-
pases activated during tumor necrosis factor receptor-alpha
(TNFa)-induced apoptosis,42 and regulates CD40-induced
TRAF2-mediated NF-jB activation.43 Carcinogen mediates
TRAFs induction in many human tumor cells through a
PKC/RAF/ERK/NF-jB-dependent pathway.44 TNFa-induced
p65 NF-jB binding as well as iNOS and TRAF1 expression
has been demonstrated in liver cancer cell line.45 We demon-
strated here that curcumin completely inhibited TRAF1 in
OV þ NDMA-induced CCA in hamsters. It has recently
been demonstrated that the chemopreventive activities of cur-
cumin might be due to its ability to inhibit cell growth and
induce apoptosis. In many studies, curcumin was proved to
induce apoptosis of multiple cell lines and this feature might
be an important mechanism for its antitumor effect in CCA.
This hypothesis is supported by our results that curcumin
suppressed the expression of proteins associated with cell sur-
vival (bcl-2 and bcl-xL) and cell proliferation (cyclin D1 and
c-myc), and this correlated with apoptotic events including
caspase expression and PARP cleavage. This study is the first
report on the effect of curcumin on cholangiocarcinogenesis
via induction of apoptosis.

In addition, the inhibitory effect of curcumin on CCA de-
velopment may be induced by direct cytotoxic affect against
O. viverrini. Likewise, in in vitro study, curcumin showed
antihelminthic properties against Schistosoma mansoni.46 We
have previously reported that curcumin has no significant
effect on worm burden in O. viverrini-infected hamsters as
evaluated by egg count using formalin ether concentration
technique.18 In this study, curcumin slightly and nonsignifi-
cantly reduced the fecundity of adult worms in OV þ
NDMA-treated hamsters (data not shown). Thus, direct cyto-

toxic effect of curcumin against O. viverrini could not be
ruled out and further study is required. The doses of curcu-
min used for chemoprevention of rat model of diethylnitros-
amine-induced hepatic hyperplasia47 and several murine tu-
mor models range from 0.2 to 2% (w/w). Curcumin did not
exert any toxicity at these doses.48 Moreover, studies on the
clinical trials against cancer have shown that curcumin can
be orally administered safely at doses of 0.2–12 g/day.48 In
this study, we used 1% (w/w) curcumin, (equivalent to �65
mg/day), a dose similar to that employed in human studies.
For O. viverrini–infected subjects, a minimal dose within the
range reported in human studies may be recommendable.
Therefore, curcumin may serve as a safe and promising
nutraceutical agent for practical use in chemoprevention
against CCA development.

In conclusion, we showed that curcumin potentiates the
antitumor and antimetastasis effects by inhibiting the
expression of NF-jB-regulated gene products involved in
DNA damage, cell proliferation, angiogenesis, tumor inva-
sion and metastasis. Moreover, curcumin also inhibited
CCA via suppression of JAK-2/STAT-3- and TRAF1-medi-
ated pathways, and thus NF-jB-independent mechanisms
may participate in cholangiocarcinogenesis. It is noteworthy
that curcumin has the capacity of interaction with multiple
molecular targets affecting the multistep process of cholan-
giocarcinogenesis. Our finding in animal model may be sup-
ported by a study in in vitro experiment indicating that
curcumin inhibits CCA cell line.49 The study may serve as
powerful preclinical platforms for therapeutic and chemo-
prevention strategies for not only in human CCA but also
in other types of tumors.
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